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Foreword

Tyrosine phosphorylation is a rapid and reversible protein modification catalyzed
by the activities of protein tyrosine kinases (PTKs) and their cellular counterparts,
protein tyrosine phosphatases (PTPs). Although phosphorylation of proteins on
tyrosine is relatively rare compared to phosphorylation on serine or threonine resi-
dues, the past 2 decades of research into PTP function have led to a great apprecia-
tion of the critical role PTPs have in regulating basic cellular processes. Among
these important roles is the regulation of cellular signaling pathways related to
metabolism. This volume contains chapters which highlight many aspects of PTP
function in the context of metabolism. Given the growing obesity and diabetes epi-
demics in the United States and throughout the world, the desire to identify possible
therapeutic targets for treatment of these diseases is a high priority. In many ways,
PTPs may be attractive drug targets since they are amenable to targeting with small
molecules; however many challenges abound in making PTP inhibitors.

PTPs are encoded by a large family of 107 genes, the majority of which can be
broadly classified into classical phosphotyrosine-specific phosphatases or dual-
specificity phosphatases (which display serine, threonine, and tyrosine phosphatase
activity). More than half of identified PTPs have been implicated in human disease
to date, with a growing number of PTPs now known to play major roles in meta-
bolic disease. Many metabolic signaling pathways invoke a feed-forward cascade
of tyrosine-phosphorylated proteins; thus, PTPs have emerged as critical regulators
of these pathways, including the insulin and leptin pathways.

The activity of PTPs is regulated in many ways within the cell, most notably by
reversible oxidation of the catalytic cysteine residue by reactive oxygen species
(ROS). In Chap. 1, assays to quantify redox regulation of PTPs are discussed in the
context of metabolic signaling. Subsequent chapters in this volume discuss quanti-
tative modeling approaches that may be effective in modeling PTP behavior, and the
importance of identifying novel substrates of PTPs. Several chapters highlight the
role of PTPs known to regulate metabolic signaling, including PTP1B, SHP2,
TC-PTP, and RPTP epsilon. Over the past decade, mouse models of PTP-deficiency
have provided important insight into the precise tissue-specific functions of many
PTPs including PTP1B, TC-PTP, SHP2, and PTEN (which also functions as an


http://dx.doi.org/10.1007/978-1-4614-7855-3_1

vi Foreword

inositol phospholipid phosphatase). Perhaps the most well-characterized PTP with
a known metabolic role is the prototypical classical, non-receptor PTP, PTP1B. As
such, several chapters in this volume are dedicated to the specific metabolic func-
tions of PTP1B. More recently the MAPK phosphatases, or MKPs, have also
emerged as important regulators of metabolic homeostasis. Finally, two chapters in
this volume discuss the role of the low molecular weight class of PTPs (LMPTP)
and the glycogen phosphatase laforin in human metabolic disease pathogenesis.

Overall, recent studies into PTP function in the context of metabolism highlight
the importance of understanding the regulation/modifications of PTPs that affect
activity, the subcellular localization of PTPs and how that affects their function, and
the cell-type specificity of PTP functions. Going forward, it will be important to
understand how PTPs function at the intersection of metabolic signaling and other
pathways regulated by PTPs, including growth factor signaling and oncogenic sig-
naling pathways, in order to sustain the growing interest in targeting PTPs for treat-
ing metabolic syndromes.

Philadelphia, PA Kendra K. Bence
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Chapter 1
Redox Regulation of PTPs in Metabolism:
Focus on Assays

Yang Xu and Benjamin G. Neel

Abstract Protein-tyrosine phosphatases (PTPs), along with protein-tyrosine
kinases (PTKSs), are the key regulators of phosphotyrosine signaling, and therefore
are important contributors to normal metabolism and metabolic disease. Over the
past 10 years, reactive oxygen species (ROS), which had long been viewed as toxic
by-products of metabolism, have been recast as important second messengers,
which act, at least in part, to regulate PTP activity by reversible oxidation. For
example, ROS-catalyzed PTP oxidation can transiently inhibit PTP enzymatic
activity and facilitate ligand-induced receptor tyrosine kinase (RTK) signaling.
Identifying ROS-inactivated PTPs represents a key challenge to understanding the
role of PTPs and redox regulation in physiology and pathology. Here, we briefly
review ROS regulation of PTPs, focusing on existing assays and new approaches to
identify and quantify PTP oxidation.

Abbreviations
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DSP Dual-specificity PTP

DTT Dithiothreitol

EGF Epidermal growth factor

ER Endoplasmic reticulum

FFA Free fatty acid

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GPX Glutathione peroxidase

GRX Glutaredoxin

GSH Glutathione

H,0, Hydrogen peroxide

HFD High-fat diet

T1AA Todoacetic acid

1AM Iodoacetamide

IAP-Biotin  Iodoacetylpolyethylene oxide biotin
1B Immunoblot

IF Immunofluorescence

IKK Inhibitor of kB kinase

IL Interleukin

1P Immunoprecipitation

IR Insulin receptor

IRS Insulin receptor substrate

JNK c-Jun NH,-terminal kinase

LA a-Lipoic acid

LC-MS/MS  Liquid chromatography-tandem mass spectrometry
MAPK Mitogen-activated protein kinase
MKP MAPK phosphatase

MPB 3-(N-maleimido-propionyl)biocytin
MRM Multiple reaction monitoring

NEM N-ethylmaleimide

NF-xB Nuclear factor-xB

NOX NADPH oxidase

NRPTP Non-receptor PTP

O, Superoxide anion

oxPTP Ab Oxidized PTP active site antibody
PD Pull down

PDGF Platelet-derived growth factor
PI3K Phosphatidylinositol 3-kinase

PKC Protein kinase C

PROP Purification of reversibly oxidized proteins
PRX Peroxiredoxin

PTK Protein-tyrosine kinase

PTP Protein-tyrosine phosphatase
PTP1B-OX  Oxidized form of PTP1B

PV Pervanadate

PVSN-N; 4-(Azidomethyl)phenyl ethenesulfonate azide
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ROS Reactive oxygen species

RTK Receptor tyrosine kinase

S- Thiolate

scFv Single-chain variable fragment
SO,H Sulfinic acid

SO;H Sulfonic acid

SOD Superoxide dismutase

SOH Sulfenic acid

T2DM Type 2 diabetes mellitus

TCA Trichloroacetic acid

TCEP Tris(2-carboxyethyl)phosphine
TNF-a Tumor necrosis factor-o

TRX Thioredoxin

VEGF Vascular endothelial growth factor
Introduction

Tyrosine phosphorylation is one of the major regulatory mechanisms in signal trans-
duction, and consequently, helps control many cellular processes, including cell
growth, differentiation, migration, and metabolic homeostasis [1, 2]. The level of
phosphotyrosine on any protein is regulated by the opposing actions of protein-
tyrosine kinases (PTKs) and protein-tyrosine phosphatases (PTPs) [1-3].
Dysfunction of specific PTKs or PTPs is associated with several human diseases [4,
5], including metabolic disorders such as obesity, insulin resistance, and type 2
diabetes mellitus (T2DM) [6-9].

The PTP superfamily comprises 107 genes and can be subdivided into four fami-
lies based on the amino acid sequence in their catalytic domains. Classes I, II, and
IIT are cysteine-based PTPs defined by the consensus HC(X)sR motif, whereas class
IV are aspartic acid-based PTPs [2, 3, 5]. The largest of these, the class I cysteine-
based PTPs, containing 99 members, can be further divided into tyrosine-specific
“classical PTPs” and dual-specificity PTPs (DSPs), which also can dephosphorylate
Ser/Thr residues. The classical PTPs include 17 non-receptor PTPs (NRPTPs), and
21 receptor-like PTPs (RPTPs), each of which contains one, or for the RPTPs, often
two, ~280 amino acid catalytic (PTP) domain(s), at least one of which contains a
central, highly conserved signature motif [I[/VIHCSXGXGRI[S/T]G [10]. The
invariant cysteinyl residue within the signature motif has a low pKa (~4.5-5.5),
enabling it to reside in the thiolate (S°) state at physiological pH [11, 12]. This fea-
ture of the catalytic cysteine allows it to execute a nucleophilic attack on phosphoty-
rosine substrates [13], but also renders it highly susceptible to oxidation and
inhibition by reactive oxygen species (ROS) [14, 15].

ROS have long been viewed as the toxic by-products of aerobic life and/or
defense mechanisms used by phagocytic immune cells. However, studies over the
past decade indicate that ROS, especially H,0O,, also function as intracellular second
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Fig. 1.1 Regulated PTP oxidation during RTK signaling and intracellular “ROS metabolism.”
Ligands (e.g., insulin, EGF, PDGEF, and others) can bind to their receptors and trigger downstream
phosphotyrosine signaling. RTK activation is accompanied by the stimulation of NOXs, which
ultimately increase the intracellular H,O, level and thus oxidize and transiently inactivate nearby
PTPs. Higher levels of H,O, (most likely seen only in pathological states) can result in irreversible
PTP oxidation/inactivation. In addition to NOXs, the ER and mitochondria also can generate ROS
during protein folding and electron transport, respectively, and all of these contribute to the basal
ROS level in the cell. Superoxide can be converted to H,O, by SOD, and H,O, can be removed by
antioxidant enzymes, including catalase, GPX, and PRX (black arrow: produce/convert to; red
arrow: inhibit; blue arrow: promote)

messengers in multiple signaling pathways [16, 17]. In biological systems, most
H,0, arises from superoxide dismutase (SOD)-catalyzed breakdown of superoxide
anions (O,"7) [17, 18]. There are three main sources of regulated O,"~ production
inside cells (Fig. 1.1), each of which probably has important roles in cell signaling
and disease. NADPH oxidases (NOXs) comprise a family of enzymes that use elec-
trons from NADPH to reduce molecular oxygen to superoxide [19]. Mitochondria
and the endoplasmic reticulum (ER) are additional major sources, using electrons
that “leak” from complexes I/III of the electron transport chain [20] or arise from
disulfide-bond formation during protein folding, respectively [21].

ROS have several targets, including kinases and transcription factors, but they
also are well-documented regulators of PTPs (reviewed in [14, 22-24]). Growth fac-
tors, cytokines and hormones, can lead to transient and localized generation of ROS
by stimulation of NOX(s) [19], although by mechanisms that remain poorly
described (Fig. 1.1). The regulation of ROS production by mitochondria and ER also
is not well understood and warrants more detailed investigation, particularly since
major PTPs such as PTP1B and the 48 kD isoform of TC-PTP (TC48) reside on the
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ER [25, 26], and several mitochondrial PTPs have been identified [27-30].
Ligand-induced ROS promote the reversible oxidation of PTPs from the thiolate
(PTP-S7) to the sulfenic acid (PTP-SOH) state, which is catalytically inactive,
whereas supra-physiological ROS concentrations can cause irreversible oxidation to
the sulfinic (PTP-SO,H) or sulfonic (PTP-SO;H) acid states [14, 31, 32]. The
sulfenic acid (PTP-SOH) state of PTPs is labile and rapidly reacts with the adjacent
main-chain nitrogen to form an intramolecular sulfenylamide (PTP-S-N-R) or with
a proximal cysteinyl residue/glutathione (GSH) to form a disulfide bond (PTP-S-
S-R’) [23, 33, 34]. The sulfenylamide and disulfide states probably serve to protect
reversibly oxidized PTPs from hyper/irreversible oxidation, and thus preserve their
ability to reduce back to the active (PTP-S-) state upon reaction with antioxidants
such as glutaredoxin (GRX) or thioredoxin (TRX) [35]. Whether different PTPs are
differentially reduced by GRX or TRX remains unclear, although PTP1B appears to
be reactivated more effectively by TRX [36].

The contemporaneous ligand-induced activation of RTKs and ROS-induced
inactivation of PTPs probably have at least two related functions, both of which
serve to optimize signal dynamics. First, “futile cycles” of phosphorylation and
dephosphorylation are avoided, and second, RTK activation assumes “switch-like”
characteristics [1, 14, 37]. Several studies have shown that specific PTPs undergo
oxidation upon RTK activation: e.g., PTP1B oxidation during epidermal growth
factor receptor (EGFR) signaling [36], SHP2 oxidation during platelet-derived
growth factor receptor (PDGFR) signaling [38] and, of more immediate relevance
to metabolic regulation, PTP1B, TCPTP, and PTEN oxidation during insulin recep-
tor (IR) signaling [39—41].

Obviously, there are potential risks to using a diffusible toxic chemical as a sec-
ond messenger. Consequently, H,O, levels in normal cells are tightly regulated by
antioxidants including catalase, peroxiredoxin (PRX), and glutathione peroxidase
(GPX) [17, 37, 42, 43]. These systems can also be reversibly regulated during RTK
signaling; for example, PRX1 becomes tyrosyl phosphorylated and transiently inac-
tivated following growth factor stimulation [44]. The net result is likely to be exqui-
site local control of ROS production and disposition, although the precise
mechanistic details of such control remain to be elucidated. Nevertheless, in patho-
logical conditions, mitochondrial and/or ER-derived ROS, together with ROS from
NOX, are elevated, and the increased basal oxidative stress leads to more global
PTP oxidation/inactivation, which might contribute to the pathogenesis of several
diseases, including cancer, obesity, and T2DM [45-48]. Moreover, release of ROS
by infiltrating phagocytic cells probably contributes to the pathogenesis of acute and
chronic inflammatory disorders [49-51].

As PTP oxidation is important in both physiological and pathological states,
techniques that can detect and quantify PTP oxidation are of obvious value.
Although for many years such techniques were largely elusive, there have been
several recent improvements in the methodology for studying redox regulation
of PTPs. Here, we summarize current assays that have been developed to study
PTP oxidation and discuss the roles of ROS and redox-regulated PTPs in selected
metabolic disorders.



Y. Xu and B.G. Neel

Assays to Identify and Quantify PTP Oxidation

Basal or ligand-induced PTP oxidation generates two pools of PTPs, oxidized
inactive PTPs (PTP-SOH, PTP-SO,H, and PTP-SO;H) and reduced active PTPs
(PTP-S-). Several techniques have been developed to identify and quantify revers-
ibly oxidized PTPs (PTP-SOH) (summarized in Fig. 1.2; also reviewed in [52]).
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Fig. 1.2 Schematic of techniques to detect PTP oxidation. Techniques to detect protein oxidation
generally can be divided into direct and indirect approaches, respectively. Most indirect approaches
involve an alkylation step to inactivate reduced PTPs, followed by reduction of previously oxidized
PTPs. The newly reduced PTPs can then be labelled and detected. By contrast, direct approaches
directly detect oxidized PTPs without the reducing step, followed by immunoprecipitation (IP) or
“pull-down” (PD) via an affinity tag. See text for details
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These can be divided into two general categories: indirect approaches that assess
PTP activity or the susceptibility of the reactive cysteinyl residue to various reagents,
and direct approaches that rely on the distinct chemical reactivity of the S-OH group
with specific probes or the structural changes induced in reversibly oxidized PTPs
[52]. In addition, different techniques can be classified as “targeted” or “global”
approaches. For the former, the PTP of interest must be immunoprecipitated (IP)
and then its oxidation level is quantified, whereas in global approaches, the oxida-
tion of multiple PTPs can be assessed simultaneously [52].

Because PTP thiolates are highly reactive, and even ambient oxygen levels can
cause post-lysis PTP oxidation in the absence of reducing agents [53-55], many of
the techniques that we describe involve common procedures to minimize artifactual
oxidation: degassing of the lysis buffer to remove dissolved oxygen, performing
labelling reactions under anaerobic conditions, and alkylation of reduced PTPs. The
latter requires the stoichiometric and irreversible reaction of alkylation agents with
reduced PTPs to render them inactive to probes that then either directly or indirectly
label PTPs that have undergone oxidation. The commonly used alkylating agents
contain either an o-haloacyl or maleimide functionality, such as iodoacetic acid
(TAA), iodoacetamide (IAM), or N-ethylmaleimide (NEM).

Indirect Approaches

Indirect, Negative Approaches

Indirect approaches can be further divided into two general categories, based on
whether the method detects a decrease in reduced PTPs (“negative” approaches) or an
increase in oxidized PTPs (“positive” approaches) [52]. The negative approach of Lee
et al. [36] was the first method developed to detect PTP oxidation. They used
4C-labelled TAA at pH 6.5 (to enrich for labelling of highly reactive cysteines) to
label the reduced form of PTPs, while leaving oxidized PTPs intact [36]. Following
1C-TAA labelling, a PTP of interest could be immunoprecipitated and resolved on an
SDS/PAGE gel to quantify the radioactivity of the specific PTP, with a decrease of
radioactivity indicating increased PTP oxidation [36]. Using this method, Lee et al.
reported that PTP1B was oxidized following EGF stimulation of A431 cells, with a
maximum of 27 % of PTP1B oxidized after 10 min of stimulation and returned to
baseline values after 40 min [36]. This result can be viewed as a landmark for ROS-
regulated PTP oxidation as it provided the first direct evidence that PTPs are indeed
physiological targets of ligand-evoked ROS, although the extent of EGF-evoked
PTP1B oxidation might well have been overestimated [52]. In place of radioactive
probes, several studies have successfully employed an analogous approach by using
biotin- or fluorescein-tagged IAA to detect oxidation of PTPs (e.g., SHP2 oxidation
during T-cell receptor activation) or other reactive cysteine-containing proteins
[56-58].

A general problem with negative approaches, however, is that they measure
decreases in labelling, which results in a relatively low signal to noise ratio
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compared with positive approaches [52]. Furthermore, this assay was introduced as
a targeted method and is not easily adapted to a global approach. For this reason,
negative approaches have largely been supplanted by positive methods.

Modified In-Gel Phosphatase (PTPase) Assay

The modified in-gel PTPase assay, developed by Meng et al. [38, 40, 59], provided
the first positive approach and also the first global method for detecting oxidation of
multiple PTPs simultaneously. As its name implies, the assay was derived from the
earlier in-gel PTPase assay, developed to monitor PTP expression [60]. Cells are
lysed in the presence of IAA at pH 5.5 to specifically alkylate reduced reactive cys-
teinyl residues, and lysates are then resolved on an SDS-PAGE gel containing a
radioactive substrate [38, 59]. The gel is then denatured and renatured in the pres-
ence of reducing agents, leaving the originally reversibly oxidized PTPs in a reduced,
active state capable of dephosphorylating the embedded substrate [38, 59]. PTPs
that have been oxidized are detected by autoradiography as bands against an other-
wise black (exposed) background, and their identity must be predicted by their
molecular weights and confirmed by immunodepletion [38, 59]. Using this approach,
Meng et al. first identified SHP2 oxidation in response to PDGF stimulation in Rat1
cells, consistent with a role for SHP2 in negative regulation of the PDGFR signaling
pathway [38]. Using the same assay, this group showed subsequently that PTP1B
and TCPTP (TC45) undergo reversible oxidation during insulin signaling [40].

The advent of the modified in-gel PTPase assay represented a substantial advance
in our ability to study redox regulation of PTPs. Nevertheless, this approach has
some significant limitations, including: (1) a detection bias towards non-
transmembrane PTPs, because most RPTPs do not renature well; (2) the need for
immunodepletion to identify specific PTPs, which of course, requires that an appro-
priate antibody is available; and (3) because it depends on (variable) PTP renatur-
ation, it is not quantitative [52, 60].

Modified Cysteinyl-Labelling Assay

Another positive approach, the modified cysteinyl-labelling assay, employs an alkyl-
ating agent linked to a tag that facilitates its detection, such as 3-(N-maleimido-
propionyl)biocytin (MPB), NEM-biotin, and iodoacetylpolyethylene oxide biotin
(IAP-biotin). This assay was first used to assess the oxidation of non-PTP proteins
[61], while later, Li and Whorton used it to measure the thiol redox status of PTP1B
in response to NO donors in A431 or Jurkat cells [62]. Kwon et al. then used NEM-
biotin to detect PTEN oxidation in response to EGF, PDGF, or insulin stimulation in
different cell lines [41]. The general workflow for modified cysteinyl-labelling
assays is to first alkylate reduced reactive cysteinyl residues, remove the free alkylat-
ing agent and reduce the former reversibly oxidized cysteinyl residues, and then
label the newly reduced cysteinyl residues with the tagged alkylating agent. PTPs
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can be identified by immunoblotting (IB) or immunoprecipitation. In addition, the
same approach can be adapted to a global, mass spectrometry (MS)-based approach
to, in principle, detect all reversibly oxidized thiol-containing proteins. In practice,
however, abundant labelled proteins tend to saturate the identification/quantification
capacity of most current mass spectrometers, as illustrated by a recent study in which
only three PTP-derived peptides were identified out of >1,000 cysteinyl-containing
peptides, none of which contained the active site cysteine for that PTP [58].

To overcome these limitations, Boivin et al. developed an IAP-biotin-based
method with some critical modifications, most importantly, lysing cells in non-
denaturing buffers and carrying out probe labelling at pH 5.5, where most reactive
thiols other than PTPs remain protonated [55, 63, 64]. Using this approach com-
bined with immunoblotting, these investigators detected increased oxidation of
LAR, SHP2, PTEN, and MAPK phosphatase (MKP-1) in PDGF-transformed angi-
omyolipoma cells compared with nontransformed cells [63]. It remains unclear if
this method can be translated to a global MS-based assay, but particularly with the
development of more rapid mass spectrometers (e.g., Q-Exactive), such an approach
is certainly promising.

Activity-Based PTP Probes

Activity-based probes (ABPs) are designed to react with mechanistically related
enzymes [65, 66]. PTPs contain two residues that are essential for their catalytic
mechanism, the reactive cysteine in the signature motif and an aspartic acid residue
in the conserved WPD loop [10], which function sequentially as a general acid and
then a general base in the catalytic mechanism [13, 67]. Kumar et al. developed two
ABPs, a-bromobenzylphosphonate (BBP)-biotin and 4-(azidomethyl)phenyl eth-
enesulfonate azide (PVSN-N;), based on the PTP catalytic mechanism [68, 69].
BBP-biotin contains a biotin tag to facilitate its detection and has been used to
visualize oxidation of LAR, SHP2, PTEN, and MKP-1 in PDGF-transformed angi-
omyolipoma cells [63]. By contrast, after labelling with PTPs, PVSN-N; adducts
have to undergo click chemistry with alkyne-tagged reporter groups [69-71] to be
detected. Although neither of these ABPs has been applied to MS, the PTP-specific
property of ABPs makes them potential candidates for global approaches. In addi-
tion, since PVSN-Nj; does not have the bulky biotin tag compared with BBP-biotin,
it is easier to synthesize and more cell permeable [52].

Oxidized PTP Antibody (oxPTP Ab)

Persson et al. developed an antibody (oxPTP Ab) that targets the signature motif
VHCSAG peptide with its cysteinyl residue oxidized to the sulfonic acid (SO;H)
state [72, 73]. In their initial studies, PTPs of interest were immunoprecpitated from
cell lysates prepared in the presence of IAA, reduced with DTT, and then hyper-
oxidized to the sulfonic acid state with pervanadate (PV) [72, 73]. Using this
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targeted approach, Persson et al. demonstrated that SHP2 was oxidized during
PDGF stimulation of NIH 3T3 cells, and the oxPTP Ab also could successfully
detect DEP-1, TCPTP, and rPTPa [72].

Our group modified the targeted oxPTP Ab-based method to a global MS-based
approach able to detect and quantify classical PTP expression (“qPTPome”) and
oxidation (“g-oxPTPome”) [32]. A monoclonal oxPTP Ab, rather than specific PTP
antibodies, was used to immunoprecipitate PTPs, with efficient antibody binding
achieved by protein-denaturation prior to immunoprecipitation [32]. Free alkylating
agents and free DTT were removed through a gel filtration step [32]. The main dif-
ference between qPTPome and g-oxPTPome is the absence of the pre-alkylation
step in qPTPome, thus permitting quantifying the expression of nearly all classical
PTPs [32]. With the qPTPome assay, 17 classical PTPs could be identified and
quantified in NIH 3T3 cells by liquid chromatography-tandem mass spectrometry
(LC-MS/MS), including the D1 and D2 domains of several RPTPs [32]. Because
the signature motif peptide is highly conserved across the classical PTP family, this
assay was used for human, rat, and mouse PTPs, with 36 out 38 classical PTPs
identified; the only exceptions were PTPRN and PTPRN2, which are thought to be
catalytically inactive [32, 74]. By combining qPTPome and g-oxPTPome, the
method can either directly or indirectly quantify all PTP oxidation states (i.e., S-,
SOH, SO,H, SO;H) and also can detect enhanced oxidation of specific PTPs in
disease states (e.g., cancer). Another advantage is that it can be applied to tissues as
well as cell lines, and quantification can be carried out “label-free.” However, thus
far, g-oxPTPome has not proven sensitive enough to detect ligand-induced PTP
oxidation.

The Purification of Reversibly Oxidized Proteins (PROP) Assay

Templeton et al. recently reported a method that relies on thiopropyl agarose beads
that contain dipyridyl disulfide groups, which can link to free thiol-containing pro-
teins via spontaneous disulfide formation [75]. One of the advantages of these beads
is that they can react with proteins in highly denaturing buffers, unlike streptavidin-
or antibody-conjugated beads [75]. Cells are first fixed in situ with 10 % trichloro-
acetic acid (TCA) to rapidly inhibit post-lysis oxidation, and then alkylated with
NEM [75]. Reversibly oxidized cysteinyl residues are then reduced by DTT and
purified on thiopropyl agarose beads [75], with leftover NEM or DTT removed
through methanol precipitation/resolubilization cycles [75]. Based on this approach,
Templeton et al. successfully identified p38 mitogen-activated protein kinase
(MAPK) oxidation in response to 10 mM H,0O, [75].

Subsequently, the same group applied PROP in a global MS assay to detect oxi-
dized proteins and identify the site of oxidation in response to H,O,-treated HeLa
cells [76]. About 300 proteins were identified, although these included only a few
phosphatases [76]. There are several potential explanations for this low recovery:
(1) the high concentration of H,O, hyper-oxidized most PTPs, so they could not be
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reduced by DTT; (2) by performing the assay under denaturing conditions, most
disulfide bond-forming cysteinyl residues would be accessible for labelling, which
might increase the background and overwhelm the mass spectrometer; and/or (3)
similar to the modified cysteinyl-labelling approach, PROP potentially labels all
reversibly oxidized proteins, which increases the background against which (prob-
ably less abundant) PTPs can be detected. It would be interesting to see if the PROP
approach could be employed with a low pH, non-denaturing lysis buffer to detect
PTP oxidation in response to physiological stimuli.

Direct Approaches

A general advantage of the direct approaches is the ability to detect oxidized PTPs
without the attendant losses of an intervening alkylation/reduction; therefore, direct
approaches should, at least in theory, be more sensitive. Two types of direct
approaches have been developed. The first relies on dimedone (5,5-dimethyl-1,3-
cyclohexanedione) and its analogs, which are “soft nucleophiles” that employ a
1,3-diketone functional group to react selectively with protein-sulfenic acids. The
second method uses conformation-sensing antibodies that specifically recognize
structural changes in the PTP domains that occur during reversible oxidation.

Dimedone Antibodies

Dimedone is a cell-permeable small molecule that can undergo keto-enol tautomer-
ism. Its enol state can react with the electrophilic sulfur atom of sulfenic acids, and
hence, forms a thioether bond with oxidized proteins [52]. After dimedone label-
ling, dimedone-protein adducts can be detected by immunoblotting with anti-
dimedone antibodies. Seo and Carroll generated such antibodies and showed that
these could recognize oxidized glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), ACTIN, and PRX1 [77]. They also observed a global increase in anti-
body labelled, dimedone-reactive proteins following H,O, stimulation of HeLa cells
by immunofluorescence (IF) staining and profiled the sulfenic acid levels among
different breast tumors and cell lines [77]. Maller et al. subsequently generated a
similar reagent, although this appeared to label fewer proteins [78].

The dimedone antibody approach can be used to label reversibly oxidized pro-
teins either pre- (in vivo) or post-cell lysis. However, in vivo labelling represents the
accumulation of dimedone-reacted species, rather than a snapshot of the cell redox
state, so it is likely to overestimate the oxidation levels in response to different
stimuli. Furthermore, in vivo labelling itself probably alters redox balance. Also,
existing dimedone antibodies are not useful for immunoprecipitations, and thus
cannot be employed in global MS-based assays to identify unknown sulfenic
acid-containing proteins.
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Dimedone-Based Probes

Several studies have utilized a reporter/affinity tag linked to dimedone to facilitate
the identification and recovery of dimedone-conjugated proteins. Poole et al. devel-
oped several such probes by conjugating dimedone with a fluorophore or biotin tag,
including DCP-Biol, which contains dimedone linked to a biotin tag through an
ester bond [79-81]. The general procedure for using such probes includes cell lysis
in the presence of alkylating agents and the probe, followed by purification/detec-
tion through the affinity/reporter tag. Using DCP-Biol, Michalek et al. demon-
strated reversible oxidation of SHP1, SHP2, and ACTIN following T-cell activation
[82]. Later, Oshikawa et al. used DCP-Biol to show that extracellular SOD could
induce PTPIB and DEP-1 oxidation during vascular endothelial growth factor
(VEGF) signaling in endothelial cells [83], and Wani et al. used the same probe to
detect AKT?2 oxidation in response to PDGF in NIH 3T3 cells [84]. Despite these
successes, the bulky tag impairs the cell-permeability of these tags, so they are not
ideal for in vivo labelling. The biotin tag also might inhibit labelling of reversibly
oxidized proteins due to steric hindrance. Therefore, Carroll et al. generated
dimedone-based probes with a small azide/alkyne tag that can be linked subse-
quently to a biotin group by click chemistry [85, 86]. Using one such probe, DYn-2,
they detected EGF-induced PTP1B, SHP2, and PTEN oxidation in A431 cells [86].
Although dimedone-based probes are a promising approach for detecting PTP
oxidation, there have been limited applications of these reagents to global, MS-based
assays. Charles et al. used a biotin-dimedone probe to label H,O,-oxidized proteins
in rat ventricular mycocytes or rat hearts, then streptavidin-bound dimedonylated
proteins were resolved on SDS/PAGE and analyzed by in-gel trypsinization and MS
[87]. They identified 22 differentially oxidized proteins, but most of these were highly
abundant, and none were PTPs [87]. Leonard et al., using a different probe called
DAz-2, identified 189 sulfenic acid-containing proteins in HeLa cells; again, how-
ever, no PTP was detected [88]. Because most dimedone-based probes label sulfenic
acid-containing proteins indiscriminately, and abundant oxidized proteins could pre-
vent the identification of PTPs by MS, Leonard et al. recently developed “PTP-
specific” dimedone-based probes containing the so-called PTP-binding module and
showed that many of these had higher affinity for Yersinia phosphatase and PTP1B
compared with DAz-1 (an analog of DAz-2) [89]. It will be interesting to see if such
probes can improve the global detection of growth factor-induced PTP oxidation.

Probes with Dimedone-Like Functional Groups

Dimedone and dimedone-based probes have several disadvantages for use in global
assays [90, 91]. Their synthesis often requires multiple synthetic steps, which
decreases yield. Dimedone-conjugated peptides are not suitable for positive ion
mode MS because they give rise to negatively charged species. Also, as indicated
above, dimedone addition to cells can significantly increase basal ROS levels.
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To circumvent these deficiencies, Qian et al. developed several probes that use
1,3-cyclopentanedione as the backbone [90]. Like dimedone, 1,3-cyclopentanedione
can selectively react with sulfenic acids [90]. Moreover, derivatives of
1,3-cyclopentanedione, such as biotin-1,3-cyclopentanedione (BP1), can be gener-
ated conveniently by Michael addition [90]. Qian et al. observed a global increase in
BP1-labelled proteins when treating the NIH 3T3 cell lysates with H,O, [90]. The
same authors subsequently used probes with a B-ketoester backbone, including
alkyne B-ketoester (Alk-B-KE), to label sulfenic acid-containing proteins [91].
Compared with dimedone, Alk-B-KE has several advantages, including a higher
reaction rate at neutral pH, lower cytotoxicity/ROS generation, and a cleavable bio-
tin tag that yields a derivative amenable to MS [91]. These novel probes, especially
Alk-B-KE, are promising candidates to detect ligand-induced PTP oxidation in vivo.

Conformation-Sensing oxPTP Antibodies

The most direct approach to detecting oxidized PTPs was developed by Haque
et al., who developed antibodies that specifically detect the sulfenic acid form of
PTP1B [92]. This approach was possible because oxidized PTP1B is quickly rear-
ranged to a sulfenylamide, which exposes Tyr46 and causes other dramatic changes
in the PTP1B active site [33, 34]. Interestingly, mutation of the catalytic cysteine
and the adjacent serine residue to alanine (PTP1B-CASA) results in a similar con-
formation, which enabled the use of this mutant and phage display to screen for
conformation-specific antibodies (in the form of single-chain variable fragments
(scFvs)) [92]. The resultant “PTP1B-OX” antibodies specifically bind with high
affinity to reversibly oxidized PTP1B and trap PTP1B in the oxidized, inactive form
even in the presence of reducing agents [92]. Remarkably, PTP1B-OX antibodies do
not bind to reversibly oxidized TCPTP, the closest relative of PTP1B in the PTP
superfamily with ~75 % sequence identity in its catalytic domain [92]. The
PTP1B-OX antibodies also were expressed inside cells as “intrabodies”. Using this
approach, Haque et al. provided the first (and only) direct evidence for the sulfenyl-
amide form of PTP1B in vivo and also observed enhanced oxidation in response to
insulin stimulation [92]. Interestingly, by “locking” PTP1B in the oxidized, sulfen-
ylamide state, the intrabodies enhanced insulin signaling as well, raising the possi-
bility that pharmacologic agents that have similar effects might act as highly
selective PTP1B inhibitors [92] (see below).

Other Approaches

Held et al. introduced a method called “oxXMRM” that utilizes multiple reaction
monitoring [93, 94] to compare the relative amounts of reduced and oxidized pro-
teins [95]. Cells are first lysed in TCA to protonate all thiol groups, and thus
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minimize post-lysis oxidation [95]. The cell pellet is resuspended in a denaturing
buffer containing unlabelled NEM (d, NEM) to label all the free thiols [95]. The d,
NEM is removed by TCA precipitation, previously oxidized cysteinyl residues are
reduced by TCEP, and the lysate is then labelled with “heavy” NEM containing five
deuteriums (ds NEM) [95]. Proteins of interest are immunoprecipitated and the rela-
tive amounts of ds- and dy-labelling are monitored by MS [95]. Based on this
method, Held et al. were able to quantify site-specific cysteine oxidation of p53 and
detected the oxidation of PTP1B following H,0, stimulation [95]. Like all targeted
methods, however, this requires immunoreagents for the protein of interest.

Lou et al. introduced a targeted MS-based method that could view all the PTP
oxidation states (i.e., SH, SOH, SO,H, and SO;H) [31]. They lysed cells in the pres-
ence of IAA and the PTP of interest was then immunoprecipitated and resolved on
an SDS/PAGE gel. The reversibly oxidized PTP was then reduced by the addition of
sample buffer [31]. In-gel trypsinization-based MS could then be used to quantify
the different PTP oxidation states (i.e., S-TAA, SH, SO,H, and SO;H) [31]. Using
this method, Lou et al. reported that HepG2 and A431 cells had very high levels
(>25 %) of reversible and irreversible oxidation of PTP1B [31]. Lou et al. also noted
that the irreversibly oxidized and reduced forms of PTP1B migrated differently in
SDS-PAGE [31]. Differential migration of reduced and reversibly oxidized forms
has also observed for PTEN [96] and applied to the detection of PTEN oxidation in
response to various stimuli [41]. However, such electrophoretic mobility shift assays
are not applicable to a global approach; moreover, it seems unlikely that most PTPs
would migrate differently in such assays [52].

PTP Oxidation in Type 2 Diabetes Mellitus and Obesity

Diabetes mellitus is one of the most common chronic diseases worldwide, with a
prevalence of ~285 million people in 2010 [97]. T2DM is the more prevalent form,
and its incidence continues to increase, primarily as a consequence of reduced physi-
cal activity and obesity [97, 98]. The incidence of obesity also is skyrocketing, with
more than 1.1 billion adults worldwide considered overweight and 312 million frankly
obese [99]. Indeed, for the first time in human history, disorders caused by food excess
have outstripped starvation as a cause of human morbidity and mortality.

Obesity results from an imbalance between food intake and energy expenditure
and is frequently associated with insulin resistance. Insulin resistance, in turn, is the
first stage in and the major antecedent of T2DM pathogenesis, and ~90 % of T2DM
is attributable to excess weight [99]. T2DM represents a late stage consequence of
chronic insulin resistance, characterized by the failure of pancreatic 3 cells to secrete
sufficient insulin to maintain euglycemia [100]. Therefore, the insulin signaling
pathway and the mechanism of insulin resistance are keys to understanding these
diseases and identifying novel therapeutic targets.

Insulin, of course, signals via the insulin receptor (IR), an RTK. As for other
RTKs, ligand-binding (to the IR-a chain) promotes trans-phosphorylation of the IR
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B-subunits [101, 102]. The activated IR then tyrosine-phosphorylates several sub-
strates, mainly insulin receptor substrate-1/2 (IRS-1/2) and SHC, triggering down-
stream signaling pathways, including the activation of phosphatidylinositol 3-kinase
(PI3K)/AKT and RAS/ERK pathways. Of these, the former plays the major role in
the metabolic effects of insulin. This leads to, for example, the translocation glucose
transporter GLUT4 to the cell surface and promotes glucose uptake and glycogen
synthesis and inhibits gluconeogenesis [101, 103].

ROS in Insulin Signaling and Resistance: A Double-Edged Sword

The role of ROS in insulin signaling, insulin resistance, and T2DM remains a topic
of controversy [104]. This state of affairs is largely the result of “apples versus
oranges” comparisons. For example, the effects of normal levels of ROS produced
under physiological conditions are no doubt different from those of the excess ROS
that accompany obesity-associated inflammation and/or mitochondrial dysfunction.
Yet many investigations have extrapolated the effects of pathological ROS levels on
cells and tissues to the normal, physiological state, and vice-versa. Moreover, the
effects of ROS early in the pathogenesis of insulin-resistant states need not be the
same as those in full-blown metabolic syndrome or T2DM. Nevertheless, the avail-
able data suggest that physiological ROS levels play an important role in normal
insulin receptor signaling, as they do in other RTK pathways. Conversely, excessive,
and possibly mislocalized, ROS production contributes to insulin resistance and its
attendant complications.

Chronic ROS Production Promotes Insulin Resistance

Substantial evidence links oxidative stress and insulin resistance, although whether
excessive ROS production is involved in the initial stages of insulin resistance (e.g.,
from high-fat feeding) or rather, contributes to progressive insulin insensitivity,
remains unclear [46, 47, 105-107]. Several consequences of obesity and/or T2DM
promote ROS generation (Fig. 1.3), including hyperglycemia, increased circulating
free fatty acids (FFAs), and some pro-inflammatory cytokines (e.g., tumor necrosis
factor-a (TNF-a) and interleukin (IL)-6) [108, 109]. Hyperglycemia and/or high
FFAs can overwhelm mitochondria with surplus NADH and FADH,, leading to
electron leakage from electron transport chain complexes I and III [20, 104, 109]
and superoxide production. Surplus cytosolic glucose can enter the polyol pathway,
generating additional NADH and depleting NADPH [109-111]. Consequently,
mitochondria are burdened further and replenishment of reduced GSH is inhibited,
further altering redox tone. Furthermore, increased intracellular glucose can pro-
mote the generation of advanced glycation end products (AGEs), which can bind
their receptor (RAGE) and stimulate ROS production through NOXs [109, 111].
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Fig. 1.3 Paradoxical roles of ROS and PTP inactivation in insulin signaling and resistance.
Binding of insulin to its receptor triggers the tyrosine phosphorylation of IRS proteins and activa-
tion of the downstream PI3K/AKT pathway, which promotes glucose uptake and glycogen synthe-
sis and inhibits gluconeogenesis. Hyperglycemia, high FFA, and/or elevated pro-inflammatory
cytokines, e.g., in the context of obesity and T2DM, can increase basal ROS levels via mitochon-
dria and/or NOX activity. In turn, elevated ROS can stimulate several stress-sensitive serine/threo-
nine kinases, at least in part by oxidizing MKPs, which results in down-regulation of insulin
signaling and further increases in ROS levels. On the other hand, several PTPs negatively regulate
normal insulin signaling, and NOX-derived H,O, can oxidize these PTPs and promote insulin-
induced responses. Consistent with this notion, deletion of at least some antioxidant genes can
increase PTP oxidation and protect cells from insulin resistance (black arrow: produce/convert to;
red arrow: inhibit; blue arrow: promote)

Nutrient overload also is proposed to burden the ER protein-folding machinery and
leads to elevated ROS [104]. In addition to excess nutrition, pro-inflammatory cyto-
kines are elevated in obesity and T2DM patients [112]. TNF-o promotes ROS gen-
eration through NOXs [113, 114] and possibly mitochondria [115]. Together with
elevated ROS levels, antioxidant deficiencies are reported in diabetes patients [116,
117], and both are likely to contribute to increased oxidative stress in those patients.

Much evidence suggests that oxidative stress contributes to the pathogenesis of
insulin resistance, rather than being a mere consequence of chronic hyperglycemia
[106, 118]. H,O, treatment can impair insulin signaling and GLUT4 translocation
in 3T3-L1 adipocytes [119, 120]. By contrast, the antioxidant a-lipoic acid (LA)
can rescue the insulin-resistant phenotype induced by oxidative stress or high glu-
cose in such cells [121, 122], and LA also has been reported to improve insulin
sensitivity in T2DM patients [123, 124]. Moreover, Anderson et al. found that
exposure to a high-fat diet (HFD) induces mitochondrial ROS production and
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insulin resistance in skeletal muscle of both rodents and humans, whereas mito-
chondrially targeted antioxidants can preserve insulin sensitivity even in the pres-
ence of HFD [47].

One proposed mechanism for ROS-induced insulin resistance involves the activa-
tion of several stress-sensitive protein kinases (Fig. 1.3, right): e.g., the MAPKSs c-Jun
NH,-terminal kinase (JNK) and p38, as well as other serine/threonine kinases, such
as protein kinase C (PKC) and inhibitor of «B kinase (IKK) [104, 108, 110, 118].
Once activated, these stress-sensitive kinases promote the serine phosphorylation of
IR and IRS proteins. Serine phosphorylation of IRS-1/2 attenuates their ability to
couple to the IR, and thereby reduces their tyrosine phosphorylation level coupling
to downstream signaling components, most notably PI3K. Serine phosphorylation
also promotes IRS-1 degradation [125, 126]. Under physiological conditions, these
mechanisms might serve as a normal counterbalance to insulin stimulation; however,
in the context of obesity or T2DM, chronic activation of these stress kinases by ROS
contributes to, and thereby exacerbates, insulin resistance [108].

Although the precise mechanisms are still controversial, ROS-evoked activation
of INK and p38 MAPK is partially due to the oxidation and transient inactivation of
MAPK phosphatases (MKPs), which belong to DSP family. For example, Kamata
et al. found that oxidized MKPs migrate differently from reduced MKPs on SDS-
PAGE under nonreducing conditions, and by combining this electrophoretic mobil-
ity shift assay with mutagenesis experiments, they provided evidence that the
reactive cysteines of MKPs are oxidized by intracellular H,O, [127]. However,
ROS-induced activation of JNK also has been attributed to the activation of the
upstream MAP kinase kinase ASK, via release of TRX [128]. Furthermore, in addi-
tion to phosphorylating IRS1, IKK can up-regulate the transcription of pro-
inflammatory cytokines and RAGE via nuclear factor-xB (NF-kB), whereas PKC
might activate NOXs; both of these events may contribute to “feed-forward” effects
that can persistently increase cellular ROS levels [46, 110]. Excessive ROS produc-
tion, in addition to its effects on insulin-responsive tissues, also is implicated in the
eventual failure of pancreatic 3 cells seen in frank T2DM [46, 129, 130].

Overall, given the high basal oxidative level in insulin-responsive tissues in the
context of obesity and T2DM, it is likely that inappropriate oxidation of other PTPs
and other reactive cysteine-containing proteins also contribute to the pathology of
insulin resistance. Thus far, however, the assays described above have yet to be
applied to this problem. Indeed, such approaches would seem to represent a fertile
area for future investigation.

Physiological ROS Levels Promote Insulin Signaling

Although chronic mitochondria/NOX-induced ROS and accompanying MKP
oxidation are related to insulin resistance, several PTPs are involved in the nega-
tive regulation of insulin signaling [8, 131] and the oxidation/inactivation of these
PTPs through NOX-derived H,0, is believed to promote insulin sensitivity [132].
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Using several of the assays described above, PTEN, PTP1B, and TCPTP [39—41]
have been shown to be transiently and reversibly oxidized by NOX-derived H,O,
[132, 133] (Fig. 1.3, left). Moreover, a recent study using both electrophoretic
mobility shift and the IAP-biotin assays found that insulin-induced PTEN oxidation
was elevated and prolonged in mouse embryo fibroblasts lacking the antioxidant
enzyme GPX1, without any significant effect on PTP1B and TCPTP oxidation
[134]. This observation suggests that oxidation of specific PTPs might be regulated
by distinct cellular antioxidants. Although these events were not documented
directly in insulin-responsive tissues, the same group showed that mice lacking
GPX1 were protected from HFD-induced insulin resistance and showed increased
insulin-induced AKT activation in muscle. Moreover, the enhanced insulin sensitiv-
ity in these mice could be reversed by administration of the antioxidant
N-acetylcysteine [134]. These compelling genetic data certainly belie the longstand-
ing view that ROS play a mainly pathogenic role in promoting insulin resistance.

In addition to their role in physiological regulation of RTK signaling, the proper-
ties of ROS-inactivated PTPs might provide a novel approach to drug development
for metabolic disease. For example, PTP1B, which undergoes insulin-induced PTP
oxidation, is a major regulator of IR and/or IRS1 [135-137]. As described in other
chapters within this volume, PTP1B-deficient mice show tissue-specific increases
in insulin responsiveness and insulin signaling events in skeletal muscle and liver
and are protected from HFD-induced insulin resistance [138, 139]. These mice also
are lean and resistant to HFD-induced obesity. For these reasons, PTP1B inhibitors
might be valuable for treating these important metabolic disorders. Nevertheless,
owing to the highly charged and reactive nature of active site of PTP1B (and the
PTP family in general), it has been challenging to develop potent, specific and, most
importantly, bioavailable PTP1B inhibitors [140, 141].

As discussed above, PTPIB (and most likely, other PTPs) undergoes a signifi-
cant conformational change upon oxidation to the sulfenic acid/sulfenylamide state.
In this conformation, the active site is no longer charged, and the geometry of the
deep catalytic cleft is altered. The effects of the OX-PTP1B intrabodies (see above)
strongly suggest that small molecule inhibitors that stabilize the sulfenylamide form
of PTP1B could provide an alternative approach to inhibition of this enzyme.

Future Directions

The PTPs that have been found to undergo reversible oxidization in response to
insulin are all non-transmembrane enzymes; however, RPTPs are also relevant to
insulin signaling [8]. For example, LAR co-immunoprecipitates with IR and might
dephosphorylate IR and IRS proteins [8, 142]. LAR knockdown in rat hepatoma
cells leads to increased IR autophosphorylation with enhanced insulin-induced
PI3K activity, while knockdown of LAR in human embryonic kidney (HEK 293)
cells inhibits the insulin-induced activation of AKT and MAP kinases without
affecting IR/IRS phosphorylation levels [143, 144]. Moreover, muscle-specific
over-expression of LAR in mice results in insulin resistance, although glucose
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homeostasis remains normal [145]. RPTPa also has been suggested to target the IR
[146], and rat adipose cells over-expressing this enzyme show significantly lower
levels of cell surface GLUT4 following insulin stimulation [147].

Of course, RPTP activity also can be regulated by ROS. As discussed above,
most RPTPs (including LAR and rPTPa) possess two tandem PTP domains, a
membrane-proximal D1 domain and a membrane-distal D2 domain. Although most
D2 domains are catalytically inactive, the D2 domain of RPTPa is more oxidation-
sensitive than its D1 domain [72]. Reversible oxidation of the RPTPo D2 domain
induces a conformational change that results in catalytically inactive dimers linked
partly by an intermolecular disulfide bond in D2 [148, 149]. These observations
suggest a model in which the D2 domain of RPTPs acts as a redox sensor to regulate
RPTP activity [5]. However, the crystal structure of LAR suggests that this mode of
inhibition might not be general [150]. The recent development of techniques that are
not biased towards the detection of non-transmembrane PTPs should facilitate the
exploration of RPTP oxidation under physiological and pathological conditions.

In addition to insulin, leptin is another key hormone involved in the regulation of
energy balance, whose main function is to suppress food intake and promote energy
expenditure [151, 152]. Similar to insulin, obesity also promotes leptin resistance,
wherein elevated leptin levels produced by adipocytes fail to suppress feeding and
promote weight loss [151]. Several PTPs are known to regulate leptin signaling and
therefore are implicated in obesity and leptin resistance, with SHP2 generally pro-
moting, and PTEN, PTP1B, TCPTP, and RPTPe¢ inhibiting, leptin signaling [152].
Little is known about how these PTPs are regulated during leptin signaling, or
whether and if so, how ROS-mediated oxidation of PTPs is involved.

Conclusion

The past 10 years have witnessed increasing realization that ROS are not merely
toxic metabolic by-products that, when produced excessively, can cause disease, but
also important second messengers. Evidence also is accumulating that ROS-induced
PTP oxidation/inhibition represents an important mechanism for regulating PTP
activity in response to various stimuli and, most likely, within different cellular
compartments. Because so many pathways in metabolism utilize tyrosine-
phosphorylation-based signaling mechanisms, and all such pathways are regulated
by PTPs as well as PTKs, ROS might play a much more important role in normal
signaling and disease than is appreciated currently.

Until recently, progress in understanding ROS-mediated signaling events has
been impeded by a paucity of approaches that can detect reversible oxidation of PTPs
and other proteins in response to physiological stimuli. As summarized herein, this
limitation is rapidly being eliminated, and several assays that can detect at least some
physiological oxidation events are now available. Although further improvements in
assay sensitivity, as well as in the ability to detect localized PTP oxidation within the
cellular and tissue context, are clearly needed, it seems likely that the next 10 years
will see dramatic progress in understanding this new mode of signal transduction.
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Chapter 2

Quantitative Modeling Approaches

for Understanding the Role of Phosphatases
in Cell Signaling Regulation: Applications
in Metabolism

Matthew J. Lazzara

Abstract The regulation of cell signaling occurs through a complex set of coupled
processes occurring over multiple length and time scales. Computational modeling
approaches have been applied to dissect this complexity over these various time and
length scales, which range from the molecular level to the cell and tissue level, but
these approaches have not focused heavily on the regulation or roles of phospha-
tases. Because of the clear importance of phosphatases in cell signaling, significant
opportunities exist to expand our understanding of the regulation of cell signaling in
metabolism and other cell regulatory processes by focusing modern computational
approaches on phosphatases and the processes they regulate. The aim of this chapter
is to provide a brief review of some computational modeling approaches that have
been usefully applied to study the regulation of signaling, mainly by kinases, over a
range of length and time scales and to describe opportunities to apply similar
approaches for understanding signaling regulation by phosphatases. Some specific
examples of key relevance to metabolism are described.
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GLUT4 Glucose transporter 4

GRB2 Growth factor receptor-bound protein 2

HER2 Human epidermal growth factor receptor 2

HER3/ErbB3 Human epidermal growth factor receptor 3

IR Insulin receptor

IRS Insulin receptor substrate

MAP Mitogen-activated protein

MAPK Mitogen-activated protein kinase

MEK Mitogen-activated protein kinase kinase

MKP3/DUSP6 MAP kinase phosphatase 3/dual specificity phosphatase 6

NSCLC Non-small cell lung cancer

PAG/Cbp Phosphoprotein associated with glycosphingolipid-enriched
microdomains/Csk-binding protein

PDGFR Platelet-derived growth factor receptor

PDK1 Phosphoinositide-dependent kinase-1

PI3K Phosphoinositide 3-kinase

PLSR Partial least squares regression

PTEN Phosphatase and tensin homolog

PTP Protein tyrosine phosphatase

PTP1B Protein tyrosine phosphatase 1B

Raf Mitogen-activated protein kinase kinase kinase for ERK pathway

ROS Reactive oxygen species

RPTP Receptor-like protein tyrosine phosphatase

RTK Receptor tyrosine kinase

SH2 Src homology 2

SHP1 Src homology 2 domain containing phosphatase 1

SHP2 Src homology 2 domain containing phosphatase 2

Src Proto-oncogene tyrosine kinase

Introduction

Over the last several decades, there has been a dramatic increase in the application
of computational modeling approaches to the study of cell biological phenomena.
In the study of mechanisms of cell signaling, a spectrum of modeling approaches
has been brought to bear to understand how structural changes in molecules involved
in signal transduction, interactions between receptors and ligands, receptor traffick-
ing processes (e.g., endocytosis, recycling), and various posttranslational modifica-
tions are ultimately translated into cellular decisions through their impact on the
regulation of multivariate intracellular signaling pathways [1]. These computational
studies have addressed phenomena spanning multiple length and time scales, from
molecular level studies with atomistic detail to approaches encompassing signaling
at the network level and attempting to connect changes in signaling network regula-
tion to altered system output at the cellular or tissue level (e.g., [2—4]). Of course, it
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is increasingly appreciated that the study of these phenomena with single-cell reso-
lution provides a deeper and more realistic picture of the complexities which dictate
phenotypes at the tissue level. Because of continuing experimental advances that
enable the acquisition of large data sets at the single-cell level, it is increasingly
possible, and indeed useful, to apply computational approaches to understand how
variability in the regulation of cell signaling from cell to cell arises and influences
the fates of populations of cells [5].

In the broad field of cell signaling research, the vast majority of computational
work has focused on the function of kinases and the phosphorylation events they
catalyze. By contrast, relatively little direct effort has focused on dissecting the role
of protein phosphatases through computational modeling. However, the unique pro-
tein structures and functions of phosphatases [6—8], and their clear importance in
the regulation of signal transduction in health and disease [9—11], make them ideal
subjects for computational modeling studies. Indeed, application of computational
approaches to study phosphatases and the processes they regulate across the same
varied length and time scales as have been explored for kinases is particularly timely
as we continue to uncover more about the critical and complex roles played by
phosphatases in signal transduction. Of specific relevance to this book, an increas-
ingly important role continues to emerge for phosphatases in the regulation of
metabolism (e.g., [12-16]).

Since there is not a large body of work already dedicated to the application of
computational approaches to study phosphatases, this chapter will mainly attempt
to address ways in which various computational approaches that have been applied
to well-studied kinases could be usefully implemented to aid our understanding of
how protein phosphatases function across multiple length and time scales. Protein
tyrosine phosphatases (PTPs) will be a focus of discussion, but the points presented
are broadly applicable to other classes of phosphatases. Our discussion will begin at
the atomistic and molecular length scales, then progress to the signaling network
level, discuss specific multiscale approaches, and end with a brief discussion of
specific potential applications of these approaches to the study of metabolism.

Models at the Molecular Level

For receptor and non-receptor kinases, a great deal of computational work has been
undertaken to explore the structure/function relationships which exist in wild-type
proteins and how these relationships can be perturbed in meaningful ways through
mutations arising in disease. While models at the molecular level based on molecu-
lar docking simulations or molecular dynamics simulations have both been in use
for some time, simulations based on molecular dynamics have generally been less
common because of the challenges associated with these approaches and the com-
putational resources required. As a result of advances in computational methods and
increased availability of computational resources, we have more recently seen
increased application of molecular dynamics. Such simulations may include detail
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at the atomic level, with calculation of atomistic trajectories based upon solutions of
Newton’s equations with consideration of interatomic potential force fields [17-19].
These approaches enable new kinetic understanding of the effects of specific poly-
morphisms in intramolecular and intermolecular interactions that may regulate pro-
tein activity and binding.

For example, the epidermal growth factor receptor (EGFR) has been the focus of
recent effort to understand, based in part upon modern molecular dynamics simula-
tions with full atomistic detail, how recently identified polymorphisms may alter the
catalytic activity of the receptor kinase and downstream phosphorylation of receptor
cytoplasmic tyrosines, as well as how such mutations might alter the binding of
targeted kinase inhibitors and ATP itself [20, 21]. The same kinds of approaches
have been used to understand how the structure of the HER3/ErbB3 pseudokinase
determines the low, but non-zero, level of activity exhibited by this member of the
ErbB family of receptor tyrosine kinases (RTKs) [22, 23]. The power of such
approaches is that they can be utilized to predict, prior to experimental analysis, the
molecular level consequences for specific mutations in terms of likely changes to
activity or other functions (e.g., binding) or to understand the specific impact of
mutations identified in disease (e.g., [24-26]). Such information can be used to pri-
oritize the experimental analysis of mutations identified in genomic screens of tis-
sues isolated from patients as part of the study of specific diseases. This is potentially
quite useful since the functional consequences of many mutations identified through
screens are completely unknown. In part, the most useful implementation of these
approaches relies upon unique structural information which has been gleaned
through crystallography about the importance of specific structural motifs in regu-
lating the activity of receptor kinases. Recent advances in these crystallographic
approaches have enabled more reliable predictions from these kinds of models [27].

Although these kinds of modern approaches have not yet been widely applied to
the study of protein phosphatases, their application, with suitable experimental vali-
dation, could indeed yield a great deal of needed insight. The cytosolic PTPs SHP1
and SHP2, both of which contain N-terminal SH2 domains, provide useful exam-
ples for discussion [28]. A now well-characterized aspect of the regulation of these
phosphatases is that the binding of the “back side” of their N-terminal SH2 domains
(i.e., the face of the SH2 domain not involved in binding to phosphotyrosines) to the
catalytic domain of the phosphatases is thermodynamically favored when the SH2
domains are not engaged by a phosphotyrosine on a cognate receptor or intracellular
adapter protein such as GAB1 [28]. When the SH2 domains become engaged, how-
ever, the SH2 domain tends to disengage from the catalytic domain of the receptor,
which exposes the catalytic domain and enables functional phosphatase activity. Of
course, a number of SHP2 mutations have been characterized in diseases including
Noonan and LEOPARD syndromes [29-31]. Interestingly, these diseases share
some clinical features, but are associated with different families of PTPNII muta-
tions [32]. Whereas Noonan Syndrome is characterized by gain-of-function SHP2
mutations [33], the most common mutations found in LEOPARD syndrome appear
to lead to SHP2 deactivation [34]. Intriguingly, these SHP2-deactivating mutations
involve an open SHP2 confirmation, which may result from a disruption of the
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structure of SHP2’s catalytic pocket. While these findings were interpreted using
fairly standard molecular modeling and visualization approaches, the basis for these
differences could be further explored by comparing the effects of these mutations
through molecular dynamics simulations and deciphering what structures may
become preferentially stabilized as a result of each mutation. Of course, this same
approach can be used for the purpose of predicting the effects of new SHP2 muta-
tions as they are identified and may lead to new inferences on the exact structural
consequences of already catalogued SHP2 mutations.

These types of molecular dynamics simulations may also be useful in the design
and optimization of candidate therapeutics aimed at the specific inhibition of PTPs
such as SHP2, PTP1B, and others. Some potent inhibitors of PTPs are indeed avail-
able (e.g., sodium orthovanadate), but they generally suffer from a lack of specific-
ity, which has been found in trials to lead to undesirable clinical outcomes [35, 36].
The primary challenge in synthesizing specific PTP inhibitors has been attributed
mainly to the shallow and highly conserved catalytic domain found in PTPs [35,
36]. It may be possible, however, to overcome this issue by capitalizing on allosteric
mechanisms for regulating PTP activity that are controlled by protein epitopes
located outside the catalytic domain, as may be possible for PTP1B for example
[37]. Molecular dynamics simulations may be a useful tool for understanding the
applicability of this approach for other PTPs.

The application of similar computational approaches would also be of substan-
tial benefit in the elucidation of molecular mechanisms underpinning the activation
of receptor-like PTPs. Unlike many RTKs, where dimerization is a critical step
leading to receptor phosphorylation, prototypical receptor-like PTPs tend to become
inhibited through dimerization [6, 38, 39]. Relatively little has been done at the level
of molecular dynamics simulations to understand the basis for this effect.

Mechanistic Models with Dynamic Resolution at Various
Levels of Network Complexity

A number of investigators have developed computational models with purely
dynamic considerations for the regulation of intracellular signaling. These models
often take the form of coupled systems of ordinary differential equations, with one
equation for each distinct species considered in the model. Such models frequently
include, and may be limited to, consideration of the activation of an upstream ini-
tiator of signaling such as the RTKs EGFR and PDGFR (e.g., [40—42]). Receptor-
level models of this type may need to consider many receptor-containing species
(e.g., ligand-bound, ATP-bound) in order to capture all of the experimentally
observed dynamics intended to be recapitulated by the model. This combinatorial
complexity can lead to relatively large models (e.g., tens to hundreds of coupled
differential equations) even with consideration of receptors alone. In many cases,
these models may also attempt to connect upstream receptor activation with the
activation of one or more downstream pathways, such as those leading to
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phosphorylation and activation of the extracellular regulated kinase (ERK) and
AKT [43-47]. Not surprisingly, the additional consideration of these downstream
pathways greatly expands the size and complexities of these dynamic models.
Generally, the goal of these studies is to gain predictive understanding of how sys-
tem perturbations of different kinds (e.g., receptor mutations affecting kinase
activity or ligand binding, changes in protein expression) and/or alterations in net-
work topology ultimately lead to alterations in the dynamics of receptor or down-
stream pathway phosphorylation or the emergence of new system properties such
as ultrasensitivity [2, 42, 43, 48-53].

Focusing first on receptor kinases which initiate downstream signaling, a sub-
stantial amount of prior work has focused on EGFR/ErbB1 and its sister ErbB
receptors (HER2/ErbB2, ErbB3, and ErbB4). In many cases, these models have
taken the form of compartmentalized mechanistic models built upon systems of
coupled ordinary differential equations that describe the dynamics of the evolution
of the molecular species under consideration (e.g., free EGFR, ligand-bound
EGFR). Compartmentalization of these models into plasma membrane and internal
compartments can be an effective way to understand the rates and roles of receptor
trafficking processes and the influence of various cellular perturbations (e.g., HER2
over-expression) on receptor trafficking. Lauffenburger and colleagues, as well as
other investigators, have implemented a number of such models (e.g., [43, 52, 53]),
for example to quantitatively determine the role of HER2 in regulating EGFR endo-
cytosis in cultured breast epithelial cells.

In terms of individual signaling pathways, perhaps none has received more direct
attention than the mitogen-activated protein kinase (MAPK) cascade leading to
ERK phosphorylation. This pathway has been thoroughly investigated in isolation
to uncover the basis for signaling amplification from upstream initiators, to uncover
the role of various feedback mechanisms, and to uncover the basis for ultrasensitiv-
ity of the pathway (e.g., [54-56]). In some recent models, investigators have
attempted to integrate from the upstream level of receptor activation down to the
ultimate effectors of intracellular pathways such as ERK and AKT [43, 45, 52, 53].
Despite the increased complexity and size of the models, some useful and testable
hypotheses can be generated through such models. For example, the impact of per-
turbations to receptor endocytosis and kinase activity on ligand-mediated ERK and
AKT activation has been investigated for EGFR to probe the functional conse-
quences of a family of kinase-activating EGFR mutations that arise in non-small
cell lung cancer (NSCLC) [43].

One issue which plagues these models, and indeed all mechanistic models of this
general type, is the need for realistic parameters to characterize the various rate
processes under consideration. This has led to the development of numerous new
approaches to address the issue of model identifiability (e.g., [57, 58]). Where path-
ways including EGFR and ERK are involved, modelers have benefited from a rela-
tive wealth of available parameters in the literature. Of course, when a relatively
small number of parameters are unknown, these can often be fit through regression
or training of the model against appropriate kinetic data. Finally, it is also worth
noting that in many instances the behavior of the model as a function of various
topological variations can be quite informative, even without the availability of
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well-quantified rate constants. Computational methods to aid in topology inference
and analysis have also been described in the literature (e.g., [59, 60]).

In some cases, published models have attempted to quantify the activities of
phosphatases with respect to a particular phosphorylated site on a receptor or down-
stream signaling intermediate through model inference and parameter fitting. For
example, some authors have assumed forcing functions for dephosphorylation kinet-
ics coupled with model assumptions about the intracellular site of receptor dephos-
phorylation to fit rate constants for dephosphorylation; these are treated as unknowns
in models which can be regressed against dynamic data for the transient induction of
phosphorylation of proteins in response to an upstream stimulatory effect (e.g.,
[52]). An inherent difficulty with this approach, however, is that fitting such models
against data for a phosphorylation response to ligand alone may not fully reveal the
kinetics associated with the dephosphorylation process. For example, with respect to
the EGFR, it is clear that receptor tyrosines cycle through phosphates relatively
quickly compared to the time scale with which receptor phosphorylation is dimin-
ished in time as part of a response to ligand alone [41, 61, 62]. This rapid, or futile,
phosphate cycling is most readily revealed by following the kinetics of EGFR
dephosphorylation in response to cell treatment with inhibitors of the receptor
kinase, which leads to nearly complete dephosphorylation approximately 1 min
after inhibitor addition [41]. Thus, to fully reveal and quantify the rates of regulation
of particular phosphosites by PTPs, it is necessary to consider multiple kinds of
phosphorylation response data in model regression, including response to ligands,
kinase inhibitors, and phosphatase inhibitors. Experiments with expression and
knockdown of specific PTPs and their mutants are of course also useful.

In fact, this is the basic approach we recently adopted in a study aimed at quan-
tifying the kinetics of dephosphorylation of EGFR at a specific tyrosine (1068),
either at the cell surface (prior to endocytosis) or in the cell interior (after internal-
ization) [41]. Our approach centered on the construction of a novel kinetic, com-
partmentalized model of EGFR dynamics, with consideration of the dynamics of
ligand binding, receptor dimerization, phosphorylation, endocytosis, and dephos-
phorylation. Based on extensive prior quantitative characterization of EGFR-
mediated cellular process reported in the literature, we were able to construct the
model with relatively few unknown parameters. In addition to rate constants for the
decoupling of receptor dimer species, we also left as unknowns the rate constants
describing the dephosphorylation of EGFR at the cell surface and in the cell interior.
To determine these unknowns, we fit our model against data for the dynamics of
phosphorylation of EGFR in response to a diverse set of perturbations including the
addition of: exogenous EGF, EGF chased by the EGFR kinase inhibitor gefitinib,
and PTP inhibition using pervanadate. We repeated a subset of these experiments in
cells expressing dominant negative (K44A) dynamin and also utilized quantitative
measurements for the dynamics of internalization of radiolabeled EGF. By asking
the model to optimally and simultaneously explain all of the diverse data we
obtained with a single set of parameters (using a simulated annealing algorithm),
the model arrived at best-fit results indicating that EGFR dephosphorylation at the
plasma membrane and in the cell interior are equally rapid. Moreover, this rate of
dephosphorylation is so rapid that EGFR is dephosphorylated and rephosphorylated
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several times after initial kinase activation and prior to internalization. Thus, EGFR
tyrosines undergo a futile cycling process on a time scale which is small compared
to receptor trafficking.

This central finding has a number of important potential implications for our
understanding of the regulation of cell signaling by RTKs such as EGFR. For exam-
ple, given that EGFR tyrosine phosphorylation at Y1068 is required for normal
ligand-induced clathrin-mediated EGFR internalization regulated through the pro-
cess of Grb2 binding [63-65], the finding that EGFR is dephosphorylated prior to its
endocytosis suggests the possibility that phosphatases could regulate receptor endo-
cytosis. In fact, one recent paper by Yarden and coworkers suggests that the RPTPs
DEP1/RPTPJ and RPTPK may in fact regulate EGFR endocytosis in this way [66].
This possibility is particularly interesting to consider given that the classical view of
RTK-mediated signaling has been that RTKSs are activated and phosphorylated at the
cell surface and dephosphorylated in a signal-attenuating mechanism ultimately
after endocytosis. The new picture painted by our recent modeling study [41], and
indeed by the results of others’ experimental analysis, suggests a significantly more
complex picture wherein EGFR tyrosine phosphorylation is highly transient.

Yet another potential barrier to the realistic implementation of models including
effects of PTPs is that there is generally scarce information on how the activities of
PTPs are regulated in response to upstream signaling activators such as RTKs. For
the ERK cascade, for example, knowledge of the degree to which MKP3/DUSP6
activity is induced, as well as the activities of phosphatases for MEK and Raf, in
response to upstream pathway activation would be useful in developing improved
models. For most PTPs, however, the dynamics of activity regulation in response to
upstream activators has not been well characterized. SHP2 is perhaps one notable
exception [67]. A recently described experimental approach may also provide a
means to quantitatively determine the activities of multiple phosphatases from cell
extracts in high-throughput fashion [68]. Future studies which attempt to more real-
istically recapitulate regulation by phosphatases will need to include detailed cell
biological measurements of induction of PTP activity in time. Of course, it should
be noted that a number of studies have demonstrated the importance of the transcrip-
tional regulation of phosphatases such as MKPs as an immediate early gene response
to growth factor receptor activation [69, 70]. Consideration of these effects in kinetic
models would also clearly aid in more realistically capturing signaling dynamics.

Mechanistic Models with Spatiotemporal Resolution
of the Intracellular Distribution and Function of Phosphatases

The network level models of signaling described in the previous section deal with
dynamics alone. That is, these models most often take the form of coupled ordinary
differential equations describing the evolution in time of the various molecular spe-
cies involved and the rate processes in which they participate, without directly
addressing the possibility that spatial variations within the cell in the concentrations
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of these species may exist and influence the overall rate processes considered. Such
spatial effects may arise for several reasons, including protein intracellular localiza-
tion effects and diffusional limitations.

PTP1B provides a useful example of a phosphatase whose intracellular localiza-
tion may lead to potentially important spatial regulation of signaling initiated by
EGFR, which is an established substrate of PTP1B [71, 72]. PTP1B contains an
N-terminal tag which tethers it to the ER [73]. This has led to speculation by some
that PTP1B may act upon EGFR primarily in the cell interior after ligand-mediated
endocytosis. To whatever extent PTP1B activity with respect to EGFR is spatially
biased to the cell interior, however, this almost certainly does not mean that EGFR
tyrosines are dephosphorylated only in the cell interior. Indeed, several studies pro-
vide unambiguous evidence that EGFR can be rapidly dephosphorylated at the plasma
membrane [41, 61, 62], which may suggest that multiple PTPs are likely to be involved
in the regulation of EGFR tyrosine phosphorylation/dephosphorylation. Interestingly,
recent evidence has also been provided that PTP1B tethered to the endoplasmic retic-
ulum may still be able to interact with plasma membrane-localized substrates, such as
Src, at sites where the ER membrane comes into close proximity with the plasma
membrane [74]. In settings where this effect is present, the length scale separating
PTP1B from other well-known substrates including EGFR is greatly reduced.

Yet another aspect of the spatial regulation of PTP activity which deserves atten-
tion and has been ignored for the most part in the literature is the extent to which the
intracellular localization of specific phosphatases may change in response to cellular
perturbations such as growth factor receptor activation. It is clear that receptor-like
PTPs such as DEP1/PTPRIJ are capable of acting upon their substrates while those
substrates remain in the plasma membrane, but whether or not membrane-bound
PTPs such as DEP1 follow EGFR into endocytic pits or not has not been well
explored, at least as far as we are aware. Moreover, downstream trafficking processes
such as endocytic recycling or routing for degradation have also not been investi-
gated in the literature. Quantitative measurements of these trafficking processes can
be made, however, using well-established techniques, utilizing radiolabeling of
ligand or antibodies and imaging approaches, which have been employed exten-
sively for the analysis of receptor trafficking. More importantly for the purposes of
this discussion, such quantitative measurements can be used directly in network level
models of signaling. Specific RPTPs of interest can be treated as trafficking-compe-
tent species in the same way as receptors are often treated in such models. The extent
to which these RPTPs participate in established trafficking processes in which RTKs
participate may have extremely important implications for the dynamics of signal-
ing, which can be elucidated in part through the implementation of such models.

Spatial regulation in PTP-mediated signaling may also involve potential diffu-
sional limitations which may arise in the regulation of certain PTPs. An intriguing
example arises through consideration of SHP2, whose activity is greatly augmented
through engagement of N-terminal SH2 domains by cognate phosphotyrosines [28].
This aspect of SHP2 functionality leads to an interesting and important question
regarding how long it takes SHP2 to return to the basal auto-inhibited state after it
disengages from a phosphotyrosine-containing protein. The answer to this question
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is important because it will influence the length scale over which SHP2 diffuses
after disengaging from a phosphotyrosine-containing protein and while remaining
catalytically active. If that time scale is arbitrarily small, SHP2 activity effectively
requires constant engagement of its SH2 domain. If, however, that time scale is suf-
ficiently large (that is, large compared to the time scale for diffusion over the cel-
lular length scale, which is ~R?/D where R is the radius of a cell and D is the
diffusivity of the SHP2), it may be possible for SHP2 to be active anywhere within
the cell before returning to the basal auto-inhibited state. Since the time scale for the
free diffusion of SHP2 substrates within the cell is likely to be relatively small given
the sizes of typical signaling proteins, this potential aspect of SHP2’s regulation in
space would likely be most important in cases where SHP2 substrates are not freely
diffusible within the cell interior. Given SHP2’s role in regulating signaling initiated
from focal adhesion complexes [75, 76], such scenarios may indeed arise. The
determination of the time scale for SHP2’s return to the basal auto-inhibited state
could be estimated through the implementation of modern molecular dynamics
simulations which consider the movement and momentum of individual water mol-
ecules and attractive and repulsive intramolecular forces existing between different
protein domains which regulate conformation. This time scale would also be influ-
enced to some extent by rotational entropic effects that partially dictate whether or
not the SH2 domain is in proper alignment to bind to the catalytic domain when the
two encounter one another.

Yet another interesting and illustrative example of the potential importance of
understanding reaction-diffusion aspects of spatiotemporal regulation of PTPs
comes from the effects of reactive oxygen species (ROS) on PTP activity. The con-
served cysteine present in the highly conserved catalytic domain of PTPs is suscep-
tible to oxidation, which leads to PTP inactivation [77, 78]. The consequences of
this for the regulation of PTP activity are manifold, but an interesting example for
our present discussion arises from consideration of the fact that the activation of
RTKs, including EGFR, may generate ROS [79, 80]. Thus, the very event which
catalyzes the nucleation of signaling complexes containing SHP2 by EGFR can also
lead to the inactivation of SHP2. ROS are generally extremely short-lived species,
however, and the extent to which ROS can diffuse away from the site of generation
and react with SHP2 or other PTPs which may be RTK-activated prior to ROS
decomposition is not clear. The relevant length scale over which this ROS diffusion
must occur for PTP inactivation would also be affected by the extent to which
SHP2-containing complexes are able to dissociate and diffuse away from the RTK
which initiated protein complex formation and ROS generation. These consider-
ations have not been previously explored, but mechanistic computational models
with spatial resolution would be useful for addressing these issues.

From a computational modeling perspective, the relevant equations to address
the aspects of spatiotemporal PTP activity arising from reaction-diffusion mecha-
nisms are well described, as are the approaches to solve those equations [81]. In the
simplest examples of problems where the effects of convection (i.e., bulk fluid
motion in the cytosol) are not considered, the basic conservation equations for spe-
cies diffusion within cells are coupled second-order partial differential equations for
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individual species. Subject to appropriate boundary and initial conditions, such as
reaction or flux conditions at the plasma membrane, and specification of rate con-
stants and parameters, these equations can be solved using readily available com-
mercial software or through the implementation of ad hoc implicit solvers.

Data-Driven Models at the Signaling Network Level

A fairly recent approach for studying the quantitative relationships between multi-
variate signaling processes and cellular decision processes (e.g., complex pheno-
typic processes such as proliferation, differentiation, and apoptosis) is partial least
squares regression (PLSR). This computational approach has been applied widely
outside of biological research, for example to the analysis of combustion, which is
also characterized by the presence of numerous chemical species, but has more
recently been adopted to address the problem of quantitatively predicting cell fate
determination from multivariate data for the dynamic regulation of numerous sig-
naling pathway intermediates in response to cell stimuli [§2—84].

The PLSR method is based in part upon linear algebraic approaches for identify-
ing a series of so-called principal components from a matrix of signaling data, which
is typically arranged with different cellular perturbations in rows (e.g., treatment of
cells with a particular cytokine or inhibitor) and a variety of measures of different
signaling analytes in columns (e.g., ERK phosphorylation 1 h after treatment of cells
with a particular ligand). The principal components consist of linear combinations
of signaling metrics which together maximally describe the most important varia-
tions in the signaling data observed as a function of the perturbations ordered in
rows. Parallel cell phenotypic data (e.g., proliferation response to the perturbations)
are then regressed to determine what linear combinations of the principal compo-
nents best predict cell outcome decisions with the highest degree of confidence. The
results of this calculation enable one to pick out signaling analytes which are maxi-
mally loaded into the highest ranking principal components, and thereby identify
those pathways which are likely to exert the strongest control over a particular cell
decision process. The essence of this approach is to embrace the fact that complex
cell fate decision processes are generally determined not through the activity of an
individual signaling pathway but instead through the integration of changes in the
activities of many pathways. Without consideration of the mechanistic details of
how these pathways are actually activated or interconnected with each other, this
approach, in its most common implementation, assumes that fold-changes in differ-
ent representations of the phosphorylation state of individual proteins (e.g., level,
integral over time, or instantaneous rate of change) contribute to the determination
of cell fate decisions. Interestingly, recent work demonstrates the potential to obtain
mechanistic insights (e.g., the identification of key time scales or the identification
of especially important reactions in a larger network of reactions) from the large data
sets which typically accompany data-driven modeling studies through consideration
of the dynamic changes in measures of covariance for analyte concentrations [85].
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This approach depends upon the availability of multivariate sets of signaling and
cell response data. A variety of approaches have been used individually or in com-
bination to gather the necessary signaling data, including mass spectrometry phos-
phoproteomics and bead-based multiplexed sandwich assay approaches such as
Luminex [82, 83, 86]. Many of these techniques tend to focus on the regulation of
kinases, typically because of reagent availability. For those that do not have an inher-
ent bias in gathering data with coverage of kinases, the analysis of data still tends to
focus mainly on kinases, in large part because the functions of phosphorylated sites
are generally more well characterized for kinases than those of phosphatases.

In the future, it would be of great interest to apply these kinds of data-driven
modeling approaches to model the ability of phosphatases to control cell fate deci-
sion processes. A challenge for implementing this approach for phosphatases, how-
ever, is that the regulation of phosphatase activity cannot generally be as well
monitored by measurement of proxies such as the phosphorylation of key residues,
as is true with many kinases and transcription factors. One approach to circumvent
this present difficulty could be to utilize specific PTP activity assays, as has been
done for some previous PLSR studies for a variety of kinases. Yet another approach
might be to attempt to develop phosphatase-centric PLSR models using PCR micro-
array data to look for changes in transcription of phosphatases as a function of time
in response to cellular perturbations leading to phenotypes of interest. Indeed, a
number of tools are already commercially available for the high-throughput analy-
sis of phosphatase expression.

Models Integrating Multiple Scales

Increasingly, computational biologists are attempting to construct models that inte-
grate phenomena occurring at multiple diverse scales in order to understand how
changes at the molecular level ultimately translate into new system level responses.
Again, EGFR provides a useful point of discussion. Recently, Radhakrishnan and
coworkers developed a set of such models to elucidate the molecular mechanisms
that may underlie the improper regulation of EGFR-mediated signaling, as often
arises in cancer [21, 87]. Specifically, in recent papers, these authors have investi-
gated how recently identified somatic mutations in EGFR ultimately translate into
downstream signaling through models incorporating effects at the level of EGFR
dimerization and kinase activation, membrane dynamics considerations governing
the rate of EGFR endocytosis, and connection of phosphorylated EGFR to down-
stream signaling pathways. At the molecular level, these models consider the ability
of differential formation of hydrogen bonds and salt bridges arising with or without
EGFR oncogenic mutations to stabilize different EGFR kinase conformations.
Receptor-mediated initiation of signaling is then modeled using deterministic
frameworks, in some cases allowing for branching of network activities arising from
preferential binding of intracellular adapters to different EGFR regulatory tyrosines.
Such models may also include the effects of EGFR internalization, as in recent
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papers utilizing hybrid methods based on both discrete and continuum stochastic
dynamics for the consideration of membrane deformation (field-based continuum
models) and protein diffusion with respect to budding endocytic vesicles [88, 89].

The integration of multiscale phenomena in models of phosphatase regulation of
signaling would also be possible, and indeed useful, and a number of analogies can
be easily drawn based upon the work that has already been undertaken for the regu-
lation of kinases. For example, based upon points already discussed in this chapter,
multiscale models of how specific point mutations arising in phosphatases such as
SHP2, or various RPTPs such as DEP1, influence the ability of these PTPs to regu-
late downstream signaling would require the integration of molecular dynamics
simulations to understand how mutations alter PTP structure and ability to interact
with relevant adapters and receptors. To the extent that these PTPs regulate receptor-
level processes such as trafficking, as has been reported for at least some PTPs
recently [66], these multiscale models might also require consideration of the same
kinds of hybrid approaches that have been applied to study EGFR endocytosis and
recruitment of signaling proteins to endocytic vesicles.

Rules-Based Approaches for Understanding Phosphatase
Regulation

As mentioned previously, there is generally less information available on the roles
of specific phosphorylation sites on protein phosphatases, as well as generally less
information on whether phosphorylation of these sites regulates the structure and
function of phosphatases in meaningful ways. In some cases, this incomplete under-
standing arises because the structure and phosphorylation sites of phosphatases, as
well as the intrinsic catalytic activity of the phosphatase, allow for a large number
of possible intra- and intermolecular interactions. SHP2 again provides a useful
focus for discussion. SHP2’s N-terminal SH2 domains are involved in the regula-
tion of its activity, but are also likely to be involved in the intracellular localization
of SHP2. Moreover, it is possible for these N-terminal SH2 domains to become
engaged by SHP2 C-terminal tyrosines Y542 and Y580. Such intramolecular
engagement would clearly alter SHP2’s ability to engage binding partners through
its SH2 domains and may also alter SHP2’s activity. Moreover, SHP2 may also
exhibit phosphatase activity for its own C-terminal phosphotyrosines, perhaps even
via an intramolecular mechanism, and may also play a role in dephosphorylating the
tyrosines on adapter proteins such as GAB1 (Y627) that lead to SHP2’s activation
downstream of RTK activation.

Rules-based models represent one computational approach for dealing with this
kind of complexity. The rules-based approach allows a user to define an array of
molecular species, each with defined characteristics such as biochemical activities,
posttranslational modification sites, and interaction domains. Based on the rules
ascribed to each molecular species, rules-based models generate a network of spe-
cies that can arise due to the prescribed allowable interactions and enable
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calculation of dynamics for the network. This general approach was used by Haugh
and coworkers, who developed a rules-based kinetic model of SHP2 function down-
stream of a generic dimerized RTK [90]. They reported that even for a relatively
small number of interacting proteins considered, the network of achievable binding
and phosphorylation states exceeds 1,000 different species. Within this framework,
Haugh and coworkers identified regimes of binding where the deletion of either the
N-terminal SH2 domain or C-terminal tyrosines could either promote or antagonize
the dephosphorylation of the generic RTK considered. Conversely, they found that
deletion of the C-terminal SH2 domain mitigated the ability of SHP2 to regulate
RTK phosphorylation.

Of course, rules-based approaches for the study of cell signaling have been used
more broadly than in the study of phosphatases. Indeed, this approach has been
applied in numerous more general studies of cell signaling networks and in the
analysis of transcriptional regulation (e.g., [91-93]). Software packages such as
BioNetGen are available to provide a user-friendly computing environment for
implementing these models [94, 95].

Specific Applications to Metabolism

Based on the preceding discussion and upon growing evidence for the roles of phos-
phatases in the regulation of metabolism, it is clear that opportunities exist to apply
computational models to the study of cell signaling and metabolic regulation. The
results of such computational modeling studies may offer new insights for how to
rationally intervene in diseases where PTPs have been identified as playing impor-
tant roles. Several specific examples of potential applications in metabolism are
now discussed.

The same kinds of mechanistic modeling approaches which have been heavily
applied to the study of signaling regulated by EGFR could be applied to the study of
key signaling processes in metabolism, such as signaling mediated by the insulin
receptor (IR) and the associated regulation of insulin receptor substrates (IRS), phos-
phoinositide 3-kinase (PI3K), phosphatase and tensin homolog (PTEN), and protein
kinase B (Akt). There is substantial evidence in the literature that important spatio-
temporal considerations must be taken into account for each of these elements of the
critical pathway regulating the expression and trafficking of GLUT4 and uptake of
glucose. Given the complexity of the mechanisms which have already been identi-
fied in this spatiotemporal regulation, however, it is clear that the implementation of
mechanistic models will not only be useful, but in fact be required, in order to parse
the importance of various processes in the overall function of this pathway. As in
other examples already discussed in this chapter, useful models of insulin-mediated
signaling would also require proper consideration of the action of phosphatases.

At the level of IR itself, relatively little is quantitatively understood about the
dynamics with which the receptor is dephosphorylated at regulatory tyrosines. The
importance of PTP1B in regulating IR phosphorylation is clear, as previously
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discussed, but where and how quickly this occurs during IR-mediated signaling is
unclear. As with what has been the classical view of EGFR’s regulation by PTPs,
there is some sense in the IR literature that PTPs exert their control over IR only
after the dissociation of ligand [96]. While the final dissociation of ligand may lead
to final termination of signaling via the action of PTPs such as PTP1B, it is possible
that IR, as with EGFR [41], is under the constant control of PTPs and that it under-
goes numerous cycles of phosphorylation and dephosphorylation during the time
with which the receptor is ligand-bound and prior to final dissociation of ligand or
degradation of the receptor. To our knowledge, this has not yet been definitively
demonstrated for IR. It is certainly conceivable, however, that differences in the
kinetics of such cycling could underlie the issue discussed by some that growth fac-
tor receptors such as platelet-derived growth factor receptor (PDGFR), interleukin
receptors, and adhesion molecules which appear to stimulate PI3K activity to a
similar level as IR have only minimal effects on GLUT4 translocation to the mem-
brane [96-98]. That is, the specific cycling rate of IR phosphorylation could trans-
mit information through the downstream pathway which is independent of the
apparent magnitude of pathway activation. Interestingly, a recent study on the regu-
lation of ERK by EGFR demonstrated this general concept by showing, on a single-
cell basis, that the ability of ERK to drive proliferation in epithelial cells was
dependent upon the frequency of ERK signaling modulation in those cells in
response to EGFR activation [99]. To dissect this connection between frequency and
effect on phenotype, the authors of that study implemented a mechanistic model. In
sum, to begin to address these basic issues regarding IR regulation by PTPs, the
same kind of coupled experimental and modeling approach we recently applied to
quantify the kinetics of EGFR dephosphorylation could readily be applied to IR.
Another aspect of IR-mediated signaling amenable to mechanistic modeling is
the distinct spatial and temporal regulation of IRS. For example, it has been shown
in 3T3 fibroblasts that IRS1 and IRS2 are basally differentially distributed, with
IRS1 preferentially concentrated in intracellular membrane compartments and IRS2
preferentially concentrated in the cytosol [100]. In response to exogenous insulin,
both substrates are rapidly phosphorylated and translocate to the cytosol within
minutes, but IRS1-mediated signaling is more protracted than IRS2-mediated sig-
naling. How these differences arise is not yet fully understood, but hypotheses could
be generated and tested based upon the development of associated kinetic models.
Interestingly, the activity of Akt may also be subject to a number of spatiotempo-
ral effects. The extent of this regulation could be influenced by an upstream initiator
of Akt activity as determined, for example, by PTP regulation of an upstream initia-
tor (e.g., IR). In 3T3 fibroblasts using a fluorescent reporter of Akt activity, Kunkel
et al. [101] identified a more transient activity of Akt in the cytosol versus the
nucleus and hypothesized the presence of different phosphatase activity with respect
to Akt in these two cellular compartments as an explanation. The same study also
found that when the Akt activity reporter was targeted to the plasma membrane, the
apparent activity of Akt was increased and the duration of signaling prolonged. This
is perhaps not surprising given that the plasma membrane is the intracellular site for
Akt phosphorylation by PDK-1. Other mechanisms that may spatially regulate Akt
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activation within cells include the preferential activation of Akt within lipid raft
compartments in the plasma membrane. Indeed Gao et al. [102] found, using a
FRET-based approach, that Akt activity is more rapidly induced by growth factor
receptors within lipid rafts in membranes. This effect can be so pronounced that
chemical disruption of rafts can potently inhibit Akt activation in response to growth
factors. It is possible that this apparent preferential activation of Akt within rafts
could be related to the differential partitioning between the rafts and non-raft mem-
brane domains of any of the elements which positively or negatively regulate Akt
activity. Some evidence in the literature points to preferential exclusion of phospha-
tases from lipid rafts as one interesting possibility, for example in the regulation of
phosphorylation of PAG/Cbp [103].

Beyond the discussion we have had here on spatiotemporal aspects of IR/Akt
regulation, there are certainly other examples where the application of some of the
modeling approaches previously described would be of use to understand the roles
of phosphatases in metabolism. For example, as described in other chapters within
this book, the effects of PTP1B expression have been investigated at the whole-
body level in mice and separately investigated in the brain, muscle, adipocytes, and
liver [104—109]. Through these studies, PTP1B has been identified as an important
regulator of body mass and insulin sensitivity, with some important differences in
its tissue-specific role. PTP1B may exert its control over metabolism through regu-
lation of insulin receptor (IR) phosphorylation. Like other RTKs, IR is capable of
initiating intracellular signaling along multiple parallel pathways, and it is yet
unclear what specific pathways may be differentially regulated as a result of differ-
ential IR phosphorylation or which of those pathways is most critical for the control
of metabolism downstream of IR. Multivariate data-driven methods such as PLSR
could be applied to such problems to identify potential ways to rationally interfere
with or promote specific pathways for therapeutic purposes.

Conclusion

Computational models can be of great use in addressing the questions of the kind
described in the previous section, even when a full set of model parameters may not
have been quantitatively determined. Indeed, the very process of constructing a
computational model that explains known biological phenomena tends to generate
new testable hypotheses even before a model has been completed. For example,
even mechanistic computational models lacking a complete set of well-characterized
parameters can be readily utilized for local and global model sensitivity analyses to
generate a list of testable predictions for which network elements or parameters are
most likely to exert the most significant control in pathway regulation. The testing
of these basic model predictions can be used in initial steps to refine the model.
Ultimately, mechanistic models constructed with a high degree of confidence can
then be useful for determining what nodes in the pathway might be most usefully
sensitive to therapeutic intervention to either inhibit or promote signaling, for
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example in metabolic disorders controlled by IR. A similar process of model testing
and refinement based on experiment is applicable to the other types of modeling
methods described in this chapter. Ultimately, more extensive application of these
approaches to the study of phosphatases can be a useful approach for speeding our
acquisition of the quantitative insights needed to develop durable therapeutic
approaches for diseases characterized by dysregulated metabolism.
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Chapter 3
Protein-Tyrosine Phosphatase 1B Substrates
and Control of Metabolism

Yannan Xi and Fawaz G. Haj

Abstract Protein-tyrosine phosphatase 1B (PTP1B) has emerged as an important
regulator of several signaling networks that are implicated in human metabolic
diseases such as diabetes and obesity. A growing body of evidence demonstrates
that PTP1B displays exquisite substrate specificity. In this chapter we review mech-
anisms that regulate PTP1B—susbtrate interactions and highlight substrates that
mediate PTP1B metabolic actions. PTP1B—substrate interactions are modulated
by PTP1B subcellular location and numerous posttranslational modifications that
regulate its activity such as oxidation, nitrosylation, sulthydration, sumoylation,
phosphorylation, and proteolysis. The metabolic actions of PTP1B are mediated by
key physiological substrates that regulate insulin and leptin signaling, cell-cell
communication, and endoplasmic reticulum (ER) stress response.
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ERK Extracellular signal-regulated kinase
FRET Fluorescence resonance energy transfer
Gab Grb2-associated binder

GH Growth hormone

H,S Hydrogen sulfide

HFD High fat diet

INM Inner nuclear membrane

IR Insulin receptor

IREla Inositol requiring enzyme 1o

IRS Insulin receptor substrate

JAK Janus kinase

KO Knockout
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MVB Multivesicular bodies

NO Nitric oxide

PDGFR Platelet-derived growth factor receptor
PERK PKR-like ER-resident kinase

PI3K Phosphatidylinositol 3-kinase

PIAS Protein inhibitor of activated STAT1
PM Plasma membrane

POMC  Pro-opiomelanocortin

PPARy  Peroxisome proliferator-activated receptor y
PTP1B  Protein-tyrosine phosphatase 1B
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ROS Reactive oxygen species

RTK Receptor tyrosine kinase

SH Src homology

STAT Signal transducer and activator of transcription

SUMO  Small ubiquitin-like modifier
UPR Unfolded protein response
XBP1 X-box binding protein 1

701 Zonula occludens 1

Regulation of PTP1B-Substrate Interaction

PTP1B function is regulated through a variety of mechanisms that include its
subcellular location and posttranslational modifications that modulate its catalytic
activity. PTP1B has a hydrophobic domain that tethers it to the cytoplasmic face of
the ER and restricts its access to substrates (Fig. 3.1). In addition, several posttrans-
lational modifications, sometimes working in tandem, regulate PTP1B activity
including oxidation, nitrosylation, sulfhydration, sumoylation, phosphorylation,
and proteolysis (Fig. 3.1). The growing understanding of PTP1B—substrate interac-
tion and regulation of PTP1B catalytic activity can be utilized to develop novel
therapeutic strategies for metabolic diseases.
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Fig. 3.1 PTPIB structural domains and modes of regulation. Schematic representation of PTP1B
domains: N-terminal catalytic domain, proline-rich domain, and a C-terminal ER-targeting
domain. PTP1B is regulated by serine phosphorylation at S50, S352, and S386 (green with black
stripes), tyrosine phosphorylation at Y66, Y152, and Y153 (green), oxidation, S-nitrosylation, and
sulfhydration of the catalytic site C215 (orange); sumoylation at K335 and K347 (yellow); and
proteolysis by calpain

Subcellular Location

An important constraint on the function of PTP1B and its ability to gain access to
substrates is its subcellular location. One of the earliest discoveries about PTP1B
was its localization on the cytoplasmic face of the ER by means of a hydrophobic
(35-residue) C-terminal anchor sequence [1, 2]. This raised a conundrum since
biochemical and genetic studies established that PTP1B dephosphorylates sev-
eral receptor tyrosine kinases (RTKs), including the activated epidermal growth
factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), and
insulin receptor (IR) [3—10]. This topological dilemma was addressed using fluores-
cence resonance energy transfer (FRET) which demonstrated that PTP1B-catalyzed
dephosphorylation required endocytosis of the EGFR and PDGFR and occurred at
specific sites on the surface of the ER [4]. Most of the activated RTKs interact with
PTPIB after internalization, establishing that RTK activation and inactivation are
spatially and temporally segregated within cells [4]. Subsequent studies further con-
firmed these findings and extended them to the IR [6, 10, 11]. The ER localization
of PTPI1B is ideally suited to prevent tyrosine phosphorylation of immature RTKs
during biosynthesis. Indeed, studies investigating PTP1B-IR interaction using
FRET or bioluminescence resonance energy transfer (BRET) demonstrate basal
interaction between these proteins, and this can be enhanced by treatment with
tunicamycin (an inhibitor of N-glycosylation and RTK cell surface maturation) [6].
Thus, PTP1B can access RTKs when both proteins are in the ER, during RTK
biosynthesis. In addition to its ability to dephosphorylate RTKs, PTP1B has been
identified as a potential regulator of RTK endocytosis. PTP1B-EGFR interaction
occurs through direct membrane contact between multivesicular bodies (MVB) and
the ER, with PTP1B activity promoting the sequestration of EGFR to MVB internal
vesicles [12]. Consistent with these findings, additional studies identified the endo-
somal protein STAM2, which regulates sorting of activated RTKs for degradation,
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as a PTP1B substrate [13]. Together, these studies demonstrate PTP1B involvement
in the dephosphorylation and endocytosis of RTKs, two key mechanisms of RTK
signal attenuation and termination, and highlight the multifaceted impact of PTP1B
on RTK signaling.

Although activated RTKs gain access to PTP1B only after endocytosis, PTP1B
also can interact with some plasma membrane (PM)-bound substrates [14, 15]. For
example, PTP1B targets forming cell-matrix adhesion contacts and contributes to
the stabilization of focal adhesions. This process appears to involve dynamic exten-
sion of the ER via a microtubule-dependent process [16]. PTP1B also can access
substrates at regions of cell-cell contact [17-19], although how these interactions
are regulated remains largely unexplored. These findings raise an apparent paradox:
why can PTP1B dephosphorylate some substrates after endocytosis, whereas others
can be targeted on the PM? Quantitative cellular imaging and mathematical model-
ing of protein mobility demonstrate that the ER network comes in close proximity
to the PM at apparently specialized regions of cell-cell contact, enabling PTP1B to
engage substrates at these sites [20]. At these regions, the ER network appears to be
organized thereby creating specialized zones of ER—PM interaction at cell-cell con-
tacts in which PTP1B may access the PM, demonstrating that the ER plays a
dynamic role in regulating signaling at regions of cell-cell contacts via PTP1B.
Collectively, these studies demonstrate that PTP1B subcellular location plays an
important role in its ability to access substrates.

Posttranslational Modifications

In addition to subcellular location which restricts PTP1B access to substrates,
multiple lines of evidence provide insights into modes of PTP1B regulation by post-
translational modifications. These include oxidation, nitrosylation, sulfyhydration,
sumoylation, phosphorylation, and proteolysis (Fig. 3.1).

Oxidation

PTP1B, similar to other members of the classical PTP subfamily, contains a con-
served “‘signature motif”” within its active site, wherein the invariant cysteine (Cys215)
is essential for catalysis [21]. Due to the unique chemical environment of the active
site, this cysteine displays a low PKa (4.5-5.5) which enhances its nucleophilic
attack on substrate phosphotyrosines [22], but renders it susceptible to oxidation by
reactive oxygen species (ROS) [23]. Biochemical and crystallographic studies dem-
onstrate that oxidation of the active site cysteine abrogates its nucleophilic proper-
ties, thus inhibiting PTP1B activity. ROS, particularly H,O, functions as an
intracellular second messenger, and RTK activation leads to a transient burst of H,O,
production which is needed for full receptor phosphorylation and downstream sig-
naling [24]. Therefore, one function of stimulus-induced ROS production is to tran-
siently inactivate PTP1B, which usually exerts inhibitory constraint on the system, to
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initiate a signaling response to the stimulus. Indeed, biochemical studies demonstrate
that PTP1B is reversibly oxidized at its active site and its enzymatic activity is attenu-
ated in response to epidermal growth factor [25] and insulin [26] stimulation.
Notably, quantitative imaging studies reveal that PTP1B activity is spatially regu-
lated in the cell, thereby creating distinct microenvironments that enable RTK signal
propagation and signal termination [27]. In addition, crystallographic analysis of
PTP1B revealed that oxidation of the active site cysteine rapidly converts the sul-
phenic acid (S-OH) form of PTP1B to a cyclic sulphenamide [28, 29]. This is accom-
panied by profound changes in the architecture of the active site, in which residues
that are usually buried adopt solvent-exposed positions [28, 29]. These structural
changes that are readily reversible under physiological conditions help protect the
enzyme from higher order, irreversible oxidation and facilitate reduction back to the
active form. Taken together, biochemical and crystallographic studies provide mech-
anistic insights into PTP1B oxidation; however, several outstanding questions remain
including how oxidation specificity is achieved. One element of specificity is likely
localization of the phosphatase in close proximity to the site(s) of ROS production.
For example, Nox4, which regulates ROS production in response to insulin [30],
colocalizes with PTP1B at intracellular membranes [31]. It is worth noting that stud-
ies on PTP1B oxidation utilized cells that were exposed to an oxygen-rich environ-
ment, and additional studies are needed to investigate PTP1B oxidation under lower
oxygen concentrations that are comparable to those encountered in vivo.

Nitrosylation

The free radical nitric oxide (NO) and its derivatives, which constitute the reactive
nitrogen species (RNS), are the products of NO synthases [32] and function as sec-
ond messengers that regulate cellular signaling [33]. S-nitrosylation of cysteine resi-
dues is a posttranslational modification that regulates the activity of key enzymes
and influences various cellular functions [34, 35]. Mass spectroscopy-based studies
reveal that NO inactivates PTP1B by S-nitrosylation of its active site cysteine [36].
Importantly, S-nitrosylation prevents the active site cysteine from subsequent oxida-
tion when subjected to oxidative stress, and thus provide a protective mechanism to
prevent ROS-induced irreversible oxidation of PTP1B [37]. Thus, PTP1B nitrosyl-
ation is another posttranslational modification that regulates reversible inactivation
and ensures appropriate signaling response to the stimulus.

Sulfhydration

Hydrogen sulfide (H,S) is a signaling molecule that regulates a broad spectrum of
physiological processes at subtoxic concentrations [38]. The effects of H,S are medi-
ated through the sulfhydration of specific cysteine residues in target proteins [39].
PTP1B is reversibly inactivated by endogenously generated H,S during the ER stress
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response through sulfthydration of its active site cysteine [40]. Sulfhydration of
PTP1B in vitro occurs at H,S concentrations that are encountered in vivo [41]. In
addition, the rate of PTP1B inactivation by H,S is 22.4+1.8 M s! which is compa-
rable to its rate of inactivation by H,O, (10+1.4 M s) and NO (2.1+£0.5 M! s1)
[40]. Decreased H,S production leads to decreased tyrosine phosphorylation of PKR-
like ER-resident kinase (PERK), a PTP1B substrate, and reduces PERK activation in
response to ER stress. Importantly, treatment with a small molecule PTP1B inhibitor
(MSI-1436) abrogates the effects of suppressing H,S production on the ER stress
response [40]. These studies establish that sulfyhydration of PTP1B, which occurs at
high stoichiometry in cells under ER stress conditions, reversibly inactivates it and
provides a mechanism for modulating ER stress and the metabolic response.

Sumoylation

Small ubiquitin-like modifier (SUMO) proteins are important regulators of various
facets of cellular function. SUMO modification is implicated in protein stability and
interaction, nuclear-cytosolic transport, and progression through the cell cycle [42,
43]. PTPIB interacts with a protein inhibitor of activated STAT1 (PIAS), a SUMO
E3 ligase that promotes sumoylation of PTP1B in fibroblast cell lines [44]. PTP1B
is sumoylated on at least two C-terminal lysine residues and the ER-targeting
domain of PTPIB is required for maximum sumoylation [44]. Insulin-induced
sumoylation of PTP1B results in transient reduction in enzymatic activity and inhib-
its the negative effect of PTP1B on insulin signaling [44]. In addition, PTP1B
appears to localize on the inner nuclear membrane (INM) where it is heavily
sumoylated in a cell cycle-dependent manner and interacts with emerin (an INM
protein that regulates nuclear architecture) [45]. It is plausible that PTP1B regulates
emerin tyrosine phosphorylation and may have nuclear functions that are modulated
by sumoylation. Additional studies implicate PTP1B sumoylation in adipocyte dif-
ferentiation [46]. Indeed, PTP1B knockout (KO) and wild type-reconstituted pre-
adipocytes differentiate into adipocytes while sumoylation-resistant PTP1B
mutant-reconstituted preadipocytes exhibit marked attenuation in differentiation
and lipid accumulation [46]. The differentiation deficit in sumoylation-resistant
reconstituted preadipocytes can be reversed by treatment with the PPARY activator
troglitazone [46]. Therefore, sumoylation is a yet another posttranslational modifi-
cation that regulates PTP1B activation.

Phosphorylation

Phosphorylation is a key posttranslational modification that regulates enzyme func-
tion and assembly of protein complexes. PTP1B is regulated by both tyrosine and
serine phosphorylation at multiple sites (Fig. 3.1); however, the effects of



3 Protein-Tyrosine Phosphatase 1B Substrates and Control of Metabolism 55

phosphorylation on enzyme activation appear controversial in some cases. Insulin
stimulates tyrosine phosphorylation of PTP1B (at Tyr 66, 152, and 153) [47] and
results in increased phosphatase activity [48]. On the other hand, in vivo studies
demonstrate that insulin injection in mice induces PTP1B tyrosine phosphorylation
and concomitant decrease in its activity in skeletal muscle and adipose tissue [49].
The reason(s) for these discrepant results is currently not known. In addition to
tyrosine phosphorylation, PTP1B is phosphorylated on serine residues. During
mitosis, PTP1B is phosphorylated on multiple serine residues (including Ser 352
and 386), although this does not appear to alter enzymatic activity [50]. Similarly,
stress-induced PTP1B phosphorylation involves both Ser 352 and 386 [51].
Moreover, phosphorylation of PTP1B at Ser 50 by Akt attenuates PTP1B enzymatic
activity and its ability to dephosphorylate the IR [52], possibly as part of a positive
feedback mechanism to potentiate insulin signaling.

Proteolysis

Proteolysis is a common posttranslational modification that regulates PTP activity.
Calpain-mediated cleavage of the C-terminal, ER-anchoring domain of PTP1B in
activated platelets generates an activated, soluble enzyme [53]. Disruption of cal-
painl in mice results in significant defects in platelet aggregation and clot retraction
[54]. In addition, calpain1-PTP1B double KO mice reveal that PTP1B is a physio-
logical target of calpainl in platelets [55]. Notably, the reversibly oxidized PTP1B
is more vulnerable to calpain proteolysis [56], demonstrating how seemingly differ-
ent posttranslational modifications work in tandem to regulate PTP1B activation.
Whether calpain-dependent cleavage promotes PTP1B catalytic activity or targets
the phosphatase for complete proteolysis still needs clarification and may depend on
the stimulus and/or cellular context.

PTP1B-Substrate Identification

Several properties factor into PTP1B interactions with substrates including binding
motifs and the structure of its catalytic domain. PTP1B contains binding motifs that
modulate its interactions with some proteins. For example, the proline-rich domain
at the C-terminus (amino acids: 278-401) mediate association with several Src
homology 3 (SH3) domain-containing substrates such as p130* [57]. In addition
to binding motifs, the catalytic domain of PTP1B, while closely related to other
PTPs, has intrinsic specificity and preference for certain substrates. Crystallographic
and peptide binding studies define the molecular basis of PTP1B interaction with
one of its key substrates, the IR, and demonstrate that the sequence E/D-pY-pY-R/K
is important for optimal recognition of IR by PTP1B [58]. Importantly, PTP1B
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displays ~70-fold higher affinity for tandem pTyr-containing peptides from the IR
activation loop compared with mono-pTyr derivatives [58]. Remarkably, this motif
can be utilized to predict physiological PTP1B substrates. Indeed, JAK (janus
kinase) subfamily of kinases contain this motif in their activation loop and JAK2
and TYK2 are physiological substrates of PTP1B [59]. Although the motif is
important for optimal substrate recognition, it is not a requirement for PTP1B sub-
strates as several well-established substrates do not contain the tandem phosphoty-
rosine sequence.

Identification of PTP1B substrates is an essential step towards a better under-
standing of its physiological functions. Wild-type PTP1B has a catalytic constant
(kea) Of ~2%10° molecules/min [60] rendering its interaction with substrates tran-
sient and difficult to detect using standard biochemical and imaging approaches.
Insights gained from PTP1B structural studies helped define several residues that
are important for substrate recognition and catalysis. This led to the generation of a
mutant enzyme that retains substrate binding but is catalytically impaired, a so-
called substrate trapping mutant [61]. The residue that is mutated in PTP1B to gen-
erate the substrate trapping mutant is the invariant catalytic acid (Asp181) that is
conserved in all members of the PTP family. Expression of PTP1B (D181A) mutant
in cells forms stable complexes with tyrosine-phosphorylated substrates and enables
their identification. Indeed, the substrate trapping approach has been successfully
utilized to identify several physiologically relevant PTP1B substrates [61-64]. Its
application also revealed that members of the PTP family display exquisite sub-
strate specificity in a cellular context. The combined use of the substrate trapping
approach with other methodologies such as cell imaging and quantitative pro-
teomics holds great promise in identifying and characterizing novel PTP1B sub-
strates. Moreover, the contribution of the candidate substrate to PTP1B physiological
functions can be further interrogated using gene deletion studies in vivo.

PTP1B Substrates and Metabolic Regulation

Metabolic syndrome and type 2 diabetes are complex disorders that are associated
with obesity, sedentary life style, aging, and genetic predisposition [65, 66]. The
increased prevalence of these diseases presents serious health challenges and high-
lights the urgent need to elucidate the underlying molecular mechanisms in order to
develop effective therapeutic interventions. Ample evidence from biochemical,
structural, and genetic studies establish PTP1B as a modulator of metabolic signal-
ing in mammals. These remarkable findings highlight the potential use of PTP1B
inhibitors for the treatment of obesity, diabetes, and the metabolic syndrome. Next
we will review the key findings that implicate PTP1B and its substrates in insulin
and leptin signaling, cell-cell communication, and ER stress, thereby highlighting
the important role of PTP1B in regulating the metabolic state (Fig. 3.2).



3 Protein-Tyrosine Phosphatase 1B Substrates and Control of Metabolism 57

Insulin Receptor

@ insulin
\ secretion

Endoplasmic
Reticulum

Nucleus

\ P

Fig. 3.2 PTP1B—substrates interaction and metabolic signaling. PTP1B is a regulator of insulin
and leptin signaling, cell-cell communication, and ER stress. Insulin induces trans-phosphorylation
and activation of the IR, leading to phosphorylation of IRS1 and subsequent activation of PI3K and
AKT. PTP1B attenuates insulin signaling by dephosphorylating IRS1 and the endocytosed IR.
PTP1B attenuates leptin signaling by dephosphorylating JAK2. Leptin receptor activation results in
the recruitment and phosphorylation of JAK2 and phosphorylation of STAT3. Phosphorylated
STAT3 dimerizes and translocates to the nucleus where it regulates the transcription of target genes.
PTP1B regulates signaling at regions of cell—cell contact. PTP1B is anchored to the cytoplasmic
face of the ER via a hydrophobic domain. The ER network comes in close proximity to the plasma
membrane at apparently specialized regions of cell—cell contact (fop, right corner), enabling
PTP1B to engage substrates at these sites. EphA5-ephrinAS bidirectional signaling regulates basal
and glucose-stimulated insulin secretion. PTP1B is a direct regulator of ER stress response. Under
basal conditions, PERK is maintained inactive by its association with the molecular chaperone BiP
through its luminal domain. When improperly folded proteins (green) accumulate in the ER, BiP
dissociates from PERK which undergoes homo-oligomerization and trans-phosphorylation result-
ing in activation. PERK phosphorylates eIF2a, a modification that blocks initiation of translation.
PTP1B dephosphorylates PERK at Tyr 615 and attenuates its activation. Tyrosine-phosphorylated
residues are indicated by green ovals and serine-phosphorylated residue indicated by green oval
with black stripes. Solid lines indicate established interactions and dotted line indicates putative
interaction

Insulin Signaling

Insulin is secreted from pancreatic  cells into the portal circulation and acts as a
major regulator of glucose homeostasis by means of a complex and highly inte-
grated network of signaling events [67]. Upon binding to the IR, insulin induces
trans-phosphorylation of several tyrosine residues, leading to the recruitment and
phosphorylation of insulin receptor substrates (IRSs) and Grb2-associated binder
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(Gab) family proteins (Fig. 3.2). These serve as docking sites for Src homology 2
(SH2) domain-containing signal relay molecules, such as the p85 regulatory subunit
of phosphatidylinositol 3-kinase (PI3K). PI3K activity is stimulated by its binding
to IRS proteins [68], leading to activation of downstream targets such as Akt [69].
Insulin also activates ERK1/2, which phosphorylates various substrates to promote
gene expression [70]. Research on insulin signaling using tissue-specific gene dele-
tion in mice as well as other approaches provides critical insights into the tissue-
specific effects of insulin and demonstrates that impaired insulin signaling is central
to the development of the metabolic syndrome [71].

PTPIB is an established regulator of insulin signaling, supported by significant
evidence from biochemical, genetic, and inhibitor studies. Collectively, these stud-
ies demonstrate that PTP1B is a bona fide IR phosphatase and that PTP1B inhibits
insulin signaling by dephosphorylating the IR and possibly IRS1. Early microinjec-
tion studies of PTP1B protein into Xenopus oocytes illustrate a role for this phos-
phatase in antagonizing insulin signaling and regulating IR phosphorylation [72,
73]. Subsequent studies using neutralizing antibodies and overexpression approaches
further demonstrate a role for PTP1B in IR phosphorylation and signaling [74-76].
In addition, substrate trapping methodology reveals direct association between
PTPIB and IR [47, 77, 78] and IRS1 [46, 79]. Although these studies strongly
implicated PTP1B in regulating IR signaling, the most compelling evidence was
provided by the development and characterization of PTP1B KO mice.

Major insights into the physiological role of PTP1B in insulin signaling were
obtained by targeted disruption of PTP1B gene (Ptpnl) in mice [8]. Whole-body
PTP1B KO mice develop normally and have comparable life span to control litter-
mates. However, PTP1B KO mice exhibit enhanced and/or prolonged IR phosphor-
ylation in liver and muscle. In line with these findings, PTP1B KO mice exhibit
increased systemic insulin sensitivity and enhanced glucose tolerance compared
with controls [8]. Interestingly, when fed a high fat diet, PTP1B KO mice are resis-
tant to weight gain and remain lean, whereas control mice rapidly gain weight and
develop insulin resistance [8]. These findings were confirmed and extended in an
independently generated mouse line (where PTP1B exon 1 was targeted for disrup-
tion rather than exon 5/6) [9]. Similarly, PTP1B KO mice also exhibit improved
insulin sensitivity with enhanced insulin signaling in skeletal muscle but not in adi-
pose tissue [9]. Furthermore, these mice exhibit increased basal metabolic rate and
total energy expenditure [9]. Of note, despite the potential of PTPIB to regulate
growth factor RTKs signaling, PTP1B KO mice do not display phenotypes associ-
ated with aberrant receptor signaling and do not show predisposition to cancer [8, 9].
Although ablation of PTP1B expression leads to hyperphosphorylation of EGFR
and PDGFR, presumably compensatory mechanism(s) prevents hyperactivation of
downstream signaling triggered by these receptors [5].

Tissue-specific expression and deletion studies in mice provide additional
insights into the tissue-specific metabolic functions of PTP1B. Transgenic overex-
pression of PTP1B in muscle leads to impaired activation of the IR following insu-
lin stimulation and decreased muscle glucose uptake [80]. In addition,
adenovirus-mediated PTP1B reexpression in the liver of PTP1B KO mice leads to
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reduced insulin sensitivity and decreased insulin-stimulated IR tyrosine phosphory-
lation [81]. IR phospho-specific antibodies reveal preferential dephosphorylation of
hepatic IR Tyr 1162/1163 by PTPI1B in vivo [81]. Moreover, mice with neuronal-
specific PTP1B deletion exhibit reduced body mass and adiposity due to decreased
food intake and increased energy expenditure [82]. Similar effects are observed
when PTP1B is deleted in pro-opiomelanocortin (POMC) neurons in the hypothala-
mus [83] and in leptin receptor (LepR)-expressing neurons [84]. While the underlying
molecular mechanism(s) remains to be elucidated, neuronal PTP1B deletion reduces
hypothalamic AMPK activity and this is likely to be a contributor to weight regula-
tion by PTPIB [85]. Furthermore, mice with muscle-specific PTP1B-deficiency
exhibit body weight and adiposity that are comparable to control mice on either
regular chow or HFD [86]. Nevertheless, muscle-specific PTP1B KO mice exhibit
improved systemic insulin sensitivity that is most likely caused by increased phos-
phorylation of the IR. Similarly, liver-specific PTP1B KO mice exhibit increased
insulin sensitivity independent of changes in adiposity [87].

The metabolic phenotype of PTP1B-deficient mice generated a surge of interest
in developing PTP1B-specific inhibitors. While this led to the generation of very
potent inhibitors in vitro, they have thus far not progressed beyond this preclinical
stage largely due to intracellular delivery and specificity problems [88-92].
However, antisense oligonucleotides (ASO) provide a significant advantage com-
pared with other drugs: exquisite specificity. PTP1B ASO (ISIS 113715; targeting
nucleotides 861-880) reduced PTP1B mRNA and protein in liver and fat (with no
effect on skeletal muscle) in murine models of obesity (ob/ob and db/db mice) [93].
Importantly, ASO treatment enhanced insulin signaling in the liver and was effec-
tive in improving systemic insulin sensitivity [93]. Further, ASO administration
to monkeys reduces PTP1B expression in liver and adipose and improves insulin
sensitivity [94]. Together, these studies validate PTP1B as a physiological regulator
of insulin signaling and a therapeutic target.

Leptin Signaling

Leptin is a hormone that is produced by adipose tissue and acts in the brain to regu-
late feeding and energy expenditure [95]. Elevated concentrations of leptin indicate
energy abundance to the brain leading to suppression of food intake and increased
energy expenditure [96]. LepR is a type I cytokine receptor that associates with the
tyrosine kinase JAK2 [96, 97]. Leptin stimulation activates JAK?2 leading to auto-
phosphorylation and phosphorylation of LepR which then recruits signal relay mol-
ecules, such as signal transducer and activator of transcription 3 (STAT3) (Fig. 3.2)
[98]. Phosphorylated STAT3 dimerizes and translocates to the nucleus where it
regulates the transcription of target genes [96, 98]. Leptin-deficient (ob/ob) mice are
hyperphagic and develop severe obesity and insulin resistance [99].

In vitro studies identified JAK2 as a PTP1B substrate in fibroblasts upon inter-
feron stimulation [59]. However, the physiological relevance of PTP1B-JAK2
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interaction is demonstrated in PTP1B KO mice. A lack of PTP1B is associated with
elevated JAK2 phosphorylation and activation of JAK?2 and its target STAT3 within
the hypothalamus. In addition, substrate trapping experiments demonstrate that
leptin-activated JAK?2 is a direct PTP1B substrate and that PTP1B suppresses phos-
phorylation of JAK?2 activation site tyrosines (Tyr 1007/1008) [101]. Further, mice
with compound ob/ob-PTP1B deletion exhibit increased resting metabolic rate,
decreased weight gain, and have enhanced response towards leptin-mediated weight
loss, demonstrating the importance of intact leptin signaling to the phenotypes asso-
ciated with PTP1B deficiency [100, 101]. Interestingly, however, ob/ob-PTP1B KO
mice weigh slightly less than ob/ob mice, suggesting that PTP1B may regulate obe-
sity via a leptin-independent signaling pathway. In this regard, PTP1B also regu-
lates growth hormone (GH)-induced JAK2 phopshorylation [102, 103]. GH is an
important regulator of energy metabolism that acts through JAK-STAT pathway.
Therefore, increasing signaling through this pathway might contribute to the
reduced obesity in PTP1B KO and further underscores the complex role of PTP1B
in energy metabolism.

Cell-Cell Communication

Cell—cell communication within any tissue is an important aspect for proper organ
function and for maintaining homeostasis. ER-anchored PTP1B can access PM sub-
strates at regions of cell—cell contact and regulate cell-cell communication [17-19].
Recent studies reveal that the ER network comes in close proximity to the PM at
regions of cell-cell contact, thereby enabling PTP1B to engage PM substrates at
these sites (Fig. 3.2) [20]. Proteins that reside at cell-cell contacts, such as Zonula
Occludens (ZO-1) and p120 catenin, are hyper-phosphorylated in PTP1B-deficient
fibroblasts and represent candidate PTP1B substrates [63]. In addition, members of
the Eph RTK family have been identified as novel PTP1B substrates [20, 104]. Eph
RTK and their PM-bound ephrin ligands play multiple roles including regulation of
cell-cell communication [105]. Eph and ephrins are divided into A and B sub-
classes, with most EphAs binding to ephrin As (A1-AS5) and most EphBs binding to
ephrin Bs (B1-B3) [105]. A unique feature of the Eph-ephrin system is bidirectional
signaling that originates from Eph receptor (forward signaling) and ephrin ligands
(reverse signaling). Thus, Eph-ephrin signaling is well suited for regulating cell—
cell communication (Fig. 3.2). Cell imaging and biochemical studies reveal direct
interaction between PTP1B and EphA3 and demonstrate that the interaction can
occur at the PM at areas of EphA3/ephrin-mediated cell-cell contact [104]. In addi-
tion, EphA2 tyrosine phosphorylation is increased at regions of cell-cell contact
upon PTP1B inhibition in fibroblasts, suggesting that EphA2 is a putative PTP1B
substrate at these sites [20]. Together, these studies represent a growing body of
evidence that implicates PTP1B in the regulation of EphA phosphorylation and
signaling. While the functional implications of PTP1B-Eph interaction remain to
be determined, it is likely to encompass cell-cell communication.
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Cell—cell communication is vital for metabolic regulation and its failure contrib-
utes to disease pathogenesis. For example, the importance of cell-cell interactions
in pancreatic islet function and insulin secretion has long been known. Pancreatic 3
cell failure is a common pathological component in the progression of both type 1
and type 2 diabetes [106, 107]. B cells dynamically respond to fluctuations in blood
glucose concentrations with the regulated secretion of insulin [108]. Cell-cell com-
munication between B cells ensures suppression of basal insulin secretion and
enhancement of glucose-stimulated insulin secretion [109]. This enables the secre-
tion of low amounts of insulin during starvation and higher levels during feeding.
EphA-ephrin A signaling is important for § cell communication and insulin secre-
tion [110]. EphA5 signaling inhibits, while ephrin AS signaling promotes glucose-
stimulated insulin secretion. Importantly, EphAS tyrosine phosphorylation decreases
after glucose stimulation and alleviates the inhibitory effects on insulin secretion
[110]. Thus, under basal conditions EphAS5 signaling inhibits insulin secretion, but
upon glucose stimulation, dephosphorylation of EphAS attenuates its signaling and
favors ephrin A5 signaling leading to insulin secretion. The PTP(s) that regulates
EphA5 phosphorylation and signaling in pancreatic islets remain to be determined.
Of note, PTP1B is expressed in pancreatic islets and a compound KO mouse model
reveals that global PTP1B deficiency mitigates the severe diabetes caused by insulin
receptor substrate 2 (IRS2) deletion [111]. In this model, PTP1B deficiency
increases islet area, enhances glucose tolerance, and delays diabetes suggesting a
potential role for PTP1B in endocrine pancreatic function in vivo. Additional stud-
ies are required to determine if PTP1B regulates pancreatic EphAS phosphorylation
and B cell-cell communication. It is noteworthy that some drugs used to treat type
2 diabetes (such as incretins) affect cell-cell interactions. Hence, it is plausible that
molecules which modulate pancreatic cell-cell communication could be viable
drug targets that need to be explored.

Endoplasmic Reticulum Stress

The ER is highly responsive to nutrient and energy status of the cell and plays an
essential role in folding and maturation of newly synthesized proteins. Several
studies demonstrate that ER dysfunction is a significant contributor to metabolic
disease [112, 113]. When the folding capacity of the ER is exceeded, unfolded
proteins accumulate within the ER Iumen and perturb ER homeostasis, a process
termed ER stress [114]. Cells use adaptive mechanisms to counter the deleterious
effects of ER stress known as the unfolded protein response (UPR) [115]. UPR
consists of three branches that are controlled by the ER transmembrane proteins
PERK, inositol requiring enzyme la (IRE1la), and activating transcription factor 6
(ATF6) [113, 116, 117]. PERK phosphorylates the a-subunit of translation initia-
tion factor 2 (eIF2a), a modification that blocks initiation of mRNA translation in
response to ER stress (Fig. 3.2) [118-120]. PERK is a serine/threonine kinase
whose autophosphorylation within its activation loop is essential for its activation
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and elF2a phosphorylation [119]. In addition, PERK is a tyrosine-phosphorylated
protein [121] and its activity is regulated by tyrosine phosphorylation; autophos-
phorylation of PERK at Tyr 615 is required for maximal kinase activity [122].
IREla activation leads to the unconventional splicing of X-box binding protein 1
(XBP1) mRNA and the transcription of genes encoding ER chaperones [123—-125].
The third canonical branch of ER stress signaling includes the ATF6 transcription
factors [126, 127]. These UPR arms synergize to attenuate stress [114], but if the
compensatory mechanisms fail, induction of UPR can lead to elimination of
stressed cells by apoptosis [128, 129].

PTPIB is implicated in the regulation of ER stress signaling. PTP1B-deficient
mouse embryonic fibroblasts exhibit impaired IREla signaling and attenuated ER
stress-induced apoptosis [130]. In addition, liver-specific PTP1B deficiency pro-
tects mice against HFD-induced ER stress [87, 131]. In contrast, PTP1B overex-
pression in insulinoma MING6 B-cells mitigates chemical-induced PERK/elF2a
signaling, and PTP1B deficiency increases ER stress-induced cell death [132].
Similarly, PTP1B deficiency in adipocytes and adipose tissue leads to upregulation
of PERK-elF2a phosphorylation and sensitizes adipocytes to chemical-induced ER
stress [64]. The reason(s) for these discrepancies is currently not clear. Conceivably,
PTP1B has distinct substrates and/or regulates distinct arms of ER stress signaling
in different tissues and in response to various challenges. Alternatively, PTP1B may
affect the same pathways in different tissues, but the effects of those pathways may
differ in a tissue-specific manner.

The effects of PTP1B on the ER stress response can be general (caused by indi-
rect regulation of one or more sub-arm of ER stress signaling pathway) and/or spe-
cific (caused by direct regulation of a key target(s)). Notably, two recent studies
reveal direct regulation of ER stress response by PTP1B and demonstrate that PERK
is a PTP1B substrate [40, 64]. In response to chemical-induced ER stress in fibro-
blasts, PTP1B is reversibly inhibited by sulfhydration [40]. Importantly, PTP1B
inhibition directly promotes PERK Tyr 615 phosphorylation and activity during the
response to ER stress [40]. In line with these findings, PTP1B-deficient adipocytes
and adipose tissue exhibit increased PERK activation and phosphorylation [64].
Moreover, substrate trapping reveals direct interaction between PTP1B and PERK
and identifies PERK Tyr 615 as a mediator of this association [64]. Additional stud-
ies are required to decipher the tissue/stimulus-dependent regulation of ER stress
signaling by PTP1B and its contribution to metabolic regulation.

Conclusions and Perspectives

Metabolic homeostasis requires integration of complex signaling networks which,
when dysregulated, contribute to the metabolic syndrome and related disorders. The
increased prevalence of metabolic syndrome highlights the urgent need for thera-
peutic interventions. PTP1B presents a favorable drug target as its inhibition might
have beneficial effects for the treatment of obesity and type 2 diabetes. Several
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PTP1B substrates are key components of fundamentally important metabolic signal
transduction pathways, and it is likely that additional substrates will be identified.
Insights from PTP1B—substrate interactions and tissue-specific PTP1B functions
will have practical consequences for generating PTP1B inhibitors with the appro-
priate combination of bioavailability, specificity, and affinity. While PTP1B inhibi-
tion is a viable option that should be pursued for therapeutic intervention, it is
prudent to consider multipronged approaches to combat insulin resistance and met-
abolic dysregulation.
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Chapter 4
PTP1B and TCPTP in CNS Signaling
and Energy Balance

Kendra K. Bence and Tony Tiganis

Abstract The regulation of energy balance is under tight homeostatic control.
Biological mechanisms have evolved over time to ensure adequate nutritional status
and appropriate body composition in response to metabolic and environmental stim-
uli. The central nervous system (CNS) plays an important role in the regulation of
body weight and in the control of normal glucose homeostasis. Several key areas of
the CNS are involved in energy balance, including the nuclei of the hypothalamus,
hindbrain, and limbic (reward) centers of the brain. Within these brain regions criti-
cal cellular signaling pathways have been identified that mediate a multitude of
metabolic processes, including feeding, body weight gain/loss, energy expenditure,
core temperature regulation, peripheral insulin sensitivity, and liver metabolism.
Two such pathways are the leptin and insulin signaling pathways. Rapid reversible
phosphorylation events within these key CNS signaling pathways are critical to the
tight regulation of energy balance control, and disruption of these events can con-
tribute to the pathogenesis of the metabolic syndrome. Protein tyrosine phospha-
tases, or PTPs, catalyze the dephosphorylation of phosphorylated tyrosyl residues
and thus are important regulators of intracellular signaling pathways. In this chapter,
the contributions of protein tyrosine phosphatase 1B (PTP1B) and its closest homo-
logue, T cell PTP (TCPTP), to CNS control of energy balance will be highlighted.
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Abbreviations

AgRP  Agouti-related peptide

ARC Arcuate nucleus

BAT Brown adipose tissue

Cga Glycoprotein hormone alpha-subunit
CNS Central nervous system

DMH Dorsomedial hypothalamus

ER Endoplasmic reticulum

GH Growth hormone

icv Intracerebroventricular

IR Insulin receptor

IRS-1 Insulin receptor substrate-1

JAK-2  Janus-activated kinase 2

LepRb  Leptin receptor

LH Lateral hypothalamus

MEFs  Mouse embryonic fibroblasts
MTII Melanotan II

NPY Neuropeptide Y

NTS Nucleus of the solitary tract

PI3K Phosphatidylinositol 3-kinase
POMC Proopiomelanocortin

PTPIB  Protein tyrosine phosphatase 1B
PVN Paraventricular nucleus

SHP-2  Src homology phosphatase-2
SOCS3  Suppressor of cytokine signaling 3
TCPTP T cell PTP

VMH Ventromedial hypothalamus

VTA Ventral tegmental area

a-MSH a-melanocyte-stimulating hormone

PTP1B-Deficient Mice Are Lean

PTPIB is a non-receptor PTP encoded by the PTPNI gene, which has been impli-
cated in the regulation of growth factor signaling, cell cycle control, oncogenic sig-
naling, and the response to cellular stress [1]. The first hint that PTP1B may be an
important regulator of body weight and insulin sensitivity came when two indepen-
dent groups generated and characterized Ptpni/—/— mice. Elchebly and colleagues
found that Ptpnl—/— mice had lower blood glucose and serum insulin levels com-
pared to wild type controls, as well as enhanced insulin sensitivity [2]. When placed
on a high-fat diet, Ptpn/—/— mice gained less weight than controls and remained
more insulin-sensitive. Klaman and colleagues also found that Ptpn/—/— mice were
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lean and resistant to weight gain on a high-fat diet. The decreased adiposity was
shown to be due to an elevated metabolic rate and total energy expenditure [3].
Since PTP1B was already known to be an insulin receptor (IR) phosphatase [4, 5],
the phenotype of enhanced insulin sensitivity was not unexpected. However, the
decreased adiposity and resistance to diet-induced obesity were intriguing and
sparked considerable attention from both academia and the pharmaceutical indus-
try. Although the basis of the obesity resistance was unknown at the time, it was
ultimately ascribed to enhanced central leptin sensitivity.

Leptin, a Master Regulator of Body Weight

Leptin is an adipocyte-secreted hormone that acts on leptin-receptor (LepRb)
expressing neurons in the hypothalamus and elsewhere in the brain to suppress food
intake and increase energy expenditure. Leptin in the circulation typically correlates
with adiposity, thus communicating information to the brain regarding nutrient sta-
tus and allowing for precise control of energy balance [reviewed in [6, 7]]. Leptin
also modulates many other processes via the brain, including fertility/reproduction,
immune function, and glucose homeostasis [reviewed in [6-9]]. In the arcuate
nucleus (ARC) of the hypothalamus leptin elicits its effects by (1) altering the fre-
quency of action potentials [depolarizing anorexigenic proopiomelanocortin
(POMC) expressing neurons] to affect synaptic transmission, and (2) altering gene
transcription; leptin promotes the expression of POMC [the precursor of
a-melanocyte-stimulating hormone (a-MSH)] in POMC neurons and inhibits the
expression of NPY (neuropeptide Y) and AgRP (agouti-related peptide) in orexi-
genic NPY/AgRP orexigenic neurons [[10—14] and reviewed in [6, 7]]. a-MSH sig-
nals via melanocortin 4 receptors (MC4R) on downstream target neurons in
hypothalamic regions such as the paraventricular nucleus (PVN) that affect food
intake and energy expenditure, whereas AgRP antagonizes a-MSH binding to
MC4R [reviewed in [6, 7]]. The LepRb is also expressed in other neuronal popula-
tions in the CNS to affect body weight, including other hypothalamic nuclei such as
the PVN, the ventromedial hypothalamus (VMH), the dorsomedial hypothalamus
(DMH), and the lateral hypothalamus (LH) [reviewed in [6, 7]], as well as other
regions of the brain including the nucleus of the solitary tract (NTS) of the hind-
brain [15, 16] and regions involved in reward-related behavior including dopami-
nergic neurons in the ventral tegmental area (VTA) [17-20].

The LepRb is a member of the type I cytokine receptor family; a single Lepr
gene produces several LepR isoforms via alternative splicing [21]. The “long iso-
form” of the receptor, LepRb, is the only isoform that can couple to the associated
protein tyrosine kinase JAK-2 (Janus-activated kinase 2) via membrane-proximal
Box1 and Box2 motifs present in LepRb intracellular domain [22]. Since the LepRb
does not have intrinsic kinase activity, the association with JAK-2 is critical to acti-
vate downstream signaling components. Leptin activation of JAK-2 promotes phos-
phorylation of LepRb on three critical intracellular tyrosine residues, Y985, Y1077,
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and Y1138 [reviewed in [6, 7, 23]]. Phosphorylation of Y985 recruits Src homology
phosphatase-2 (SHP-2) leading to ERK1/2 activation, and suppressor of cytokine
signaling 3 (SOCS3), which mediates negative feedback inhibition of leptin signal-
ing. Phosphorylation of Y1077 recruits the transcription factor STATS, while phos-
pho-Y 1138 recruits STAT3 leading to transcriptional changes that alter energy
balance. Activation of JAK-2 also promotes signaling via additional effector cas-
cades, including the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, which
acutely suppresses food intake and depolarizes POMC neurons and may underlie
the acute effects of leptin on food intake [24-27].

A Lean Mouse in Search of a Mechanism

Shortly after the obesity resistance phenotype of Ptpnl—/—mice was described, sev-
eral groups established that JAK-2 could serve a direct substrate of PTP1B in vitro
and in vivo. The sequence (E/D)-pY-pY-(R/K), which had previously been shown to
be integral to the interaction of PTP1B with the active site of the IR [28], was found
to be a more global consensus PTP1B substrate recognition motif [29-31]. In par-
ticular, PTP1B was shown to dephosphorylate the corresponding Y 1007/Y 1008
activation loop autophosphorylation site of JAK-2 [29-31]. In HEK293 cells stimu-
lated with IFN-y, Y1007/Y 1008 phosphorylated JAK-2 formed a complex with the
substrate-trapping D181A mutant of PTP1B [29]. Furthermore, the Y1007/Y1008
site within the JAK-2 activation loop was hyperphosphorylated in Ptpnl—/— mouse
embryonic fibroblasts (MEFs) compared to PTP1B+/+ MEFs [29, 30]. In Ptpnl—/—
MEFs reexpressing PTP1B-D181A, JAK-2 co-immunoprecipitated with PTP1B-
D181A in Ieptin-stimulated cells; this interaction was disrupted in the presence of
the competitive PTP inhibitor sodium orthovanadate [30]. Similarly, in 293LA cells
(a human kidney cell line stably overexpressing JAK-2), pull-down assays showed
that GST-PTP1B-D181A co-immunoprecipitated JAK-2 from leptin-stimulated
cells [31]. Overexpression of PTP1B in COS-7 or CHO cells engineered to express
the LepRb resulted in a dose-dependent reduction in leptin-induced JAK-2 and
STAT3 phosphorylation [30, 32]. Finally, overexpression of PTP1B in a mouse
hypothalamic cell line (GT1-7) resulted in a dose-dependent decrease of leptin-
induced JAK-2 and STAT3 phosphorylation, as well as suppression of leptin-
induced changes in gene expression [33].

Evidence that PTP1B is an important regulator of leptin signaling under physi-
ological conditions comes from in vivo studies using mouse models of PTP1B-
deficiency. Importantly, PTP1B mRNA expression is enriched in areas of the brain
that are known sites of LepRb expression, including the nuclei of the hypothalamus
and the hippocampus [30, 34]. As such, leptin-induced phosphorylation of STAT3
is increased in the hypothalamus of Ptpnl—/— mice compared to wild type controls,
and Ptpnl—/— mice show enhanced leptin-induced suppression of food intake and
body weight compared to controls [30, 31]. The primary importance of the hypo-
thalamus in mediating the beneficial effects of PTP1B-deficiency is highlighted by
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the finding that chemical ablation of neurons within the mediobasal hypothalamus
of Ptpni—/— mice using gold thioglucose results in hyperphagia and elevated body
weight [30]. Combined these in vitro and in vivo studies placed PTP1B in the lime-
light as a critical regulator of body weight and an important negative regulator of
leptin signaling under physiological conditions.

Mind Over Matter: Central Role for PTP1B in the Control
of Energy Balance

Since PTP1B is arelatively ubiquitously expressed PTP, the relevant sites of PTP1B’s
metabolic effects were not initially clear. In order to definitively assess the tissue and
cell-type specific functions of PTP1B, mice with selective PTP1B-deficiency were
generated and characterized. Notably, these studies established the brain as the pri-
mary site mediating PTP1B’s effects on body weight and adiposity [35]. Deficiency
of PTP1B in the muscle (MCK-PtpniI—/-) [36], liver (Albumin-Ptpnl—/-) [37, 38],
or adipocytes (Adiponectin-Ptpnl—/—) [39] of mice does not result in a body weight
phenotype; the phenotypes of these mice are reviewed in elsewhere in this book. In
contrast, mice with neuronal PTP1B-deficiency (Nestin-Ptpnl—/—) display reduced
body weight and adiposity when fed a high-fat diet compared to wild type controls
[35]. This phenotype is likely due to a combination of reduced food intake, elevated
energy expenditure, and increased locomotor activity seen in these mice. Similar to
whole-body Ptpnl—/— mice, Nestin-Ptpnl—/— mice display enhanced leptin sensitiv-
ity and elevated hypothalamic pSTAT3 levels [35]. Further support for PTP1B’s cen-
tral role in regulating energy balance comes from inhibitor and antisense studies.
Rats pretreated with a selective cell-permeable PTP1B inhibitor via intracerebroven-
tricular (icv) delivery into the third ventricle display enhanced leptin-induced sup-
pression of food intake in response to icv leptin [40]. Selective reduction of PTP1B
expression in rat hypothalamus by icv infusion of antisense oligonucleotides specific
for PTP1B results in decreased body weight and adiposity, enhanced hypothalamic
leptin and insulin signaling, and improved glucose homeostasis in obese diabetic
rats [41]. Combined these genetic and pharmacologic studies provide strong evi-
dence that the majority of the energy balance effects resulting from PTP1B-
deficiency are mediated within the central nervous system.

A subset of hypothalamic neurons has been shown to play an important role in
the control of energy balance. Mice lacking LepRbs specifically within POMC neu-
rons are mildly obese and hyperleptinemic, indicating that these neurons contribute
to leptin’s overall effects on body weight [42]. In addition, restoration of LepRs
within POMC neurons in LepRb-deficient (db/db) mice partially rescues hyperpha-
gia and obesity of db/db mice [43]. Consistent with the notion that leptin signaling
within this limited subset of neurons is important to body mass control, POMC-
Ptpnl—/- mice have reduced body weight and adiposity, and elevated energy expen-
diture, when placed on a high-fat (55 % fat) diet from weaning [44]. These mice
display enhanced leptin sensitivity and also display enhanced peripheral insulin
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sensitivity and glucose homeostasis when matched for body weight and adiposity.
Notably, these data were the first indication that central PTP1B may exert control
over peripheral insulin sensitivity. POMC-Ptpnl/—/— mice also have more brown
adipose tissue (BAT) and elevated plasma triiodothyronine levels in response to a
4-day cold challenge, as well as reduced spontaneous physical activity following
1-day of cold exposure compared to controls [45]. Combined these data show that
PTPI1B in POMC neurons plays a role in the control of body weight, leptin sensitiv-
ity, glucose homeostasis, and homeostatic responses to cold exposure.

POMC is expressed within cells of the anterior pituitary, the arcuate nucleus of
the hypothalamus, and in the hindbrain. A metabolic role for PTP1B in the pituitary
has been ruled out since mice with anterior pituitary-specific deletion (glycoprotein
hormone alpha-subunit (Cga)-Ptpnl—/—) do not show alterations in body weight or
glucose homeostasis [44]. The most well-characterized populations of POMC neu-
rons are localized to the arcuate nucleus; however, leptin-responsive neurons are also
found in the NTS of the hindbrain [46—48]. Studies utilizing hindbrain delivery (via
the fourth ventricle) of leptin or the melanocortin 3/4 receptor agonist melanotan II
(MTII) demonstrate that POMC-Ptpnl—/— mice are indeed hypersensitive to hind-
brain leptin- and MTII-induced suppression of body weight and food intake, and
leptin- and MTII-stimulation of spontaneous physical activity, suggesting that this
subpopulation of POMC neurons may contribute to PTP1B’s metabolic effects [49].

Leptin-Dependent and -Independent Effects
of PTP1B-Deficiency

The improved metabolic phenotype of PTP1B-deficient mice (both whole body and
brain-specific) is primarily attributed to improved leptin sensitivity as outlined above.
If all metabolic improvements are mediated via leptin signaling, then mice deficient
in both PTP1B and leptin (0b/ob mice) might be expected to have a similar metabolic
phenotype compared to ob/ob single mutants, due to a lack of circulating leptin. In
fact, ob/ob: Ptpnl—/— mice exhibit suppressed body weight gain in comparison with
oblob single mutants [31], and db/db:Ptpnl—/— double mutants exhibit improved
plasma lipids compared to db/db mice [50], suggesting that PTP1B’s metabolic
effects may not be solely due to its regulation of leptin signaling. Recently, mice
lacking PTP1B in LepRb-expressing cells (LepRb-Ptpni—/—) were generated and
compared to global Ptpnl—/—mice in order to assess whether any metabolic improve-
ments of PTP1B-deficiency are mediated outside of this cell type. These studies
show that in mice fed a high-fat diet from weaning, the body weights of LepRb-
Ptpnl—/— and global Ptpnl—/— mice are virtually identical, suggesting that the lack of
PTP1B within LepRb-expressing cells is primarily responsible for the decreased
body weight. As expected, LepRb-Ptpni—/— mice show the same extent of leptin
hypersensitivity as global Ptpn/—/— mice. However, there are subtle yet important
differences in some phenotypes of LepRb-Ptpni—/— mice. On a low fat chow diet,
LepRb-Ptpnil—/— mice weigh less than global Ptpnl/—/— mice, but have relatively
more adiposity than Ptpnl—/— mice; in addition, LepRb-Ppn/—/— mice have reduced
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food intake whereas global Ptpnl—/—mice actually have slightly elevated food intake.
These differences raise the intriguing possibility that PTP1B may have distinct func-
tions outside of leptin-receptor expressing cells. Importantly, these studies do not
distinguish effects of PTP1B on the LepRb signaling pathway from other receptors
that may be co-expressed with the LepRb, including the insulin receptor.

In the CNS, insulin acts as a catabolic hormone promoting a state of negative
energy balance [51, 52]. As discussed elsewhere in this book, PTP1B can dephos-
phorylate the IR [2-5, 53] and IR substrate-1 (IRS-1) [54] and PTP1B negatively
regulates insulin signaling in liver and skeletal muscle to affect glucose homeostasis
[2, 3, 36, 37]. Moreover, icv administration of PTP1B antisense oligonucleotides
into the third ventricle of rats enhances insulin signaling and insulin-induced satiety
[41]; this at least raises the possibility that some of the improved metabolic effects
of PTP1B deficiency may be due to enhanced central insulin signaling. In addition,
since PTP1B acts on JAK-2, a downstream kinase in the leptin signaling pathway, it
is also possible that PTP1B might negatively regulate other type I cytokine signal-
ing pathways within the brain to affect energy balance. For example, PTP1B has
been shown to regulate IL-6 signaling in the liver and in smooth muscle cells [55,
56], and IL-6 is a known central regulator of body weight [57, 58]. PTP1B may also
have novel targets in the energy balance centers of the brain. These interesting pos-
sibilities remain to be examined.

T Cell Protein Tyrosine Phosphatase

T Cell Protein Tyrosine Phosphatase (TCPTP) (encoded by PTPN?2) is a classical
tyrosine-specific PTP, so called because it was originally cloned from a T cell cDNA
library [59]. Although TCPTP is particularly abundant in T cells and hematopoietic
cells [60, 61], it is nonetheless a ubiquitous enzyme that is expressed in all cell types
and tissues [reviewed in [62, 63]]. Two variants of TCPTP are expressed that arise
from alternative splicing of PTPN2 message: a 48 kDa form, which like PTP1B is
targeted to the endoplasmic reticulum (ER) by a hydrophobic C-terminus, and a
45 kDa variant that lacks the hydrophobic C-terminus and is targeted to the nucleus
by a bipartite nuclear localization sequence [59, 64-67]. The two variants are
expressed differentially in murine tissues and cell types, with only the 45 kDa form
being detected in T cells [61], the 48 kDa TCPTP predominating in total brain
homogenates and both forms being expressed equally in hypothalamus [68].
Although the 48 kDa form is likely to act on tyrosine phosphorylated receptor PTK
substrates after they are activated and undergo endocytosis, as proposed for PTP1B
[29, 69-73], the 45 kDa variant can dephosphorylate substrates in both the nucleus
and cytoplasm. Despite an apparent exclusive nuclear localization in resting cells, the
45 kDa TCPTP can exit the nucleus in response to a variety of stimuli to access sub-
strates in the cytoplasm and at the plasma membrane [74—78]. In this regard, the
nuclear locale of the 45 kDa TCPTP may allow for the temporal and spatial control
of TCPTP function. Cytoplasmic TCPTP substrates include receptor PTKs such as
the IR [53, 77, 79], non-receptor PTKSs such as c-Src, Fyn, Lck [61, 68, 78, 80] and
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JAK-1 and -3 [81], and PTK substrates such as the adaptor protein p525 [75]. The
only known nuclear substrates for TCPTP include members of the STAT family of
transcription factors, including STAT-1, -3, -5, and -6 [68, 79, 80, 82—85], that trans-
locate to the nucleus when tyrosine phosphorylated. In particular, TCPTP has been
shown to regulate STAT?3 signaling in a variety of tissues in vivo, including the liver
where it regulates the STAT3-mediated repression of gluconeogenesis [79], and the
hypothalamus, where TCPTP regulates leptin signaling and energy homeostasis [68].

TCPTP-Null Mice: More Than Just an Immune Phenotype?

Mice that are globally deficient for TCPTP (Ptpn2—/-) on a BALB/c-129SJ back-
ground [60] die soon after birth from severe anemia, hematopoietic defects, and the
development of progressive systemic inflammatory disease, characterized by
increases in circulating pro-inflammatory cytokines and lymphocytic infiltrates in
non-lymphoid tissues [60, 86]. This is in stark contrast to the phenotype of Ptpnl—/—
mice [2, 3] that have no overt alteration in life span and exhibit decreased adiposity
and increased insulin sensitivity [2, 3]. Ptpn2—/— mice (BALB/c-129SJ) exhibit
growth retardation, a hunched posture, piloerection, decreased mobility, and diar-
rhea, succumbing by 3-5 weeks of age [60]. The overt morbidity and mortality and
the hematopoietic defects and anemia in Ptpn2—/— mice may be attributable to bone
marrow stromal cell abnormalities [60, 87]. However, more recent studies point
towards the morbidity and mortality also being strain-dependent. Wiede et al. [88]
have reported that mice with a global deficiency in TCPTP on a C57BL/6 back-
ground exhibit growth retardation, but live longer and do not display the outward
signs of morbidity that characterize Ptpn2—/— (BALB/c) mice [88]. Mice on the
C57BL/6 background strain are proportionately smaller, consistent with the growth
retardation being developmental in nature [88]. Interestingly, mice that lack TCPTP
exclusively in neuronal and glial cells (Nes-Cre;Ptpn2°*; Nestin-Ptpn2—/-) are
also runted [68]. Nestin-Ptpn2—/— mice have increased hypothalamic STATS phos-
phorylation and decreased circulating growth hormone (GH), which amongst other
things affects postnatal growth [68]. Hypothalamic STATS signaling in hypotha-
lamic neurons can repress GH releasing hormone to inhibit GH release from the
anterior pituitary [89-92] and this may account for the growth retardation in Nestin-
Ptpn2—/— mice [68]; whether increased hypothalamic STATS signaling and
decreased GH release also account for the runted appearance of Ptpn2—/— mice
remains to be seen. In addition to being runted, Ptpn2—/— (C57BL/6) mice exhibit
decreased relative adiposity [88], consistent with TCPTP affecting energy balance.
This interpretation is in keeping with recent studies using Nestin-Ptpn2—/— mice
that have highlighted TCPTP’s role in the central control of leptin sensitivity and
body weight [68]. Thus, the phenotype associated with global TCPTP deficiency
likely reflects not only the impact of TCPTP deficiency on the immune compart-
ment, but also alterations in overarching homeostatic systems, including those
involved in the central control of growth and energy homeostasis.
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PTP1B and TCPTP: Antagonizing JAK2 and STAT3

JAK-2 is a bona fide substrate for PTP1B [29-31]. Indeed, PTP1B selectively rec-
ognizes JAK-2 and not the LepRb or STAT3 as substrates in response to leptin
[29-31]. In keeping with PTP1B acting at the level of JAK-2, the leptin-induced and
JAK-2-mediated suppression of AMPK activity is enhanced in mice lacking PTP1B
in neuronal and glial cells [93]. In contrast to PTP1B, TCPTP acts on the leptin
pathway at the level of STAT3 [68]. TCPTP overexpression in LEPR-B-expressing
CHO cells attenuates leptin-induced STAT3 Y705 phosphorylation without affect-
ing JAK-2 Y1007/Y 1008 phosphorylation or leptin-induced PI3K/Akt signaling (as
assessed by Akt Ser-473 phosphorylation), whereas stable sSiIRNA-mediated TCPTP
knockdown in SK-N-SH-SYS5Y neuroblastoma cells enhances leptin-induced
STAT3 phosphorylation, but not JAK-2 Y1007/Y 1008 phosphorylation, or down-
stream Ras/MAPK signaling [68]. In contrast to the ER-restricted PTP1B, which is
capable of dephosphorylating JAK-2 at the plasma membrane and/or in the cyto-
plasm after LepRb endocytosis [29, 69-73], the nuclear form of TCPTP acts on
STAT3 in the nucleus [68]. Thus, PTP1B and TCPTP coordinately contribute to the
regulation of leptin signaling, acting at the level of JAK-2 and STAT3 in the cyto-
plasm and nucleus, respectively.

TCPTP Regulates Leptin Sensitivity

As discussed there is a large body of evidence implicating PTP1B in the regulation
of leptin sensitivity and in the central control of body weight. In keeping with the
regulation of leptin signaling in cells in vitro, studies characterizing mice lacking
TCPTP in neuronal cells have also borne out an important role for TCPTP in the
neuronal control of body weight [68]. Nestin-Ptpn2—/— mice exhibit enhanced leptin
sensitivity characterized by increased STAT3 signaling in the ARC and VMH [68].
As in vitro, TCPTP’s role in leptin signaling in vivo appears to be restricted to the
regulation of the STAT3 pathway, with TCPTP deficiency enhancing the transcrip-
tional effects on POMC and AgRP, but not NPY [68]. In mice, TCPTP neuronal cell
deficiency enhanced the leptin-induced suppression of food intake and body weight
and resulted in increased energy expenditure, decreased bone mineral density, and
lower plasma leptin levels [68], all consistent with enhanced central leptin signal-
ing. Paradoxically, relative fat mass was not attenuated, but rather increased and
ambulatory activity decreased, rather than being increased in Nestin-Ptpn2—/— mice
[68], pointing towards TCPTP regulating additional neuronal pathways in the hypo-
thalamus and possibly elsewhere in the CNS. GH-induced hypothalamic STATS
signaling was enhanced in TCPTP-nestin-Cre mice, circulating GH and IGF-1 lev-
els decreased and mice were 10-20 % smaller than their floxed counterparts, or
nestin-Cre controls [68]. Thus the increase in adiposity might be explained by
TCPTP deficiency exacerbating the hypothalamic GH-induced and STAT-5 medi-
ated repression of GH production/secretion from the anterior pituitary to increase
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peripheral adiposity and decrease growth [8§9-92]. Although it is possible that the
effects on growth might have in turn impacted overall leptin sensitivity, it is impor-
tant to note that the key features of the effects of TCPTP deficiency on leptin sensi-
tivity (including the promotion of STAT3 signaling and the effects on body weight
and energy expenditure) could be recapitulated by the icv administration of a spe-
cific TCPTP inhibitor [68, 94]. Although further studies are necessary to delineate
TCPTP’s role in different leptin-responsive neurons in the hypothalamus and else-
where in the brain, taken together the studies described above provide compelling
evidence for TCPTP having an important role in the central control of energy bal-
ance, growth, and body weight.

PTP1B, TCPTP, and Cellular Leptin Resistance

The anorectic and metabolic responses to leptin are diminished in the obese state [6,
7]. Several underlying mechanisms are thought to contribute to the decreased leptin
responsiveness including alterations in the blood brain barrier and gliosis that
impose physical barriers to leptin and cause alterations in synaptic plasticity and
neuronal cell death, as well as neuronal cell-intrinsic mechanisms that directly
attenuate leptin signaling [6, 7, 95-99]. Elevated hypothalamic SOCS3 and PTP1B
protein levels in obesity are thought to contribute to the attenuation of the leptin
signal and the development of cellular leptin resistance [6, 7]. Circulating factors
that are elevated in obesity and type 2 diabetes including leptin, inflammatory cyto-
kines and free fatty acids have been shown to induce the expression of PTP1B in
cells [100-104, 106]. In vivo, chronic icv leptin infusion (2 weeks) induces PTP1B
expression in the hypothalami of rats [105], whereas in mice, TNF has been shown
to acutely induce PTP1B expression in both hypothalami and peripheral tissues
through NF«xB recruitment to the Pzpnl promoter [106]. Therefore, the hyperlepti-
nemia and inflammation associated with the development of obesity are key con-
tributors to the increased hypothalamic PTP1B expression and the promotion of
cellular leptin resistance.

As for PTP1B, hypothalamic TCPTP levels are also increased in obese mice
[68]. The degree of increase is similar to that noted for PTP1B and SOCS3, con-
sistent with TCPTP also being an important contributor to disease pathology [68].
However, unlike PTP1B whose expression can be induced by factors such as free
fatty acids and TNF [103, 104, 106], the increase in TCPTP appears to be mediated
by leptin alone. TCPTP protein expression is induced by leptin in LEPR-B-
expressing cells in vitro and intraperitoneal leptin administration rapidly increases
hypothalamic Ptpn2 mRNA and TCPTP protein in vivo [68]. Furthermore, hypo-
thalamic TCPTP is not elevated in leptin-deficient obese ob/ob mice, consistent
with leptin being essential for the elevated hypothalamic TCPTP in obesity [68].
In keeping with this, the increase in hypothalamic TCPTP in high fat-fed mice
coincides with an increase in circulating leptin levels. Moreover, the increase in
hypothalamic TCPTP expression in high fat-fed mice follows that of SOCS3,
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Fig. 4.1 The roles of neuronal PTP1B and TCPTP on the development of central leptin and insu-
lin resistance

PTP1B, and the onset of inflammation [68]. Therefore, leptin-induced increases in
hypothalamic TCPTP potentially exacerbate the development of cellular leptin
resistance initiated by inflammation and the induction of hypothalamic PTP1B and
SOCS3 expression.

The increases in hypothalamic PTP1B and TCPTP are consistent with these two
PTPs being causally involved with the development of cellular leptin resistance and
obesity. Although the contributions of PTP1B to leptin resistance are well estab-
lished, the role of TCPTP has only recently come to light. As for PTP1B knockouts,
mice that lack TCPTP in neuronal cells gain less weight when fed a high-fat diet
[68]. The decreased weight gain is similar to that reported previously for PTP1B
neuronal cell-specific knockout mice. Importantly, high fat-fed Nestin-Ptpn2—/—
mice exhibit enhanced leptin-induced STAT3 signaling and leptin sensitivity (as
measured by the effects of leptin on body weight) accompanied by elevated energy
expenditure and improved whole-body glucose tolerance and insulin sensitivity
[68]. Thus, the decreased weight gain in Nestin-Ptpn2—/— mice is likely to be attrib-
utable to TCPTP deficiency enhancing leptin sensitivity. It remains unclear if
PTPIB and TCPTP exert their effects on leptin sensitivity by acting in the same
neurons. However, given their respective roles in JAK2 versus STAT3 inactivation,
one could envisage that this would be the case (see Fig. 4.1). Indeed, deletion of
both PTP1B and TCPTP in neuronal cells (generated using the Nes-Cre transgene)
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results in an additive enhancement of leptin sensitivity and an overall improvement
in glucose homeostasis and a more pronounced attenuation of diet-induced obesity
than the deletion of either PTP1B or TCPTP alone [68]. The effect on diet-induced
obesity and leptin sensitivity is greater than that reported for neuronal cell-specific
PTP1B/SOCS3 double knockout mice [68, 107] underscoring TCPTP’s key role in
body weight control and its capacity to act in concert with PTP1B for the attenua-
tion of leptin sensitivity and the promotion of diet-induced obesity.

Conclusion

The characterization of mice lacking PTP1B more than a decade ago brought to
light the role this prototypic PTP plays in the control of adiposity, body weight, and
glucose homeostasis and engendered widespread interest in PTP1B as a therapeutic
target for the treatment of obesity and type 2 diabetes. The studies that have since
followed have identified PTP1B as key negative regulator of central leptin signaling
and highlighted the contributions of elevated hypothalamic PTP1B to the develop-
ment of diet- and age-associated cellular leptin resistance and obesity. Delineating
the precise neuronal populations in which PTP1B exerts its effects and determining
its potential to regulate additional neuronal signaling pathways remains an exciting
area for future research. Beyond the regulation of leptin signaling in POMC neurons
in the ARC [44] and the NTS of the hindbrain [49], it will be important to assess the
role of PTP1B in other leptin-responsive neurons of the melanocortin system,
including AgRP neurons and second-order neurons emanating from the PVN. In
addition, it will be necessary to assess PTP1B’s role in non-AgRP GABAergic
leptin-responsive neurons in the hypothalamus (ARC, DMH, or LH) that control the
tone of POMC neurons [108] and in leptin-responsive dopaminergic neurons of the
VTA that affect food and drug reward [17-20]. Furthermore, given the established
role of PTP1B in IR regulation in the periphery [2, 3, 37, 109], it will be interesting
to assess the role of PTP1B in insulin signaling in different regions of the brain
including AgRP and POMC neurons of the ARC, where insulin action regulates
peripheral glucose and fat metabolism [8, 110-116], and steroidogenic factor
1-expressing neurons in the VMH, where insulin signaling attenuates leptin sensi-
tivity and promotes obesity [117]. The recent studies by Loh et al. [68] have high-
lighted the important role of TCPTP in the attenuation of leptin sensitivity and the
promotion of diet-induced cellular leptin resistance. Moreover, these studies have
shown that the deletion of TCPTP, in addition to PTP1B in neuronal cells, results in
greater leptin sensitivity and resistance to diet-induced obesity. The enhanced leptin
sensitivity and resistance to diet-induced obesity in the double knockout mice has
been attributed to the concerted alleviation of JAK2 and STAT3 dephosphorylation
by the otherwise elevated hypothalamic PTP1B and TCPTP, respectively. However,
it remains to be seen whether PTP1B and TCPTP do indeed exert their effects on
leptin sensitivity by acting in the same neuronal populations. Furthermore, TCPTP
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has been implicated in the dephosphorylation of the IR and shown to act in a coor-
dinated manner in the same cell with PTP1B to regulate the duration and intensity
of IR signaling, respectively [53, 77, 79]. Thus, TCPTP may also function with
PTPIB to attenuate hypothalamic insulin signaling and increases in hypothalamic
TCPTP might contribute to the development of central insulin resistance, but this
also remains to be established. Similarly it remains to be determined if PTP1B and
TCPTP contribute to central leptin signaling and the development of cellular leptin
resistance in primates. Assuming that they do, the striking attenuation of diet-
induced obesity reported by Loh et al. [68] in mice lacking both PTP1B and TCPTP
in neuronal cells raises the exciting possibility that the combined inhibition of these
two PTPs in the hypothalamus may provide an effective strategy to alleviate diet-
induced cellular leptin resistance to combat obesity. Although most PTP1B inhibi-
tors also at least partially inhibit TCPTP, the important challenge will be to avoid
TCPTP inhibition in the periphery and to synthesize inhibitors that can cross the
blood brain barrier. Preclinical and clinical studies have established the effective-
ness of intranasal insulin or leptin delivery in the promotion satiety and enhance-
ment of glucose homeostasis [118—121]; the combined intranasal delivery of
PTP1B/TCPTP inhibitors may provide additive benefit.
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Chapter 5
PTP1B in the Periphery: Regulating Insulin
Sensitivity and ER Stress

Mirela Delibegovic and Nimesh Mody

Abstract Protein tyrosine phosphatase 1B (PTP1B) is a major regulator of body
mass and insulin sensitivity and plays an important role in signal transduction of
many important metabolic pathways such as insulin, leptin, integrin, growth hor-
mone, and endoplasmic reticulum (ER) stress response signaling. In this article we
review current literature on the divergent role of PTP1B in different tissues in ER
stress response signal transduction and its control of insulin sensitivity in vivo.
Recent evidence suggests that PTP1B is a direct player in the ER stress response
pathway potentially due to direct dephosphorylation of PKR-like ER kinase (PERK)
on its tyrosine 619 site. Considering that the ER stress response pathway is involved
in the pathophysiology of insulin and leptin resistance, aging, neurodegenerative
disorders, cancer, and other diseases, it implicates PTP1B inhibitors as a viable
therapeutic target in the treatment and/or prevention of a number of these diseases.
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elF2a Translation initiation factor 2a

ER Endoplasmic reticulum stress
ERAD ER-associated degradation

ERDJ4 ER-localized DnaJ homologue
GADD34  Growth arrest and DNA damage 34
GRPY%4 Glucose-regulated protein 94
GSK3 Glycogen synthase kinase 3

IR Insulin receptor

IRE1 Inositol-requiring enzyme 1
IRS Insulin receptor substrate
mTOR Mammalian target of rapamycin
PERK PKR-like ER kinase

PI3K Phosphatidylinositol 3-kinase
PKB Protein kinase B

PTP1B Protein tyrosine phosphatase 1B
UPR Unfolded protein response
XBP1 X box-binding protein 1
Introduction

Insulin is a pancreatic hormone that controls energy metabolism in tissues such as
liver, muscle, and white adipose tissue (WAT) [1]. Insulin exerts its effects by bind-
ing to the insulin receptors (IR) located on the plasma membrane, thus inducing
autophosphorylation of the receptor on tyrosine residues, which stimulates its tyro-
sine kinase activity (Fig. 5.1). The activated IR phosphorylates substrates including
the insulin receptor substrate (IRS) proteins 1-4, Shc, Cbl, and Gab-1 [2]. Upon
phosphorylation, the IRS proteins act as docking sites for several Src homology
region 2 (SH2) domain containing proteins, including the p85 regulatory subunit of
phosphatidylinositol 3-kinase (PI3K), which results in PI3K activation [3]. PI3K
activation subsequently leads to activation of protein kinase B (Akt/PKB), which
has diverse intracellular targets, including glycogen synthase kinase 3 (GSK3) and
the mammalian target of rapamycin (mTOR). Importantly, Akt/PKB is required to
promote translocation of GLUT4 to the plasma membrane, and consequently,
increase glucose uptake. Termination of the signal involves inactivation of the IR
kinase by dephosphorylation on three tyrosine residues which are located in the
activation loop of the receptor [4].

Protein tyrosine phosphatase 1B (PTP1B) is a widely expressed, prototypical
non-transmembrane tyrosine phosphatase that can dephosphorylate several receptor
tyrosine kinases (RTKs), such as IR, epidermal growth factor receptor (EGFR),
platelet-derived growth factor receptor (PDGFR), and insulin-like growth factor 1
receptor (IGF1-R) [5-7]. A 35-residue hydrophobic region at the C-terminus targets
PTP1B to the endoplasmic reticulum (ER) [8], where its catalytic domain is exposed
to the cytoplasm, and even though PTP1B can be released from the ER under certain
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Fig. 5.1 ER stress response signaling, insulin receptor signaling, and PTP1B. Insulin binds to the
insulin receptors (IR) located on the plasma membrane, inducing autophosphorylation of the
receptor on tyrosine residues. This leads to induction of a signaling cascade downstream of IR,
such as phosphorylation of IRS proteins, activation of PI3K, and Akt/PKB. IRE1, PERK, and
ATF6 monitor the accumulation of misfolded proteins inside the ER and upon induction of ER
stress, such as that caused by obesity (genetic or dietary), IRE1 endonuclease activity facilitates the
splicing of XBP-1 mRNA (XBP1s). XBP-1s binding of one of the PI3K regulatory subunits, p85a
or p85f, enhances nuclear entry of this transcription factor and induction of UPR target genes. This
results in an increase in the expression of chaperones and ERAD proteins, therefore improving
ER-folding capacity and maintaining insulin sensitivity. Moreover, XBP1, in an insulin signaling-
independent manner, can translocate into the nucleus and bind the transcription factor FoxO1 to
promote its proteosomal degradation. PTP1B directly dephosphorylates the IR and is also sug-
gested to dephosphorylate the Tyr615 site on PERK, thereby directly regulating components of ER
stress response machinery. In addition, hepatic nuclear translocation of p§5a-XBP1s complex is
increased in liver-specific PTP1B knockout mice suggesting that PTP1B directly or indirectly,
through general improvements in whole-body insulin sensitivity, plays a role in this process

conditions, the full length, ER-localized protein is the predominant form found in
most cell types [7]. In some cells, PTP1B gets cleaved by the protease calpain which
cuts off its hydrophobic tail thus releasing a more active, soluble form of the enzyme
[9-11]. One interesting question that has been puzzling scientists has been the ques-
tion of how an ER-resident phosphatase can dephosphorylate RTKs which are local-
ized on the plasma membrane or the endocytic vesicles [7, 12, 13]. Using imaging
fluorescence resonance energy transfer (FRET) between transiently expressed
RTK-green fluorescent protein (GFP) fusions and sulfoindocyanine (Cy3)-
conjugated monoclonal antibodies to PTP1B, and stimulation with growth factors,
the sites of interaction between PTPIB and RTK (EGFR and PDGFR)
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dephosphorylation were mapped [12]. ER-anchored PTP1B was found to specifi-
cally dephosphorylate endocytosed RTKs, contributing to RTK signal termination.

Furthermore, use of bioluminescence resonance energy transfer (BRET) allowed
investigation of the interaction between PTP1B and the IR in real time, observing
the interaction between the two that occurs rapidly upon insulin stimulation (within
30 s) [1]; it was also shown that there is an insulin-independent interaction between
PTP1B and the IR that requires PTP1B to be localized to the ER. However, previous
studies found that PTP1B localization at the ER was not required for insulin-
stimulated IR dephosphorylation by PTP1B in 3T3-L1 adipocytes [ 14]. Tunicamycin,
an inhibitor of N-glycosylation (and potent inducer of ER stress), has been found to
result in an increased interaction between the IR and PTP1B [1, 15]. Interestingly,
however, recent data show that PTP1B is not only located at the ER surface, but also
at the inner nuclear membrane (INM), which allows this fraction of the total PTP1B
population to be heavily regulated by sumoylation [11, 16].

Endoplasmic Reticulum and ER Stress

The endoplasmic reticulum (ER) is an organelle required for synthesis and metabo-
lism of metabolites and biologically active proteins [17]. This is a highly regulated
process consisting of chaperones, signaling molecules, and a network of degradation
machinery that maintain cellular homeostasis. In response to stress and alterations in
cellular homeostasis, such as the accumulation of unfolded protein aggregates in
response to a viral load, high glucose levels, oxidative stress, and similar, the ER
signaling machinery triggers the inhibition of protein synthesis and up-regulation of
genes whose products are involved in protein folding, cell cycle exit, and/or apopto-
sis [18]. This leads to stimulation of a pathway termed the unfolded protein response
(UPR), which promotes the return of the ER to its normal physiological state.

UPR is mediated initially by three molecules, PKR-like ER kinase (PERK), acti-
vating transcription factor 6 (ATF6), and Inositol-requiring enzyme 1 (IRE1)
(Fig. 5.1) [18, 19]. The ER luminal domain of PERK, IRE1, and ATF6 interacts
with the ER chaperone GRP78 (or binding immunoglobulinprotein [BIP]) (glucose-
regulated protein). Activated PERK phosphorylates translation initiation factor 2a
(eIF2a), which decreases the rate of general protein translation and protein load on
the ER [20, 21]. Phosphorylation of elF2a paradoxically increases translation of
activating transcription factor 4 (ATF4) mRNA to produce a transcription factor that
activates expression of several UPR target genes [20, 22]. Expression profiling stud-
ies have found that PERK, elF2a, and ATF4 are required for expression of genes
involved in amino acid biosynthesis and transport, anti-oxidative stress, and apopto-
sis, e.g., growth arrest and DNA damage 34 (GADD34), and CAAT/enhancer-
binding protein homologous protein (CHOP) [23, 24]. Activation of the ER protein
kinase IRE1 triggers its endoribonuclease activity to induce cleavage of X box-
binding protein 1 (XBP-1) mRNA [25], which is then ligated by an uncharacterized
RNA ligase and translated to produce spliced XBP-1 protein (Fig. 5.1) [26].
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This spliced XBP-1 protein is a highly active transcription factor and one of the key
regulators of ER-folding capacity [27]. Some of the genes identified that require the
IRE1/XBP-1 pathway are components of the ER-associated degradation (ERAD)
machinery, such as ER degradation-enhancing a-mannosidase-like protein (EDEM)
[28, 29] and major ER chaperones, e.g., GRP78/BIP, GRP94 and the endoplasmic
reticulum-localized DnaJ homologue (ERDJ4) [27, 28]. At the same time, ATF6 is
released from GRP78 and transits to the Golgi body where it is cleaved to release a
transcriptionally active ATF6 fragment [30], which acts in concert with spliced
XBP-1 protein to induce expression of genes encoding protein chaperones and com-
ponents of the ERAD machinery [31, 32].

As stated above, the UPR deals with adverse effects of ER stress and enhances cell
survival. However, prolonged ER stress leads to apoptosis, inflammation, and lipid
accumulation and is commonly referred to as the “ER stress response” [33]. Obesity,
whether caused by lifestyle factors or genetic deficiency, results in conditions that
increase demand on the ER resulting in chronic activation of the pathway, subse-
quently leading to development of pathophysiological conditions and development of
the ER stress response (Fig. 5.1). This is particularly clear in the liver, adipose tissue,
and pancreas, where changes in tissue architecture, increases in protein synthesis, and
perturbations in cellular energy fluxes occur [34]. Recent studies demonstrated that
ER stress is increased in adipose and liver tissues in both dietary and genetic obesity
in mice [35-38], although it is not clear if this also occurs in human obesity.
Examination of the ER stress markers in adipose tissue of obese and obese/diabetic
volunteers revealed no differences in ER stress induction in comparison to the lean
human volunteers in this tissue [39]. ER stress and the UPR are linked to major
inflammatory and stress-signaling networks via several distinct mechanisms, includ-
ing the activation of JNK-AP-1 and IKB kinase nuclear factor kB (IKK-NF«B) path-
ways and the production of reactive oxygen species (ROS). Interestingly, these are
also the pathways and mechanisms that play a central role in obesity-induced inflam-
mation and metabolic abnormalities [19]. For example, JNK activation by IRE-1a
during ER stress is one key pathway to increased inflammation. In the nucleus, JNK
up-regulates the expression of inflammatory genes through activation of the AP-1
transcription factor complexes; thus the beneficial metabolic effects observed in the
JNK-deficient mouse are suggested to be mediated, at least in part, through the sup-
pression of inflammatory cytokines, such as TNF-a, IL-6, and MCP-1, compared
with wild-type mice on a high-fat diet (HFD). IRE-1a can also activate the IKK-
NF«B pathway, which is critical in the induction of multiple inflammatory genes
such as TNF-a and IL-6 and is also implicated in insulin resistance. The NFxB path-
way may also be activated through PERK signaling, as PERK-mediated phosphory-
lation of e[F2a results in the inhibition of translation of the inhibitor of NF«xB (IkB)
protein, the major negative regulator of NF«B, thus allowing the activation of NFxB
and the induction of its pro-inflammatory targets [19]. Modulation of ER-folding
capacity through gain- and loss-of-function studies with X box-binding protein
(XBP-1) showed a close link between ER function and insulin action in vitro and in
vivo [35]. Interestingly, PTP1B~~ primary and immortalized cells show impaired
IREla signaling, decreased JNK activation, and a defect in XBP-1 splicing [40],
revealing an unanticipated role of PTP1B in modulation of ER stress signaling.
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Tissue-Specific Role of PTP1B in Regulation of Insulin
Sensitivity, Body Mass/Adiposity, and Energy Homeostasis

As discussed above, studies integrating crystallographic, kinetic, and PTPIB
peptide-binding data have revealed highly specific interactions between PTP1B and
IR activation loop tyrosine residues [41], and PTP1B has been shown in vitro to
dephosphorylate phosphotyrosine residues on IRS1 with high specificity [42].
However, it was not until the generation of PTP1B global knockout mice (PTP1B™")
that key evidence was provided as to the direct role of PTP1B in IR dephosphoryla-
tion and insulin sensitivity in vivo [43, 44]. PTP1B~~ mice were born normal and
healthy with increased insulin sensitivity and glucose homeostasis, as well as
increased IR phosphorylation in liver and muscle, but not WAT. These mice were
resistant to diet-induced obesity (DIO), had reduced adiposity, decreased leptin/
body fat ratios, and increased energy expenditure on HFD, whilst its insulin sensi-
tivity was tissue-specific, as glucose uptake was elevated in muscle, but not in WAT
[44]. A set of elegant experiments using PTP1B~~ mice treated with gold thioglu-
cose, which resulted in ablation of hypothalamic neurons, demonstrated that this
partially blocked resistance to obesity, suggesting that some, but perhaps not all, of
the effects of resistance to DIO were due to the role of PTP1B in hypothalamic
leptin-sensitive neurons [45].

To investigate tissue types responsible for the improvements in glucose homeo-
stasis and insulin sensitivity as well as resistance to DIO and decrease in adiposity,
tissue-specific PTP1B~~ mice were generated [46]. Neuronal-PTP1B~~ mice exhib-
ited reduced body mass and adiposity due to leptin hypersensitivity, despite
increased circulating and mRNA leptin levels, resulting in decreased food intake
and increased energy expenditure in these mice [46]. These mice were also insulin-
sensitive, but it is unclear if this is due to the direct role of PTP1B on the IR in the
brain, or an indirect effect of reduced body mass and adiposity. Furthermore, mice
lacking PTP1B specifically in pro-opiomelanocortin (POMC) neurons also exhib-
ited decreased adiposity, increased leptin sensitivity and energy expenditure, and
improved glucose homeostasis on an HFD compared with wild-type mice [47].
These mice were found to also exhibit alterations in their homeostatic response to
cold exposure, as their plasma triiodothyronine (T3) and brown adipose tissue
(BAT) weight were increased in response to a 4-day cold challenge (4 °C) in com-
parison to controls [48]. More recently, the direct role of PTP1B in leptin receptor-
expressing neurons was determined by analyzing LepRb-PTP1B~~ mice [49]. These
mice strikingly recapitulated the phenotype of global as well as neuronal-PTP1B~~
mice in regard to their resistance to DIO, reduced adiposity, and leptin hypersensi-
tivity, thereby establishing that PTP1B indeed regulates body weight and adiposity
due to its role in leptin receptor-expressing neurons [49]. However, the effects of
PTPI1B in regulation of insulin sensitivity independently of its effects on body
mass and adiposity came from studies investigating its role in peripheral insulin-
sensitive tissues [5, 6, 50]. The direct effects of PTP1B deficiency on insulin
sensitivity and IR phosphorylation, independent of body mass, were evident in
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muscle-PTP1B~~ mice, which had the same weight and adiposity as their littermate
controls on normal diet and HFD, but exhibited almost complete protection against
HFD-induced insulin resistance [51]. There was also basal hyperphosphorylation of
the IR in the muscles from muscle-PTP1B~~ mice, accompanied by increased glu-
cose uptake into the muscle and improvements in whole-body glucose homeostasis.
These studies suggested that at least in the muscle, IR is the direct substrate for
PTP1B. In addition, treatment of muscle-PTP1B~~ mice with an antidiabetic drug
Rosiglitazone (Rosi) resulted in complete protection against HFD-induced insulin
resistance and glucose intolerance. Liver-PTP1B~ mice also weighed the same as
their littermate controls on chow and HFD, with comparable adiposity; however,
again, these mice were protected against HFD-induced insulin resistance as well as
exhibited a degree of protection against HFD-induced serum and liver lipid accu-
mulation [38]. Conversely, transgenic over-expression of PTP1B in muscle and/or
liver resulted in development of insulin resistance in mice [52, 53]. Adipocyte-
PTP1B~~ mice, on the other hand, exhibited mild glucose intolerance, increase in
leptin secretion and adipocyte cell size as well as an increase in basal lipogenesis
[2]. These mice also had threefold higher expression of the hypoxia marker hypoxia-
induced factor-1-alpha (Hif-1a), which was equivalent to levels measured in HFD-
fed control mice; in addition, HFD-feeding increased Hif-lo expression in
adiponectin-PTP1B~~ mice even further [2]. Strikingly, there were no changes in
adipocyte IR phosphorylation in adipocyte-PTP1B~~ mice in vivo or ex vivo, sug-
gesting that IR is not a direct substrate for PTP1B in adipocytes and that PTP1B
may have a different role to play in this tissue [2].

Role of PTP1B in Insulin Sensitivity and ER Stress

The first direct evidence that PTP1B plays an important role in ER stress response
signal transduction came from studies utilizing PTP1B~~ mouse embryonic fibro-
blasts [40] (Table 5.1). In the absence of PTP1B, IRE-1-dependent JNK and p38
activation, XBP-1 splicing, and EDEM transcription were decreased in response to
pharmacological ER stress inducers, in addition to attenuation of stress-induced
apoptosis [40]. These studies suggested that PTP1B was somehow involved in IRE1
signaling and that a functional tyrosine phosphatase domain was required for
PTP1B to exert these effects. Other studies have shown that PTP1B is over-expressed
in multiple insulin- and leptin-responsive tissues in mice under chronic ER stress
conditions such as diet-induced or genetic obesity or in cells with pro-inflammatory
cytokine or free fatty acid treatment [54-56]. Utilization of liver-PTP1B~~ mice
demonstrated for the first time in vivo that PTP1B indeed is an important physiolog-
ical player in ER stress response signal transduction [38]. Liver-PTP1B~~ mice
exhibited reduced ER stress response compared to WT controls, protection against
the induction of HFD-induced ER stress response, and phosphorylation of p38 was
significantly lower in livers from these mice compared with controls, as was phos-
phorylation of JNK, PERK, and elF2a, suggesting that liver PTP1B indeed plays an
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important role in ER stress-induced IRE1 signaling. CHOP and XBP1s levels also
were decreased in HFD-fed liver-PTP1B~~ mice, consistent with impaired ER
stress-induced PERK signaling. These in vivo studies demonstrated that PTP1B
deficiency affects multiple “arms” of the ER stress response pathway [38]. Further
in depth analysis of the role of hepatic PTP1B in the involvement of ER stress
response induction and insulin resistance revealed that chronic HFD-feeding, as
well as induction of ER stress response using acute pharmacological inducers (e.g.
tunicamycin, thapsigargin), led to an elevation of PTP1B mRNA and protein levels
in mouse livers and hepatic cell lines [25]. HFD-feeding itself also increased pro-
cessing of ATF6 into its active, cleaved form in control mice whilst this was found
to be decreased to normal physiological levels in mice with a liver-specific PTP1B
deletion [25]. GRP78/BIP was coordinately up-regulated in control HFD-fed mice,
but completely reduced to chow diet levels in liver-PTP1B~- HFD-fed mice. This is
consistent with ATF6a being solely responsible for transcriptional induction of ER
chaperones, e.g., GRP78/BIP [32]. Foufelle and co-workers also found increased
levels of cleaved ATFG6 in livers of ob/ob mice [57]. However in other studies,
cleaved ATFG levels were found to be reduced in ob/ob, db/db, and DIO mice and
p85a-deficient cell lines with reduced nuclear XBP1 [58, 59]. Altogether, these
studies suggest that PTP1B appears to contribute to the ER stress response induc-
tion directly since liver-specific PTP1B deletion in mice and/or siRNA knockdown
in hepatic cells blunts the full activation of all three arms of the ER stress pathway,
namely IRE1-o/XBP-1, PERK/elF2-a, and ATF6 [25, 38, 40]. Indeed, studies
examining the mechanisms of hypoglycemic effects of Astragalus polysaccharide
(APS) found that APS exerts its insulin sensitizing effects in the liver through
decreasing ER stress and inhibiting PTP1B activity [60] and that ATF6 is involved
in mediating the expression of PTP1B upon induction of ER stress [59].

Interestingly, the IR has also been reported to be directly affected by ER stress
inducers [61, 62]. Tunicamycin treatment of 3T3-L1 adipocytes leads to accumula-
tion in the ER of a 180 kDa IR pro-peptide devoid of glycosylation, which is not
further processed and does not reach the cell surface. Thus, glycosylation of the
insulin pro-receptor is crucial for proper processing and formation of functional
receptor. IR is also downregulated at the mRNA level in obesity/insulin resistance
and up-regulated in rodent models of type 1 diabetes, inversely correlating with
circulating insulin levels. Thus, it appears that both PTP1B and IR are regulated by
multiple stimulants of the metabolic and ER stress-related variety. However, it is not
clear if these regulatory pathways interact physiologically such as with the proposed
interactions of XBP-1 with p85 and FOXO (Fig. 5.1) [58, 63, 64].

Consistent with other data, analysis of PTP1B function in ER stress response in
pancreas, and pancreatic MING cells, revealed that HFD-feeding and chemical treat-
ment of cells with palmitate increased PTP1B expression levels [65]. Overexpression
of PTP1B in MING cells, however, led to a significant decrease in palmitate- and
tunicamycin-induced PERK and eIF2a phosphorylation; conversely, PTP1B knock-
down using siRNA potentiated ER stress as assessed by PERK and elF2a phos-
phorylation as well as BIP, CHOP, and XBP1s expression [65]. Examining cell
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death in these cells, using p53 as a readout of apoptosis, PTP1B knockdown led to
increased p53 expression as well as Bax/Bcl-xl ratio; in addition, expression of
active caspases-8, -9, -3, and -7 was increased in these knockdown cells.

In addition, PTP1B deficiency in brown adipocytes was also found to potentiate
PERK/elF2a signaling by the same group [66]. Brown adipocytes from adipose-
specific PTP1B~~ mice exhibited increased PERK and elF1la phosphorylation, as
well as increased expression of BIP, XBP1s, and CHOP; the same was the case in
subcutaneous WAT of these mice as well as brown preadipocyte cell lines [66].
Whilst these findings may appear paradoxical to the findings from immortalized
fibroblasts from global-PTP1B~~ mice [40] and liver-PTP1B~~ mice [25, 38], they
are in line with the published phenotype of adipose-specific PTP1B~~ mice [2],
which were found to exhibit mild glucose intolerance, increased cell size, and basal
lipogenesis.

It is unclear how PTP1B expression or activity can directly affect the induction
and maintenance of ER stress and why these appear to differ between different tis-
sues and/or cell types; however, these may depend on pathophysiological circum-
stances (for example, under obesogenic HFD-feeding, inflammatory conditions,
PTPIB deficiency may be protective against ER stress induction and maintenance
whilst it may play a less active role under normal physiological conditions) as well
as whether ER stress induction is measured in vivo vs. under isolated and controlled
tissue culture conditions.

Potential Mechanistic Link Between PTP1B and PERK™615

Interestingly, adipose PTP1B deficiency increased PERK tyrosine phosphorylation
on Tyr615, suggesting a direct interaction between PTP1B and PERK [66]. Indeed, a
direct enzyme-substrate interaction between PTP1B and pTyr619-PERK has been
demonstrated in human embryonic kidney (HEK) 293T cells (Fig. 5.1) [67]. This
study examined the effects of hydrogen sulfide (H,S), a gaseous signaling molecule
implicated in regulation of many metabolic processes including its potential as an
anti-inflammatory target, on PTP1B activity and found that H,S reversibly inactivated
PTP1B both in vitro and in vivo, via sulfhydration of the active Cys residue on PTP1B
upon induction of ER stress. Sulthydration inhibited the ability of PTP1B to dephos-
phorylate PERK. This process required the presence of cystathionine-y-lyase (CSE),
a critical enzyme in H,S production, which inhibits PTP1B phosphatase activity; sup-
pression of CSE, on the other hand, led to decreased phosphorylation and activation
of PERK at the Tyr619 site. Furthermore, mutation of Tyr619 in PERK abrogated its
interaction with the PTP1B-D181A substrate-trapping mutant, suggesting that this
site is critical to mediating the interaction of PTP1B with PERK. Importantly, all
the effects of suppressing H,S production in response to ER stress were found to be
abolished in the presence of a small molecule inhibitor of PTP1B [67].
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ER Stress and Other Tyrosine Phosphatases

T cell protein tyrosine phosphatase (TCPTP) shares ~72 % catalytic domain
sequence identity with PTP1B and has also been implicated in IR regulation [68].
There are two variants of TCPTP; a 48 kDa variant which is targeted to the ER via
its hydrophobic C-terminus and a 45 kDa variant targeted to the nucleus. In contrast
to PTP1B, ER stress-induced by HFD-feeding of mice for 22 weeks led to a decrease
in pancreatic TCPTP protein levels [65]. Knockdown of TCPTP in MING cells led
to decreased phosphorylation of PERK and elF2a in response to pharmacological
inducers of ER stress response, palmitate and tunicamycin. Thus, in the context of
these studies it appears that PTP1B and TCPTP function coordinately to regulate
ER stress signaling in f3 cells [65].

Conclusion

Opverall, all the data so far suggest that PTP1B is a key player in the regulation of body
mass, insulin sensitivity, and lipid homeostasis, through regulation of diverse signal-
ing pathways, some of which are briefly discussed here and elsewhere in this book.
The importance of PTP1B involvement in the ER stress response pathway is becom-
ing readily apparent but is yet to be fully understood; however, considering that the
ER stress response pathway has been found to be involved in the etiology of insulin
resistance [19, 34-36], leptin resistance [37], aging [69-72], neurodegenerative dis-
orders [73], cancer [74], and other diseases, PTP1B inhibitors may indeed be a viable
therapeutic target in the treatment and/or prevention of a number of these diseases.
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Chapter 6

Role of Protein Tyrosine Phosphatase 1B
in Hepatocyte-Specific Insulin and Growth
Factor Signaling

Agueda Gonzailez-Rodriguez and Angela M. Valverde

Abstract Insulin resistance in major insulin target tissues such as liver, adipose
tissues, and skeletal muscle is a key pathogenic feature of type 2 diabetes mellitus
(T2DM). Among them, the liver plays a major role in controlling blood glucose
homeostasis through the balance between glucose utilization and storage (Int J
Biochem Cell Biol 36:753-758, 2004; Diabetologia 44:983-991, 2001). The
molecular mechanism underlying hepatic insulin resistance is not completely
understood; however, it is believed to involve impairment of the insulin receptor
(IR) signaling network. A number of epidemiologic and clinical studies have shown
a close association between nonalcoholic fatty liver disease (NAFLD) and chronic
hepatitis C virus (HCV) infection and insulin resistance (N Engl J Med 346:1221—
1231, 2002; Diabetologia 48:634-642, 2005; J Hepatol 44:253-261, 2006; N Engl
J Med 345:41-52, 2001). Therefore, one of the challenges facing researchers in the
field is the selection of therapeutic targets against hepatic insulin resistance among
components of the insulin signaling cascade. In this chapter, we will focus on the
regulation of hepatic insulin signaling by protein tyrosine phosphatase 1B (PTP1B)
since many studies during the last decade have revealed that PTP1B is a critical
node of the insulin signaling cascade and, therefore, its inhibition is of promise for
alleviating insulin resistance and T2DM. On the other hand, since receptor tyrosine
kinase (RTK)-mediated signaling is also negatively modulated by PTP1B, particu-
larly in the liver, we will also review the impact of the inhibition of PTP1B in the
context of cell proliferation and survival.
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Abbreviations

2'5'0AS 2'5" oligoadenylate synthase

bFGF Basic fibroblast growth factor

CREB cAMP response element-binding protein
ER Endoplasmic reticulum

GH Growth hormone

GSK Glycogen synthase kinase

HCC Hepatocellular carcinoma

HCSs Stellate cells

HCV Hepatitis C virus

HGP Hepatic glucose production

HIF Hypoxia-inducible factor

HOMA-IR Homeostasis model assessment of insulin resistance
IFNa Interferon o

IL6 Interleukin 6

IR Insulin receptor

IRS2 Insulin receptor substrate 2

JAK2 Janus kinase 2

Mx Myxovirus-resistance

NAFLD Nonalcoholic fatty liver disease

NOX NADPH oxidase

PCNA Proliferating cell nuclear antigen

PDK-1 Phosphoinositide-dependent protein kinase-1
PH Partial hepatectomy

PI Phosphatidylinositol

PKC Protein kinase C

PP2A Protein phosphatase 2A

PTPIB Protein tyrosine phosphatase 1B

RTK Receptor tyrosine kinase

SH2 Src homology 2

Sirt Sirtuin

SOCS Suppressor of cytokine signaling

SREBP Sterol regulatory element-binding protein
STAT3 Signal transducer and activator of transcription 3
T2DM Type 2 diabetes mellitus

TCPTP T-cell protein tyrosine phosphatase

TGF Transforming growth factor

TNFa Tumor necrosis factor a
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Dysregulation of Hepatic PTP1B Expression
in Metabolic Diseases

Increased expression of protein tyrosine phosphatase 1B (PTP1B) in peripheral tis-
sues can attenuate the insulin signal and contribute to insulin resistance in rodents
and humans. Hepatic PTP1B expression and/or activity are widely modulated in
response to metabolic stressors in insulin-resistant states and, particularly, in obesity.
Related to insulin resistance and Type 2 diabetes mellitus (T2DM), mRNA, protein
levels, and enzymatic activity of PTP1B are increased in the livers from diabetic
insulin receptor substrate 2 (IRS2)-deficient mice [37]. At the molecular level, in
vitro experiments in cultured hepatocytes in high glucose medium have shown
enhanced transactivation of PTP1B gene and its expression through Spl activation
by protein kinase C (PKC) [44], suggesting that this up-regulated expression may
contribute to glucose toxicity in diabetes. Likewise, it has been shown that hepatic
expression of PTPIB is increased in fructose-fed models of insulin resistance in
hamster [15] and rats [54]. Regarding obesity, elevated PTP1B expression in the
liver induced by high-fat diet coincides with increased levels of tumor necrosis fac-
tor o (TNFa) and CD68, two markers of hepatic inflammation associated with ste-
atosis [93], as well as with induction of endoplasmic reticulum (ER)-stress response
signaling [1]. Again, in vitro experiments have demonstrated that TNFo treatment
itself induces an increase in PTP1B expression [93] and enzymatic activity [32] in
hepatocyte cell lines. Likewise, ER stressors directly increased PTP1B mRNA and
protein levels in HepG2 cells [1]. During aging-induced obesity, another situation
that concurs with metabolic damage, increased mRNA levels, protein content, and
enzymatic activity of PTP1B in both liver and skeletal muscle paralleled adipose
tissue inflammation [36]. Regarding non-parenchymal hepatic cells, in stellate cells
(HCSs) leptin signals via Janus kinase 2 (JAK2)/signal transducer and activator of
transcription 3 (STAT3) pathway producing effects that enhance extracellular matrix
deposition. On the other hand, adiponectin-mediated signaling induced PTP1B
expression and activity via receptor AdipoR1, but not AdipoR2 in HCSs cells [42].
In this cellular model, adiponectin inhibits leptin signaling at least partially by
enhancing PTP1B activity, thus promoting JAK2 desphosphorylation and preventing
leptin receptor (Ob-Rb) activation. Such a mechanism would represent a novel
molecular link accounting for the hepatoprotective effect of adiponectin in the con-
text of hepatic fibrosis. Of note, in contrast to the metabolic effects of adiponectin in
hepatocytes, its effects on PTP1B expression described in this study are cell-specific,
occurring only in activated HSCs, which are the primary mediator of extracellular
matrix metabolism and are present normally only during hepatic wound-healing.

PTP1B Is a Critical Negative Modulator
of Hepatic Insulin Signaling

Given the importance of insulin signaling in maintaining hepatic glucose homeosta-
sis, it must be regulated carefully [48, 70]. The cascade begins when activation of
the IR by autophosphorylation on several tyrosine residues leads to the recruitment
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and tyrosine phosphorylation of IRS proteins 1 and 2 [74, 88]. Then, phosphory-
lated IRSs bind proteins containing Src homology 2 (SH2) domains such as phos-
phatidylinositol (PI) 3-kinase [6], which has a central role in the metabolic actions
elicited by insulin. Over the last years the role of insulin signaling pathways in the
liver has also been studied in mice lacking hepatic IR (LIRKO) [28, 58], IRS2 [22,
50, 84, 85, 89, 90], phosphoinositide-dependent protein kinase-1 (PDK-1) [62], pro-
tein kinase B (PKB/Akt) [19], and also in mice over-expressing a dominant negative
mutant of PI 3-kinase [60]. Various lines of genetic evidence support the concept
that insulin negatively regulates hepatic glucose production (HGP) through a main
pathway involving IR, IRS2, PI 3-kinase, and Akt.

On the other hand, PTP1B is a major negative regulator of insulin and leptin sen-
sitivity, acting to dephosphorylate the IR and JAK?2 [9, 24]. PTP1B may also dephos-
phorylate more distal components of these signaling pathways, such as IRS1 [33]. In
humans, PTPNI polymorphisms are associated with insulin resistance, obesity, and
other characteristics of metabolic syndrome in some populations [8, 18, 46, 83].

The importance of PTP1B in hepatic insulin signaling emerged from the initial
in vitro studies performed in rat KRC-7 hepatoma cells by Ahmad et al. [2] who
showed that osmotic loading of PTP1B antibodies decreased insulin-induced IRS1
tyrosine phosphorylation and PI 3-kinase activity. Moreover, over-expression of
PTPIB in Fao hepatoma cells impairs insulin-stimulated glucose metabolism [25].
Conversely, reduction of PTP1B with a specific PTP1B antisense oligonucleotide
(PTP1B ASO) in these cells increased insulin signaling [16].

The generation of PTP1B-deficient (PTP1B~") mice by different strategies in
two independent laboratories revealed a tissue-specific increase in insulin sensitiv-
ity at 10-14 week of age owing to enhanced phosphorylation of IR in liver and
skeletal muscle, resistance to weight gain on high-fat diet, and increased basal meta-
bolic rate [27, 47]. The key role of the liver as a target tissue of PTP1B was demon-
strated by the specific recovery of PTP1B expression in the liver of PTP1B~~ mice
that led to a marked attenuation of their enhanced insulin sensitivity [41]. By con-
trast, liver-specific deletion of PTP1B improves glucose tolerance and metabolic
syndrome and attenuates diet-induced ER stress [1, 7, 20]. In the light of these data,
hepatocytes from adult PTP1B~~ mice have increased insulin sensitivity that spe-
cifically affects the insulin-mediated Akt/Foxol signaling pathway that controls the
inhibition of gluconeogenic genes Pckl and G6pc [34].

Unexpectedly, PTP1B-deficient neonatal hepatocytes (3—5-day-old) did not dis-
play increased sensitivity to insulin in the early steps of insulin signaling. Conversely,
these cells showed a prolonged insulin signaling and, as a consequence, prolonged
inhibitory effect of insulin on Pckl and G6pc mRNAs. In the light of these data,
reduction of PTP1B by two different siRNA oligos in wild-type neonatal hepato-
cytes prolonged insulin signaling similar to the observations in PTP1B-deficient
cell lines. These data suggest that in the liver of PTP1B™~ mice there is a switch
from prolonged insulin action to enhanced insulin sensitivity in a postnatal-
developmental manner [34]. Besides the lack of enhancement of insulin signaling in
PTP1B~~ neonatal hepatocytes, these cells showed increased basal glucose uptake
as compared to hepatocytes from adult PTP1B~~ mice [38]. This occurs without
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changes in hexokinase, glucokinase, and glucose 6-phosphatase enzymatic activi-
ties. Interestingly, the glucose transporter GLUT2 was up-regulated at the protein
level in neonatal hepatocytes and livers from PTP1B~~ neonates. These results were
accompanied by a significant increase in the net free intrahepatic glucose levels in
the livers of PTP1B~ neonates indicating positive correlation of the in vitro and in
vivo data. The excess of glucose that reaches the liver in the absence of PTP1B is
not metabolized through glycolysis or glycogen synthesis since glycogen, lactate,
and pyruvate levels are decreased as compared to the wild-type controls [29]. These
results suggest that alternative pathways that metabolize glucose are increased in
the absence of PTP1B at suckling. In this regard, glucose-6-phosphate dehydroge-
nase activity, a rate-limiting enzyme of the pentose phosphate cycle, is significantly
augmented in the liver of PTP1B~~ suckling mice as compared with the wild-type
controls. These data indicate an enhanced activation of the pentose phosphate cycle
with the consequent increase in the generation of ribose phosphates that are required
for DNA synthesis and cell proliferation, as reported in fetal hepatocytes from rats
[61]. Therefore, the physiological relevance of increased glucose uptake and the net
free intrahepatic glucose in the liver of PTP1B~~ mice during suckling is correlated
with an increase in liver growth which will be discussed below in the section on
cellular proliferation.

PTP1B Deficiency in Mouse Models of Insulin Resistance
Recovers Hepatic Insulin Signaling

Since inhibition of PTP1B has been demonstrated to enhance PI 3-kinase/Akt-
mediated signaling in the liver [27, 47], recent studies have investigated whether
deletion of PTP1B could restore insulin signaling and hepatic insulin sensitivity in
different models of insulin resistance in mice. The first in vivo strategy was the
reduction of PTP1B protein levels by 60 % in the ob/ob mice by using the PTP1B
ASO [39, 73, 95]. In the liver of PTP1B ASO-treated mice insulin signaling pro-
teins IRS1 and IRS2 and the PI3-kinase regulatory subunit p50a were increased
and, conversely, the expression of the p85a regulatory subunit was decreased. These
changes in protein expression correlated with increased insulin-stimulated Akt
phosphorylation. PTP1B ASO down-regulated gluconeogenic genes (Pckl and
Fbpl) and also decreased TNFa protein levels and phosphorylation of the transcrip-
tion factor cAMP response element-binding protein (CREB). These initial findings
suggested that PTP1B inhibition in the liver may have clinical benefit in T2DM.
Mice heterozygous for IR and IRS1 deficiency (DHet) provide a model of poly-
genic T2DM in which early-onset, genetically programmed insulin resistance leads
to diabetes, similar to the human disease [10]. Absence of PTP1B in DHet mice
markedly improved glucose tolerance and insulin sensitivity at 10—11 weeks of age
and reduced the incidence of diabetes and hyperplastic pancreatic islets at 6 months
of age [91]. In the liver, insulin-stimulated tyrosine phosphorylation of IR, IRS1,
and IRS2 and serine phosphorylation of Akt, glycogen synthase kinase (GSK) 3,
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and S6K1 were impaired in DHet and recovered by PTP1B deficiency. In addition,
increased Pckl in DHet mouse liver was attenuated by PTP1B deficiency. Thus, this
model has revealed that even in the setting of high genetic risk for diabetes, reduc-
ing PTP1B is partially protective, further demonstrating its attractiveness as a target
for prevention and treatment of T2DM.

Given that the phenotype of PTP1B-deficient mice contrasts with that of mice
lacking IRS2 (IRS277), which develop progressive deterioration of glucose homeo-
stasis because of insulin resistance in the liver and a lack of beta-cell compensation
[90], it has been investigated whether deletion of PTP1B expression by genetic or
pharmacological approaches could restore hepatic sensitivity to insulin and beta-
cell function in systemic IRS27~ mice that displayed fasting hyperglycemia
(>300 mg/dL) at 12—16 weeks of age [37, 51]. Two independent studies have dem-
onstrated that PTP1B disruption in systemic IRS2”~ mice (IRS2~-/PTP1B~-) nor-
malized peripheral insulin sensitivity and glucose tolerance [37, 51]. In the liver,
Foxol is the molecular link between Akt phosphorylation and gluconeogenic gene
expression [37, 65, 69]. The lack of effect of insulin to phosphorylate Foxo1 through
activation of PI (3,4,5) tris phosphate (PIP3)/Akt-mediated signaling in mice lack-
ing IRS27" is reversed by PTP1B deletion in the liver of double IRS27-/PTP1B™~
mice [37]. This is a critical finding since in this organ both tyrosine phosphorylated
IRS1 and IRS2 can efficiently activate the PI 3-kinase pathway to mediate the phys-
iological responses to insulin in regulating carbohydrate and lipid metabolism, as
has been reported recently in mice with liver-specific deletions of both IRS1 and
IRS2 [23, 37, 49]. However, the initial studies in livers of systemic IRS2~~ mice had
already demonstrated the inability of IRS1 to activate PI 3-kinase in response to
insulin in the absence of IRS2 [84, 90]. Remarkably, as stated above, mRNA, pro-
tein levels, and the phosphatase activity of PTP1B were elevated in the livers of
systemic IRS27~ mice as compared to wild-type mice [37]. More importantly, up-
regulation of PTP1B in liver of IRS27" mice enhanced its association with the IR
and, consequently, the increased dephosphorylation of IR is likely to be responsible
for the inability of IRS1 to mediate insulin signaling in the liver of diabetic IRS27~
mice. Therefore, these studies have unravelled the molecular mechanism (depicted
in Fig. 6.1) by which IRS1 was unable to compensate IRS2 deficiency in diabetic
mice. The absence of PTP1B in IRS27/PTP1B~~ mice promoted insulin sensitivity
in the liver by enabling the activation of an IR/IRS1-mediated compensatory mech-
anism, culminating in the inhibition of Pckl and G6pc in hepatocytes [37].

Very recently, the role of PTP1B in the development of aging-associated obesity,
inflammation, and peripheral insulin resistance has been evaluated by assessing
metabolic parameters and insulin signaling at 3 and 16 months in wild-type and
PTP1B-deficient mice [36]. Whereas fat mass and adipocyte size were increased in
wild-type control mice at 16 months, these parameters did not change with aging in
PTP1B~~ mice. Increased levels of pro-inflammatory cytokines, crown-like struc-
tures, and hypoxia-inducible factor (HIF)-1a were observed only in adipose tissue
from 16-month-old wild-type mice. In the liver, hepatic steatosis and increased lipo-
genic gene expression that occurred with aging-associated obesity were not observed
in PTP1B~~ mice. Similarly, islet hyperplasia and hyperinsulinemia were observed
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Fig. 6.1 Schematic representation of the mechanism by which inhibition of PTP1B promotes
insulin sensitivity in the liver of IRS2-deficient mice. The lack of PTP1B promotes insulin sensitiv-
ity in the liver of IRS27~ mice through the restoration of IRS1-mediated Akt/Foxol phosphoryla-
tion and the inhibition of gluconeogenic enzymes. This molecular mechanism can be mimicked by
resveratrol through down-regulation of PTP1B expression and activity in the liver of IRS27~ mice

in wild-type mice with aging-associated obesity, but not in PTP1B~ animals.
Leanness in 16-month-old PTP1B~~ mice was associated with increased energy
expenditure. Whole body insulin sensitivity decreased in 16-month-old wild-type
mice; however, hyperinsulinemic-euglycemic clamp studies revealed that PTP1B
deficiency prevented this obesity-related decreased peripheral insulin sensitivity. At
a molecular level, PTP1B expression and enzymatic activity were up-regulated in
liver and muscle of 16-month-old wild-type mice as were the activation of stress
kinases JNK and p38 MAPK and the expression of the senescence marker p53. As
a result, IR-mediated Akt/Foxol signaling was attenuated in both tissues of aged
control mice. In the liver, insulin was unable to decrease Pckl and G6pc in primary
hepatocytes from 16-month-old wild-type mice. Activation of stress kinases and
increased p53 expression were not observed in liver and muscle of PTP1B~~ mice
at 16 months that preserved insulin-mediated signaling and the inhibition of gluco-
neogenic genes as in the young stage. Collectively, these data implicate a role of
PTPIB in the development of chronic low grade inflammation and insulin resis-
tance associated with obesity during aging (Fig. 6.2).

Insulin resistance is a risk factor for nonresponse to interferon (IFN)/ribavirin
therapy in patients with chronic hepatitis C [72]. In a recent study, the role of PTP1B
in the interferon resistance associated with insulin resistance was evaluated in
HepG2 cells and obese mice [32]. Silencing IRS2 mRNA in HepG2 hepatic cells
induced insulin resistance measured by elevated PTP1B expression and enzymatic
activity and by the inability of insulin to activate Akt. This insulin-resistant state
inhibited the effect of interferon a (IFNa) in inducing STAT1 tyrosine phosphoryla-
tion and 2'5" oligoadenylate synthase (2'5'OAS) and myxovirus-resistance (Mx)
gene expression. Likewise, TNFa-induced insulin resistance suppressed the IFNa
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Fig. 6.2 Schematic representation of the role of PTP1B in age-related obesity, inflammation, and
insulin resistance. During aging, increased adiposity leads to inflammation, hypoxia as well as an
increase in p53, a senescence marker in WAT. As a result, circulating pro-inflammatory cytokines
reach the liver and muscle increasing PTP1B expression. This, in turn, negatively interferes with
insulin signaling leading to peripheral insulin resistance. PTP1B deficiency protects against adi-
posity with aging preventing the alterations in the endocrine milieu of WAT and insulin resistance
in peripheral tissues

response. Treatment of HepG2 cells with pervanadate and, more interestingly,
knocking down PTPIB specifically restored insulin and IFNa response.
Alternatively, treatment of insulin-resistant HepG2 cells with metformin inhibited
PTPI1B activity and improved IFNa response. The beneficial effect of PTP1B inhi-
bition in the response to IFNa was also evaluated in insulin-resistant ob/ob mice
with increased PTP1B gene expression and activity in the liver. These mice did not
respond to IFNa administration, but in agreement with the in vitro experiments,
treatment with metformin decreased PTP1B and restored the response to IFNa.
These data highlight the use of drugs that lead to PTP1B inhibition among other
targets such as metformin, to improve the response of chronic hepatitis C patients to
combined therapy with IFNo/ribavirin.
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Role of PTP1B in Hepatic Lipogenesis

The insulin resistance/metabolic syndrome is characterized by the variable coexis-
tence of hyperinsulinemia, hyperlipidemia, obesity, and hypertension. Many indi-
viduals with obesity and insulin resistance suffer from hepatic steatosis, or “fatty
liver.” Several lines of evidence indicate that fatty liver in insulin-resistant states is
caused by activation of the sterol regulatory element-binding protein (SREBP)-1c,
which is elevated in response to high insulin levels [43, 77]. Although insulin resis-
tance is present in peripheral tissues, compensatory hyperinsulinemia is postulated
to persistently activate SREBP-1c transcription and cleavage, resulting in increased
lipogenic gene expression, enhanced fatty acid synthesis, and accelerated triglycer-
ide accumulation in the liver in obese insulin-resistant mice [79].

Shimizu et al. [78] have found a strong correlation between SREBP-1c¢ and
PTPIB expression in insulin-resistant rats fed a high fructose diet. These results
were confirmed by over-expression of PTP1B in rat hepatocytes which led to
increased mRNA content and promoter activity of SREBP-1a and SREBP-Ic,
resulting in increased mRNA expression of Fasn (fatty acid synthase). Moreover,
inhibition of protein phosphatase 2A (PP2A) activity normalized the PTP1B-
enhanced SREBP-1a and SREBP-1c expression. Thus, the proposed molecular
mechanism involves the activation of PP2A by tyrosine 307 dephosphorylation by
PTP1B resulting in enhanced activity of the SREBP-1 promoter by modulating its
transcriptional activity via Spl sites. These sites are located at about the —90 bp
region that is thought to be important in the regulation of SREBP-1 gene expression.
On the basis of this study, PTP1B represents a novel therapeutic target for the ame-
lioration of postprandial (diet-induced) hypertriglyceridemia through a serial acti-
vation of the PTP1B-PP2A axis. In the light of these data, it has been demonstrated
that treatment of ob/ob mice with PTP1B ASO results in a decrease in genes
involved in hepatic lipogenesis, including SREBP-1c [87]. Furthermore, rats fed a
high fructose diet developed insulin resistance coincident with increased PTP1B
and SREBP-1c gene expression in the liver [54]. Consistent with the PTP1B ASO
study, hepatic SREBP-1a and SREBP-1c gene expression levels were significantly
lower in Alb-Cre-PTP1B~~ mice than in wild-type controls, which is counterintui-
tive to what would be expected in the context of enhanced insulin sensitivity seen in
these mice. This was accompanied with decreased triglyceride and cholesterol lev-
els together with diminished lipogenic gene expression [20].

PTP1B Is a Drug Target Against Insulin Resistance

Many treatments are available for T2D, including sulfonylureas, thiazolidinediones,
biguanides, and a-glycosidase inhibitors. These current treatment options are often
effective over the short and medium term, but do not alter the underlying progres-
sion of the disease. In addition, weight gain, hypoglycemia, gastrointestinal events,
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and peripheral edema are important adverse events associated with these agents
which limit compliance. The need for new treatments is widely recognized and the
search is on [17]. In this regard, pharmacological agents which are capable of inhib-
iting PTP1B are expected to potentiate the action of insulin and leptin and, there-
fore, be beneficial in the treatment of both T2DM and obesity.

Several groups have earlier demonstrated that by employing the knowledge
derived from both structural and medicinal chemistry, the use of PTP1B inhibitors
with the requisite potency and selectivity is now a viable option to be considered.
This notion is supported by a recent study showing the beneficial effects of the
dietary supplement curcumin in the prevention of hepatic steatosis [54]. This com-
pound reduced PTP1B expression in the liver of fructose-fed rats and, as a result,
tyrosine phosphorylation of IR and IRS1 and activation of Akt were enhanced.
Moreover, curcumin down-regulated suppressor of cytokine signaling (SOCS) 3
expression, exhibiting improvement of hepatic leptin signaling transduction and
reduction of liver VLDL overproduction and triglyceride hypersynthesis in the
leptin-resistant state of fructose-fed rats. In light of these data, treatment of HFD-
fed diabetic rats with flavonoids of Litsea coreana results in a significant increase in
insulin sensitivity, marked decrease in body weight, serum-free fatty acids, and tri-
glyceride content together with decreased PTP1B expression [55]. Recently, a novel
proteoglycan PTP1B inhibitor, named Fudan-Yueyang-Ganoderma lucidum
(FYGL), from Ganoderma lucidum was orally administered to diabetic db/db mice
for 4 weeks [86]. This treatment decreased fasting plasma glucose level, serum
insulin concentration, and the homeostasis model assessment of insulin resistance
(HOMA-IR). Pharmacology research suggests that FYGL decreases the plasma
glucose level by inhibiting PTP1B expression and activity, consequently regulating
tyrosine phosphorylation of the IRB-subunit and the level of hepatic glycogen,
resulting in improved insulin sensitivity. Therefore, FYGL is also promising as an
insulin sensitizer for the therapy of T2DM and accompanied dyslipidemias.

Resveratrol, a plant-derived polyphenol that is a potent activator of sirtuin (SIRT)1,
has been reported to repress PTP1B expression and attenuate high-fat diet-induced
insulin resistance in the liver [81]. Resveratrol also exerts a protective effect against
hepatic insulin resistance in IRS27~ mice by reducing both PTP1B expression and
phosphatase activity. Consequently, the ability of insulin to stimulate IRS1-mediated
PI 3-kinase signaling is restored to normal in IRS2-deficient mice treated with resve-
ratrol. Hepatocytes from resveratrol-treated IRS27~ mice respond to insulin by inhib-
iting Pckl and G6pc genes. These data are consistent with those obtained by the
genetic ablation of PTB1B in the IRS2-deficient model and suggest that resveratrol
is a suitable candidate for treatment of hepatic insulin resistance [37] (Fig. 6.1).

Regarding synthetic PTP1B inhibitors, the effects of compound CCF06240 on
insulin sensitivity and lipid metabolic abnormalities in vivo and in vitro have been
evaluated [57]. In lipid accumulated HepG?2 cells, CCF06240 was found to reverse
the increased PTP1B activity, enhance the insulin-induced tyrosine phosphorylation
in insulin signaling pathway, attenuate free fatty acid-insulin-induced cellular lipid
accumulation, and down-regulate the expression of genes related to fatty acid syn-
thesis. In high-fat diet-fed mice, oral administration of CCF06240 reduced body
weight and the levels of serum triglycerides.
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Although the development of specific PTP1B inhibitors is of potential clinical
interest in therapies against insulin resistance and T2DM, the success of targeting
this phosphatase has been limited. Poor oral availability, as well as lack of specific-
ity without simultaneous inhibition of the closely related T-cell protein tyrosine
phosphatase (TCPTP), will have to be overcome to generate effective and specific
PTP1B inhibitors for therapeutic use.

Role of PTP1B in Hepatocyte Proliferation and Liver Growth

PTP1B is also a key regulator of cell growth through its ability to dephosphorylate
receptors of the tyrosine kinase superfamily (receptor tyrosine kinase [RTK]) and
modulate the duration and intensity of the signals emerging from these activated
receptors. It has been shown by genetic and biochemical approaches that PTP1B
dephosphorylates and inactivates the EGF receptor (EGFR), the PDGF receptor
(PDGFR) [40], the HGF receptor (HGFR/Met) [75], and the IGF-I receptor (IGF-IR)
[11], all of which have been implicated in the control of proliferation, survival and/
or metabolic functions of hepatocytes, and many other cellular models.

In mammals, the regulation of physiological functions such as growth and glu-
cose metabolism varies in a postnatal-developmental manner. The liver undergoes
an accelerated growth during suckling mainly based on cell proliferation [63]. In
this regard, glucose utilization through the pentose phosphate pathway is elevated in
immature liver in coincidence with suckling [61]. This pathway provides ribose-5-
phosphate intermediates required for DNA synthesis, thus supporting mitogenesis.
In order to keep the hepatic metabolism tightly adapted to diet, a physiological
condition maintaining low insulin action in the liver is established during suckling
[45]. At the same time, rapid hepatic growth is essentially driven by growth hor-
mone (GH), whose effects are mediated through the IGF-I/IGF-IR signaling cas-
cade [56]. Thus, it must be emphasized that IGF-I actions constitute important
age-related conditions for the proper development of the immature liver. Given that
IGF-IR is a PTP1B substrate [11], differences in PTP1B expression might have
consequences during the early stages of postnatal development of the liver as com-
pared to adulthood. Interestingly, IRS1 expression, which is critical in mediating the
mitogenic pathway of both insulin and IGF-I [5], was up-regulated in hepatocytes
and liver extracts from neonatal PTP1B~~ mice as compared to the wild-type lit-
termates in parallel with an increase in the mitogenic capacity. Moreover, the liver-
to-body mass ratio, DNA content, and proliferating cell nuclear antigen (PCNA)
levels were increased in PTP1B~~ neonates as compared to the corresponding wild-
type controls [29]. These effects are specific of the neonatal period since they are
absent in adult mice. Enhanced proliferation concurred with increased levels of IR 4
isoform in neonatal hepatocytes lacking PTP1B [38]. It is noteworthy that IR, iso-
form is mainly expressed in highly proliferating fetal and cancer cells whereas IRy
isoform is expressed mainly in adult insulin-responsive tissues such as the liver to
maintain glucose homeostasis [31]. In the light of these data, hepatic STATSB tyro-
sine phosphorylation, which is activated by GH, was increased in the livers of
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Fig. 6.3 Proposed model for the effects of PTP1B deficiency in the liver of suckling mice. PTP1B
deficiency increased STATS5B phosphorylation, IGF-I levels, and IGF-IR tyrosine phosphorylation
in the livers of suckling mice leading to increased liver growth. These effects did not change by
embryonic gene transfer (PTP1B" means transferred embryos). On the other hand, PTP1B defi-
ciency increased lipid content in lactating females, thereby hepatic TG accumulated in their off-
spring. These effects were abolished by embryonic transfer

PTP1B~~ suckling mice and, consequently, IGF-I mRNA and protein levels were
up-regulated. Moreover, IGF-IR tyrosine phosphorylation was also enhanced in liv-
ers of PTP1B~ suckling mice and this might favor its autocrine/paracrine effects in
liver cells, thereby exacerbating liver growth. Since both STAT5B and IGF-IR are
PTPI1B substrates [4, 11], these results reinforce the unique role of PTP1B in the
control of the GH/IGF-I axis during the neonatal stage. It is important to highlight
that the effects on liver growth are due to PTP1B deficiency and not females.
PTP1B~ embryos that have been transferred into wild-type females also showed
elevated IGF-I expression and enhanced liver growth after birth [29]. Collectively,
these studies highlight the role of PTP1B in the control of physiological liver devel-
opment after birth (Fig. 6.3).

In the adult stage, hepatic regeneration after partial hepatectomy (PH) is a unique
process that requires the reentry of quiescent hepatocytes into the cell cycle in order
to proliferate and, therefore, restore the original liver mass after surgery [59, 82]. A
recent study has demonstrated that PTP1B deficiency accelerates hepatic regenera-
tion in mice after PH [71]. The expression of cell proliferation markers was enhanced
in PTPIB~- regenerating livers in parallel with BrdU incorporation (Fig. 6.4).
Among the complexity of the molecular events involved in hepatic regeneration after
liver resection, phosphorylation of JNK and STAT3, early triggers of hepatic regen-
eration in response to elevations in TNFa and interleukin 6 (IL6), was increased in
PTPIB~~ regenerating livers and in PTP1B~~ hepatocytes stimulated with these
cytokines. As demonstrated previously for JAK2 [92], recombinant PTP1B dephos-
phorylates tyrosine 185 residue of JNK. In parallel, enhanced EGFR and HGFR-
mediated signaling was observed in regenerating livers lacking PTP1B and in
PTP1B~~ hepatocytes stimulated with EGF or HGF. PTP1B deficiency also induced
additional benefits on hepatic regeneration such as a more rapid increase in intrahe-
patic lipid accumulation and attenuation of stress-mediated signaling at latter
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erating livers from wild-type and PTP1B~~ mice at 24-96 h post-PH. (d) Representative micros-
copy images of BrdU incorporation at 48 and 96 h post-PH. BrdU positive nuclei are indicated by
arrows. Original magnification: x10. (e) PCNA, cyclin D1, cyclin E levels at the indicated time-
periods after PH. (f) IR isoforms at 24 and 48 h after PH (reprinted from Am J Pathol, 178,
Revuelta-Cervantes, J., Mayoral, R., Miranda, S., Gonzalez-Rodriguez, A., Fernandez, M., Martin-
Sanz, P., and Valverde, A.M., Protein Tyrosine Phosphatase 1B (PTP1B) deficiency accelerates
hepatic regeneration in mice, 1591-1604, Copyright 2011, with permission from Elsevier)
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time-periods. Finally, it was demonstrated that PTP1B deficiency up-regulated the
transforming growth factor (TGF)-p inhibitor SnoN and delayed termination of liver
regeneration. The most relevant conclusion of this study was the fact that overall
process of liver regeneration in the absence of PTP1B was accelerated but not dereg-
ulated. Therefore, it was proposed that PTP1B could serve as a novel drug target to
improve liver regeneration in patients with acute or chronic liver injury. Of note,
despite potential-enhanced oncogenic signaling, PTP1B-deficient mice do not
overtly develop tumors during adulthood. In this aspect, a mouse model of cancer
combined with PTP1B deficiency will enable us to determine how PTP1B deficiency
potentiates or reduces tumorigenesis. This complex issue needs to be addressed. In
this regard it has been described that loss of inhibitory effect of PTP1B may contrib-
ute to progression and invasion of hepatocellular carcinoma (HCC) through activa-
tion of Wnt/B-Catenin signaling and expansion of liver tumor initiating cells [94].

Role of PTP1B in Hepatocyte Survival Against Apoptotic
Triggers

Cell survival and cell death are governed by stimulatory and inhibitory signals.
Whereas trophic factors simultaneously stimulate mitosis and inhibit cell death, neg-
ative growth signals regulate the opposite of these biological effects. Deregulation of
apoptosis represents an underlying cause or contributor to many diseases. In the
liver, a balance between apoptotic and anti-apoptotic signals must be tightly con-
trolled to prevent alterations during hepatic development and pathological conditions
such as liver disease [13, 14]. Activation of death receptors such as Fas and TNFa,
mitochondrial damage, and oxidative stress of the ER are the major triggers of apop-
tosis that ultimately produce liver damage [66]. On the other hand, in the liver, tro-
phic factors include endogenous growth factors such as EGF, basic fibroblast growth
factor (bFGF), TGF-p, and IGFs that act through receptors belonging to the tyrosine
kinase superfamily [76]. Consistent with this notion, inhibitors of tyrosine kinases
and protein tyrosine phosphatases can also modulate apoptosis in the liver. The fact
that PTP1B has been related with the sensitivity of tumor cells to apoptosis induced
by TNFa [68] prompted several groups to investigate the involvement of this phos-
phatase in the susceptibility of hepatocytes to undergo apoptosis induced by different
stimuli in cellular systems and in models of hepatotoxicity in mice.

In immortalized hepatocytes, PTP1B deficiency concurs with the attenuation of
the cellular apoptotic machinery in response to growth factor withdrawal, whereas
PTP1B over-expression accelerates cell death [35]. Early activation of caspase-3
occurred in hepatocytes that over-express PTP1B, but was nearly abolished in
PTP1B~~ cells. At the molecular level, PTP1B over-expression/deficiency altered
the balance of pro-(Bim) and anti-(Bcl-x;) apoptotic members of the Bcl-2 family
upon serum withdrawal. Likewise, cytosolic cytochrome C increased rapidly in
hepatocytes with increased PTP1B expression whereas it was retained in the mito-
chondria of PTP1B~ cells. Similar modulation was observed in the analysis of
DNA laddering and hypodiploid cells. Regarding signaling mediators of cell death
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and survival signals, transcription factors of the Foxo family have been implicated
in the regulation of several pro-apoptotic genes, including mitochondria-associated
proteins such as Bim and members of the death receptor pathway such as FasL [21,
80]. Growth factor stimulation induces phosphorylation of Foxol by Akt, thereby
precluding its entry into the nucleus [64]. In serum-deprived hepatocytes with
PTP1B over-expression, a rapid entry of Foxol into the nucleus and an earlier acti-
vation of caspase-8 were observed. However, both events were suppressed in
PTP1B~~ hepatocytes. Moreover, PTP1B deficiency conferred resistance to apopto-
sis directly induced by constitutively active Foxol suggesting additional actions of
PTP1B downstream of Foxol nuclear translocation. This in vitro study in hepato-
cytes has revealed the involvement of PTPIB in the signaling network that ulti-
mately modulates cell fate in response to apoptotic stimuli.

TGF-B plays a dual role in hepatocytes, mediating both tumor suppressor and
promoter effects [30]. The suppressor effects of this cytokine can be negatively
regulated by activation of survival signals, mostly dependent on tyrosine kinase
activity. Using immortalized hepatocytes, Ortiz et al. [67] have found that PTP1B
deficiency conferred resistance against TGF-B-mediated apoptosis and growth inhi-
bition. At the molecular level, this effect correlated with lower Smad2/Smad3 phos-
phorylation and nuclear translocation, the lack of up-regulation of the inhibitory
Smad7 and sustained activation of Akt and ERK1/2. Interestingly, in the presence
of the general tyrosine kinase inhibitor genistein both responses were recovered.
Moreover, PTP1B~~ hepatocytes stimulated with TGF-f showed elevated NF-xB
activation. In the light of these results, knockdown of the NF-kB p65 subunit
increased the response to TGF-B of PTP1B~~ hepatocytes in terms of Smad2/3
phosphorylation and apoptosis. The lack of PTP1B also promoted an altered
NADPH oxidase (NOX) expression pattern induced by TGF-p, strongly increasing
the NOX1/NOX4 ratio, which was reverted by genistein and NF-«xB p65 subunit
knockdown. Alternatively, NOX1 knockdown in PTP1B~~ hepatocytes recovered
the apoptotic response to TGF-f through the inhibition of nuclear translocation of
NF-«xB p65 subunit, increase of Smad2 phosphorylation, and decrease of levels of
the inhibitory Smad7. Altogether, these results highlight the role of PTP1B in the
signaling cascades activated by TGF-f that involve Smads2/3, Smad7, NF-«xB, and
NOX1/4 family members. Further work will be necessary to study the potential role
of this novel pathway in pathological conditions characterized by kinase hyperacti-
vation, such as liver cancer.

The role of PTP1B in response to liver damage has been studied in vivo in mice
injected with a lethal dose of the Fas/CD95 agonist antibody Jo2, a model of fulmi-
nant hepatitis [75]. In agreement with the in vitro studies in hepatocytes, PTP1B~~
mice are resistant to Fas-induced liver damage and lethality. This is due to reduced
hepatic apoptosis and reduced levels of circulating liver enzymes compared to the
lethal effects in the wild-type mice including tachypnea, shallow breathing, and
prostration indicative of severe liver failure. Histological analysis of livers from the
Jo-2-injected wild-type mice that showed distress revealed parenchymal necrosis,
hemorrhage, and hepatocyte apoptosis assayed by TUNEL, whereas livers from the
majority of PTP1B~~ mice showed no significant histologic pathological features.
Consistent with the histological data, cleavage of caspases-8, -9, -3, and -6, normally
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activated following Fas receptor oligomerization, was detected in liver extracts from
wild-type mice 6 h post-Jo-2 treatment, but was significantly abrogated in PTP1B~~
mice. Because activation of caspase-8 is one of the first events following activation
of the Fas receptor, these data demonstrate that one of the earliest events in Fas-
induced apoptosis is abrogated in PTP1B~~ mice. Protection against Fas-mediated
apoptosis in the liver of PTP1B~~ mice correlated with an elevation and/or activation
of numerous anti-apoptotic signaling proteins including FLIP; , ERK1/2, and NF-«B.
In addition, the resistance of PTPIB~~ hepatocytes to Fas-mediated apoptosis also
required tyrosine kinase activity, because as occurred with TGFE-B [67], PTP1B~-
hepatocytes were rendered susceptible to Fas-mediated apoptosis by pretreatment
with genistein. Upon analysis of different PTP1B substrates, it was found that
HGFR/Met showed sustained tyrosine phosphorylation and increased activation of
its downstream mediator ERK1/2 in both livers and primary hepatocytes lacking
PTPI1B after Jo-2 treatment. The observation that the majority of PTP1B~~ mice are
protected against Fas-mediated liver damage suggests that pharmacological manipu-
lation of PTP1B activity may constitute a viable therapeutic modality for treatment
against hepatotoxins and liver damage. A similar inhibition of caspase induction and
death receptor-induced liver damage was demonstrated for the compound suramin
[26]. Notably, suramin is an inhibitor of PTP1B at concentrations shown to provide
protection to death receptor-mediated liver damage. This effect is promising since
the efficacy of PTP1B inhibitors in hepatoprotection remains unexplored.

Perspectives

The close association between hepatic insulin resistance and progression to nonalco-
holic fatty liver disease (NAFLD) and T2DM is a severe health problem [3, 12, 52,
53]. Therefore, the identification of the factors contributing to the development of
hepatic insulin resistance including critical nodes of the insulin signaling pathway
such as PTP1B will be of benefit in the discovery of new drug targets. The present
chapter provides evidence of the complexity of PTP1B cellular actions in the liver that
involve regulation of metabolism, proliferation, and survival. Since PTP1B inhibitors
are potential antidiabetic drugs and, in addition, might be used to alleviate hepatotox-
icity, their tissue-specific effects in these processes should be carefully evaluated.
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Chapter 7
PTP1B in Obesity-Related Cardiovascular

Function

Pimonrat Ketsawatsomkron, David W. Stepp,
and Eric J. Belin de Chantemele

Abstract Protein tyrosine phosphatase 1B (PTP1B), a molecular brake on leptin and
insulin signaling pathways, is an important regulator of metabolic functions. Due to
the close proximity between the signaling pathways regulating the metabolic and the
cardiovascular systems, it has been hypothesized that PTP1B might have a role in the
control of cardiovascular functions in the context of metabolic disorders. Evidence
from population-based studies demonstrates that polymorphisms of the human
PTP1B gene, PTPNI, predispose to both type II diabetes and cardiovascular disease,
including hypertension and atherosclerosis. Consistent with these findings, genetic
deletion of PTP1B in lean and obese animal models has proven to be protective
against obesity-induced hypertension and endothelial dysfunction. While both human
and animals studies mostly support indirect effects of PTP1B on the cardiovascular
system via its control of metabolic function, evidence from in vitro studies suggests
direct effects of PTP1B on endothelial and vascular smooth muscle cell integrity.
Taken together these data identify PTP1B as a major regulator of cardiovascular func-
tion and suggest that manipulation of PTP1B expression and activity could provide a
novel therapeutic approach to prevent obesity-related cardiovascular disease.
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Abbreviations

Akt Protein kinase B

Ang 11 Angiotensin II

BAEC Bovine aortic endothelial cell
bFGF Basic fibroblast growth factor
BMO Bis(maltolato)-oxovanadium
EGF Epidermal growth factor
eNOS Endothelial nitric oxide synthase
ET-1 Endothelin-1

FAK Focal adhesion kinase
HbAlc Glycosylated hemoglobin

IR Insulin receptor

IRS1 Insulin receptor substrate 1
JAK2 Janus kinase 2

KO Knockout

LZR Lean Zucker rat

MAP Mean arterial pressure
MAPK Mitogen-activated protein kinase
NF«xB Nuclear factor kB

NO Nitric oxide

NOX1 NADPH oxidase 1

NOXA1 NADPH oxidase activator 1
Noxol NADPH oxidase organizer 1

OZR Obese Zucker rat

PDGF Platelet-derived growth factor

PI3K Phosphatidylinositide 3-kinases

PKA Protein kinase A

PTPIB Protein tyrosine phosphatase 1B

PTPNI1 Protein tyrosine phosphatase non-receptor type 1
ROS Reactive oxygen species

SMC Smooth muscle cell

STAT Signal transducer and activator of transcription
TNFalpha Tumor necrosis factor alpha

VCAM Vascular cell adhesion molecule

VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
VSMC Vascular smooth muscle cell

Introduction

In the early nineties, a growing interest emerged on the use of insulin sensitizers to
prevent insulin resistance and type II diabetes. The group of John McNeill in
Vancouver, Canada, asked the question of whether improving insulin sensitivity



7 PTPIB in Obesity-Related Cardiovascular Function 131

with compounds such as vanadate or bis(maltolato)-oxovanadium (BMO) would
prevent the cardiovascular dysfunction associated with insulin resistance and obe-
sity. Using spontaneously hypertensive rats [1], a model of insulin resistance, or
obese Zucker rats (OZRs), a model of insulin resistance associated with obesity [2],
McNeill’s group demonstrated that chronic treatment with BMO for a duration of
8—14 weeks ameliorated age-dependent increases in systolic blood pressure. Using
a similar approach, this group also reported that a 25-day sodium orthovanadate
treatment blunted obesity-induced increases in aortic constriction in response to
sympathetic stimulation, endothelin 1, or depolarization [3]. However, improving
insulin sensitivity with sodium orthovanadate did not restore aortic endothelial
function nor did it prevent obesity-induced changes in mesenteric artery reactivity
[3]. Although the cardio-protective effects of insulin sensitizers were substantial,
their mechanisms of action were, at that time, completely unknown. Concomitantly
to these studies, a growing interest was developing in protein tyrosine phosphatases
(PTPs) and their crucial role in signaling pathways was rapidly being unraveled.
Vanadate, used in the previous studies as an insulin sensitizer, was soon identified
as an inhibitor of PTPs [4, 5] and notably as a nonspecific inhibitor of protein tyro-
sine phosphatase 1B (PTP1B) [6], arguing for a role for PTPs and more specifically
for PTP1B in the regulation of cardiovascular function.

PTPIB is an ubiquitously expressed PTP which regulates insulin signaling by
dephosphorylating the insulin receptor tyrosine kinase, reducing its kinase activity
and thus inhibiting insulin signaling. Deletion of PTP1B in mice results not only in
an increase in insulin sensitivity [7] but also in resistance to diet-induced obesity,
most likely due to the role played by PTP1B in the control of leptin signaling [8, 9].
Indeed, PTP1B is also a molecular break on leptin signaling pathway [8, 9]. As
described in more detail in the other chapters of this book, activation of the leptin
signaling pathway requires leptin binding to its long form receptor. Upon binding,
leptin triggers the autophosphorylation of its receptor-associated tyrosine kinase,
janus kinase 2 (JAK?2), which leads to the phosphorylation of tyrosine residues on
the leptin receptor. Tyrosine phosphorylation facilitates the binding of signal trans-
ducer and activator of transcription (STAT) proteins and activates downstream tran-
scriptional targets [10]. Consequently, by dephosphorylating JAK2, PTP1B plays a
pivotal role in regulating the leptin signaling pathway.

Obesity, a complex metabolic disorder associated with insulin resistance, hyper-
leptinemia, and hyperlipidemia, is a major risk factor for the development of cardio-
vascular disease including hypertension [11], endothelial dysfunction, coronary
heart disease, and heart failure. Insulin and leptin tightly control not only metabolic
function but also regulate cardiovascular function through their ability to directly
modulate sympathetic tone and relax blood vessels via the stimulation of nitric
oxide (NO) released from vascular endothelial cells. This complex interaction of
leptin and insulin in the control of metabolic and cardiovascular functions positions
PTPI1B, which regulates both signaling pathways, as a major regulator of metabolic
and cardiovascular function. In this chapter, our goal is to highlight studies ranging
from human genetics to animal models and cell culture, in order to decipher the role
of PTP1B in obesity-related cardiovascular diseases.
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PTP1B Gene Polymorphisms and Cardiovascular Function

As mentioned earlier, due to its crucial role in the regulation of insulin and leptin
signaling pathways, PTP1B has been suggested to be involved in the polygenic
pathogenesis of obesity and type 2 diabetes. Hence, the PTP1B gene, PTPNI, has
been explored as a candidate gene for insulin resistance, metabolic syndrome, and
obesity-related cardiovascular dysfunction. PTPNI is located on chromosome
20q13 in humans and on the distal arm of the chromosome 2 in mice. In both spe-
cies, these two chromosomes have been linked to obesity, fasting serum insulin
levels, and type 2 diabetes [12, 13]. To determine whether PTPN1 is involved in the
occurrence of metabolic syndrome and its related cardiovascular diseases, searches
for polymorphisms in both the regulatory and the coding region of the human
PTPI1B gene have been conducted which led to the identification of several single
nucleotide polymorphisms (SNPs). Because of the low allele frequency (<2 %) and/
or the nature of the sequence variation (silent or intronic), only one single SNP
localized in the 3" UTR region of the PTP1B gene (184insG) was considered for
association studies with markers of insulin resistance and cardiovascular dysfunc-
tion in two Italian populations [14]. Within these two different populations, the
1484insG variation was the only SNP associated with several features of insulin
resistance (higher values of the insulin resistance HOMA index, serum triglycer-
ides, and total/HDL cholesterol ratio), but also with a higher blood pressure in
females [14]. Similar associations between PTPNI polymorphisms, indexes of
insulin resistance, and hypertension have also been reported in other ethnicities.
While studying a French cohort, Cheyssac et al. identified a risk allele homozygous
for SNP rs2426159 for increased systolic blood pressure [15]. Olivier ef al., in a
study focused on Americans of Chinese and Japanese descent, found an association
of individual SNPs and the resulting haplotype, with alterations in lipid profiles and
hypertension. A strong association of common risk haplotypes with hypertension
was found in the two populations studied [16]. Furthermore, within the 14 PTPNI
SNPs identified and the six genotyped, the strongest association with body mass
index, a common risk factor for hypertension, metabolic syndrome, and cardiovas-
cular complications, was seen with SNP g.54281T > A. Consistent with this latter
study, Gu et al. demonstrated that T allele carriers of g.54281T>A and A allele
carriers of 15/37C > A had higher risk of hypertension in a Chinese population living
in China [17]. Santaniemi et al. identified different polymorphisms and concluded
that the PTPNI IVS6+G82A polymorphism is associated with BMI, albuminuria,
HbAlc, and hypertension in Finnish type 2 diabetic patients [18]. Although no
unique SNP was identified in the above studies, they all concluded that there is
indeed an association between PTPNI polymorphisms and markers of metabolic
dysfunction and hypertension. Reasons for non-replication of association studies or
identification of different polymorphisms between studies are numerous and might
include population heterogeneity, ethnic stratification, and population-specific link-
age disequilibrium between markers and causal variants, as well as sample size.
Studies associating PTP1B gene variation with metabolic and cardiovascular
dysfunctions raised the question of whether cardiovascular disease and type 2
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diabetes occur together because they share common predisposing causes or whether
the metabolic dysregulation leads to cardiovascular disease. Using data from the
Diabetes Heart Study, designed to identify genes contributing to the cardiovascular
complications of type 2 diabetes, Donald Bowden’s group confirmed that PTPNI
polymorphisms are associated with type 2 diabetes [19] and assessed whether sub-
clinical arteriosclerosis in type 2 diabetic patients is associated with PTPNI poly-
morphisms. They tested the hypothesis that the common haplotypes known to
increase the risk of type 2 diabetes and insulin resistance would also be associated
with an increase in cardiovascular disease [20]. By genotyping 23 SNPs in 590
Caucasian Americans with type 2 diabetes, these authors reported that the PTPN1
184insG SNP, mentioned earlier and associated with hypertension in Italian females
[14], was indeed associated with carotid artery-calcified plaques. However, the rar-
ity of this SNP in the Diabetes Heart Study cohort (as well as in the Italian popula-
tion [14]) suggests that these results should be viewed with caution, as mean
genotypic values were highly influenced by a few individuals. Nevertheless, the
haplotype analysis performed revealed that the nine-SNP haplotype GACTTCAGO,
previously linked to type 2 diabetes, insulin resistance, and fasting blood glucose, is
significantly associated with increased coronary artery-calcified plaques, suggesting
an influence of the PTP1B gene on the phenotype of coronary artery calcification in
type 2 diabetic patients. Interestingly, correlation studies revealed that coronary
artery-calcified plaques and body mass index were not correlated and adjustment for
BMI did not alter the outcome of the study. This suggests that the association of
PTP1B SNPs with coronary artery-calcified plaques occurs independently of obe-
sity. All together, these studies implied that PTPNI contributes to genetic risk of
type 2 diabetes, obesity, hypertension, and subclinical cardiovascular diseases and
suggested a pleiotropic role for PTPNI in the determination of these traits.

While human genetic studies provide an appropriate tool to identify PTPNI
polymorphisms and their association with markers of metabolic and cardiovascular
impairments, a strictly genetic approach has the limitation of being purely descrip-
tive and of not allowing for an assessment of protein function. The question of
whether PTP1B may play a direct role in the control of cardiovascular function can
be addressed in animals and cell culture models via the use of pharmacological and
genetic approaches.

PTP1B, Insulin Sensitivity, and Cardiovascular Function

Vascular tone and more specifically vascular relaxation is under the control of a thin
layer of endothelial cells lining the interior surface of the vascular lumen. Blood
flow (shear stress) stimulates the endothelial cells and triggers the secretion of the
vasorelaxant agent NO by the endothelium NO synthase (eNOS). Flow-mediated
eNOS stimulation involves the activation of the PI3 Kinase/Akt signaling pathway
[21, 22], which requires tyrosine phosphorylation. This led to the hypothesis that
PTPIB may control flow (shear stress)-mediated vascular relaxation. Using three
structurally different PTP1B inhibitors, the group of Vincent Richard, in Rouen,
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France reported that PTP1B inhibition restored chronic heart failure-induced vascu-
lar dysfunction [23]. Consistent with the beneficial effects of these inhibitors, this
group also demonstrated that despite reducing baseline flow-mediated relaxation,
PTPIB deficiency in mice prevents chronic heart failure-induced endothelial and
cardiac dysfunction [24]. However, although it was demonstrated that PTP1B is
expressed in endothelial cells and that the beneficial effects of PTP1B inhibition
involved the PI3 Kinase/Akt signaling pathway [23], the specific mechanisms by
which PTP1B inhibition restored the impaired flow-mediated dilation in chronic
heart failure are still unknown. As mentioned earlier, the insulin receptor (IR) is one
of the main targets of PTP1B. Consequently, the likelihood that PTP1B inhibition
restores endothelial function through an increase in insulin sensitivity in the model
of chronic heart failure persists.

Contrary to the role of PTP1B in flow-mediated dilation, the role of PTP1B in the
control of insulin sensitivity is well described. Given that PTP1B knockout (KO)
mice demonstrate increased insulin sensitivity [7, 25], our group hypothesized that
improving insulin sensitivity via PTP1B deletion in obese mice would prevent
obesity-induced cardiovascular dysfunction. To test this hypothesis, PTP1B-deficient
mice (on a mixed C57Bl/6-Balb/C background) were crossed with obese leptin
receptor-deficient (db/db) mice. The resultant double KO mouse model, despite being
obese, had improved peripheral insulin sensitivity as reflected by a reduced HbAlc
index, improved glucose tolerance, and a higher level of IR phosphorylation in mus-
cle and fat compared to the obese leptin receptor-deficient mice [26]. Surprisingly,
hepatic insulin signaling was unimproved, suggesting that PTP1B’s role in insulin
resistance may be tissue-specific. To determine whether increasing insulin sensitivity
in obese mice affects vascular function, we isolated mesenteric arteries and analyzed
their reactivity on a pressurized myograph. We reported that correction of peripheral
insulin resistance in obese mice prevents obesity-induced impaired vascular relax-
ation (Fig. 7.1). This improvement of endothelial function was associated with a
reduction in the level of reactive oxygen species (ROS) produced at the level of the
vasculature, as well as with a reduction in the expression of the ROS-generating
enzyme NADPH oxidase 1 (NOX1) and its two regulatory enzymes Noxal and
Noxol [26]. Whether this improvement is the reflection of enhanced insulin sensitiv-
ity or whether it involves a direct effect of PTP1B on ROS generation at the vascular
level was not determined in this study. However, lean mice deficient in PTP1B did not
exhibit improved endothelial function nor did they present a reduced expression level
in ROS-generating enzymes. These latter data support an indirect effect of PTP1B
deletion via increased insulin sensitivity. Consistent with this notion, liver-specific
deletion of PTP1B does not protect against diet-induced obesity, but maintains glu-
cose tolerance, improves lipid homeostasis, and prevents mice from obesity-induced
endothelial dysfunction [27], further supporting the theory that PTP1B deficiency
does not improve cardiovascular function through direct mechanisms but rather via
enhanced insulin sensitivity and improvement of the associated plasma milieu.

Another piece of data generated by our group further supports the theory that
PTP1B-deficiency prevents obesity-induced cardiovascular dysfunction. The double
KO model described previously [26] and generated by crossing obese leptin recep-
tor-deficient mice with PTP1B KO mice was used to demonstrate whether deletion
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Fig. 7.1 Increasing insulin sensitivity via PTP1B deletion, in obese mice, prevents obesity-
induced endothelial dysfunction. Endothelium-dependent relaxation to acetylcholine in lean con-
trol (Hg,Hprpig), lean PTP1B KO (HyKprpip), obese (KgHprpig), and obese PTP1B KO mice
(KaKprpip). Data are mean +sem, *p<0.05 vs. HyHprp s (adapted from Ali MI, Ketsawatsomkron
P, Belin de Chantemele EJ, Mintz JD, Muta K, Salet C, et al. Deletion of Protein Tyrosine
Phosphatase 1b Improves Peripheral Insulin Resistance and Vascular Function in Obese, Leptin-
Resistant Mice via Reduced Oxidant Tone. Circ Res. 2009;105:1013-22)

of PTPIB in obese animals would blunt the increase in blood pressure associated
with obesity [28]. Our study demonstrated that deletion of PTP1B in obese leptin
receptor-deficient mice abolished obesity-induced hypertension. However, PTP1B
deletion did not affect the blood pressure of lean animals on the mixed C57B1/6-
Balb/C background. This suggests that PTP1B modulates blood pressure by indirect
means rather than through direct effects of PTP1B on mechanisms of control of
arterial pressure. However, the hypothesis of the indirect effects of PTP1B on the
cardiovascular function was recently challenged by the group of Debra Diz. Indeed,
these authors observed that an acute bilateral injection of an allosteric PTP1B inhibi-
tor in the nucleus tractus solitarius resulted in a transient decrease in resting blood
pressure and heart rate in Sprague-Dawley rats. These direct effects of PTP1B inhi-
bition on blood pressure and heart rate were associated with an impaired baroreflex
sensitivity characterized by an reduced bradycardic response to phenylephrine [29].
Control data demonstrating specific inhibition of PTP1B in the nucleus tractus soli-
tarius would nevertheless strongly support the observations of this study.

PTP1B, Leptin Sensitivity, and Cardiovascular Function

As described earlier, besides being a major regulator of the insulin signaling path-
way, PTP1B is also a molecular brake on the leptin signaling pathway [8, 9]. Well-
recognized for its role in the control of appetite and energy expenditure, leptin is
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Fig. 7.2 PTPIB deletion increases baseline blood pressure and hemodynamic response to leptin
infusion: Baseline and mean arterial pressure (MAP) response to leptin infusion (10 ug/day,
0.5 uL/h), determined by telemetry, in wild-type and PTP1B knockout mice. Data are mean +sem,
*p<0.05 vs. WT, **p<0.001 vs. WT (adapted from Belin de Chantemele EJ, Muta K, Mintz J,
Tremblay ML, Marrero MB, Fulton DJ, et al. Protein Tyrosine Phosphatase 1B, a Major Regulator
of Leptin-Mediated Control of Cardiovascular Function. Circulation. 2009;120:753-63)

also involved in the control of cardiovascular functions through its ability to increase
sympathetic activation of the kidneys, the vasculature, and the heart [30-33].
Because obese patients present with an increased sympathetic tone [34-36], it has
been postulated that leptin could be the link between the metabolic and cardiovas-
cular dysfunction associated with obesity. The key role of PTP1B in the control of
leptin signaling led us to hypothesize that PTP1B modulates leptin-mediated car-
diovascular action. The role of PTP1B in leptin-mediated control of cardiovascular
function was analyzed by determining the cardiovascular phenotype of PTP1B KO
mice on the Balb/C background. Analyzing the cardiovascular function of con-
scious animals via radiotelemetry, we observed an increase in baseline blood pres-
sure and a trend towards an increase in heart rate in the KO animals (Fig. 7.2) [37].
The increase in blood pressure and heart rate was also associated with an increased
sympathetic tone as reflected by an exaggerated blood pressure response to gangli-
onic blockade. Since PTP1B controls both leptin and insulin sensitivity, and since
both leptin and insulin control sympathetic tone, we questioned whether the increase
in blood pressure was the reflection of increased leptin and/or insulin sensitivity. To
distinguish between these possibilities, the animals were challenged with a 7-day
infusion of either leptin or insulin. Leptin but not insulin treatment further raised the
elevated baseline blood pressure of the KO animals, suggesting that PTP1B modu-
lates leptin-mediated control of blood pressure. Although these data clearly suggest
that PTP1B influences the blood pressure response to exogenous leptin, no mecha-
nism responsible for the elevated baseline blood pressure has been identified yet.
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Whether PTP1B deletion directly influences blood pressure or only sensitizes the
cardiovascular response to endogenous leptin still remains to be determined.
Interestingly, as mentioned above, the PTP1B KO mice on a mixed C57Bl/6 —
Balb/C background, used to generate the double KO mice described previously, are
normotensive [28]. The aforementioned data suggest an influence of the genetic
background on the blood pressure response to PTP1B deletion.

Notably, while studying the vascular function of the PTP1B KO mice on the
Balb/C background, an impaired vascular adrenergic tone was also identified in the
PTP1B-deficient mice. PTP1B KO mice presented a reduced constriction to the o;-
adrenergic receptor agonist phenylephrine both in vivo and ex vivo [37], compared
to wild-type controls. The constrictor response to serotonin or potassium chloride
(depolarization) as well as endothelium-dependent relaxation was not affected in
these mice. The reduction in vascular adrenergic tone observed with PTP1B deletion
has been reproduced in wild-type mice with chronic leptin infusion [38]. In both
cases, the reduction was blocked by pretreatment with the o;-adrenergic receptor
antagonist prazosin. These studies suggest that PTP1B-deficiency, similar to leptin
infusion, modulates vascular adrenergic tone through increased sympathetic tone
and likely rules out a direct effect of PTP1B on the adrenergic signaling pathway.

Evidence for a Role of PTP1B in the Vasculature

Insulin resistance syndromes generally are accompanied by both macrovascular and
microvascular diseases. Multiple lines of evidence suggest that an imbalance of
insulin signaling in the vascular tissues, namely in endothelial cells and smooth
muscle cells (SMCs), plays a role in determining vascular complications. PTP1B
has been shown to be a key modulator of the insulin signaling pathway in various
insulin-sensitive tissues [39]. It is important to note that the major components of
the insulin signaling pathway in endothelium and smooth muscle appear to be simi-
lar to those in liver, skeletal muscle, and adipose tissues, raising the possibility that
PTPI1B regulates insulin signaling in the vasculature. The physiological effects of
insulin in the vasculature, however, extend beyond the regulation of cellular metab-
olism. Highlights of studies indicating a role for PTP1B in vascular cell types, both
in an insulin-dependent and insulin-independent manner, are discussed below.

Endothelial Cell

PTP1B mRNA and protein have been shown to be expressed in endothelial cells in
both isolated cultures and in intact vessels [23, 40, 41]. Overexpression of PTP1B
in bovine aortic endothelial cells (BAECs) was sufficient to reduce insulin-mediated
activation of Akt and NO production [42], suggesting that PTP1B might be impor-
tant in the regulation of endothelial function. Dysfunction of the vascular
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endothelium, a condition frequently associated with insulin resistance, is tightly
associated with cardiovascular complications [43]. Insulin not only regulates glu-
cose homeostasis in the vasculature, but it also is involved in the production of NO
[44], a critical regulator of vascular tone and growth. Through activation of IRS-1/
PI3-K/Akt, insulin stimulation in endothelial cells results in NO release [45-48]. In
contrast, activation of mitogen-activated protein kinase (MAPK) is required for
insulin-induced secretion of endothelin-1 (ET-1) [49] as shown previously in
BAEC:s. Pretreatment with the PI3-K inhibitor wortmannin had no effect on insulin-
induced activation of MAPK and ET-1 release, while pretreatment with the MAPK
inhibitor, PD98059, completely blocked this effect of insulin [50]. In addition,
PD98059 had no effect on Akt activation induced by insulin [50], suggesting that
insulin-induced activation of Ras/MAPK pathways and PI3-K/Akt is totally inde-
pendent, at least in vascular endothelial cells. The impairment of insulin-induced
activation of the IRS-1/PI3-K/Akt pathway, with simultaneous sustained activation
of the Ras/MAPK, has been shown in the vasculature of different models of insulin
resistance [49, 51-54]. Insulin-induced activation of IR/IRS1/PI3-K/Akt was
impaired significantly in the vasculature of obese compared to lean rats [51, 52, 54].
In contrast, the activation of p42/44 MAPK stimulated by insulin in the vasculature
was comparable between the groups, suggesting a selective resistance to the PI3-K
pathway but not the MAPK pathway in an insulin-resistant state [51, 52].
Consistently, the response to acetylcholine-induced vasodilation was reduced sig-
nificantly in the aorta of high fat-fed rats and coronary artery of OZRs compared to
control rats [54, 55]. These data suggest that endothelial dysfunction occurs both in
conduit and resistant vessels of obese animal models. In addition, in high fat-fed
rats, insulin-induced activation of IRS-1/PI3-K is decreased, leading to reduced aor-
tic eNOS protein expression and activity, while p42/44 MAPK is hyperactivated
[54]. Although impairment of insulin-induced eNOS gene expression has been
reported in obese animals [53], this finding appears inconsistent. Fulton et al.
reported that protein expression of eNOS in aorta did not differ between OZR and
lean Zucker rat (LZR) [42]. Alternative mechanisms have been proposed for endo-
thelial dysfunction during insulin resistance rather than decreased eNOS expres-
sion. For example, Molnar et al. reported that eNOS protein expression was not
changed in the femoral artery from high fat-fed mice, but disruption of eNOS
dimers, leading to a reduced NO production, was found instead [56]. Therefore,
insulin resistance in endothelium might result in imbalance of NO and ET-1 produc-
tion. It remains unclear whether PTP1B participates in this process.

On the other hand, PTP activity including PTP1B can be inhibited by NO through
S-nitrosylation of the active site cysteine residue. Gain of eNOS function, accompa-
nied by increased NO production, leads to enhanced insulin signaling by inhibition
of PTP activity in vitro. Interestingly, ablation of eNOS by siRNA suppressed
insulin-induced activation of IR, insulin receptor substrate (IRS), and Akt in murine
endothelial cells [57]. Taken together, these findings suggest a model whereby
enhanced insulin signaling is achieved indirectly via NO inhibition of PTPs. It
remains, however, to be determined whether this mechanism is evoked in states of
insulin resistance, when NO is diminished.
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In addition to the IR, other PTP1B substrates include the epidermal growth factor
(EGF), insulin-like growth factor 1, platelet-derived growth factor (PDGF) recep-
tors, and cadherin proteins [58], suggesting that alteration of PTP1B activity could
affect the physiological functions conferred by these signaling molecules. For
example, angiogenesis has been shown to be regulated by PTP1B, at least partly
through regulation of vascular endothelial growth factor receptor (VEGFR).
Activation of VEGFR by vascular endothelial growth factor (VEGF) is important in
initiating angiogenesis. Transduction of catalytically inactive PTP1B enhanced,
while overexpression of wild-type PTP1B inhibited autophosphorylation of
VEGFR-stimulated by VEGF in human umbilical vein endothelial cells. The inhibi-
tion of VEGFR signaling by PTP1B is associated with inhibition of VEGF-
stimulated endothelial cell proliferation and stabilizes VE-cadherin-mediated
cell—cell adhesion. All of these findings in vitro indicate that PTP1B acts to nega-
tively counteract VEGFR activation [59]. Moreover, the angiogenic response to
hindlimb ischemia involves a dramatic increase in PTP1B expression and activity,
in a mouse model of femoral artery resection [59]. It remains unclear whether inhi-
bition of PTP1B will promote angiogenesis during ischemia in vivo. Notably,
PTP1B expression has also been found in circulating angiogenic cells (CACs), pro-
genitor cell types critical for neovascularization, and endothelial repairs [60].
Elevated expression of PTP1B was observed in CACs isolated from obese, hyper-
leptinemic individuals. Pharmacological inhibition of PTP1B restored the sensitiv-
ity of CACs to the angiogenic effects of leptin, consistent with other studies that
leptin signaling is a target of PTP1B.

PTP1B has also been shown to participate in regulation of pulmonary endothelial
barrier during acute lung injury. Overexpression of dominant negative PTP1B in
cultured pulmonary endothelial cells, as well as in the vasculature of intact murine
lungs resulted in decreased pulmonary endothelial barrier and the formation of
edema. Conversely, increased expression of wild-type PTP1B enhanced endothelial
barrier function. Increase in PTP1B oxidation accompanied by reduced activity was
observed following LPS treatment in lung microvascular endothelial cells.
Overexpression of the oxidant resistant form of PTP1B significantly inhibited LPS-
mediated increases in endothelial monolayer permeability and pulmonary edema in
mice [61]. Alternatively, activation of endothelial PTP1B is required for vascular
adhesion molecule, VCAM-mediated leukocyte transendothelial migration, a criti-
cal process for inflammatory responses [62].

Vascular Smooth Muscle Cells

Studies in vascular smooth muscle cell (VSMC) have demonstrated significant roles
for PTP1B, particularly in regulation of growth signaling. Studies by Hassid ez al.
reported that knockdown of PTP1B using antisense oligonucleotides resulted in
increased VSMC mobility via enhanced tyrosine phosphorylation of several focal
adhesion proteins, including paxillin, focal adhesion kinase (FAK), and p130< [63].
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Additionally, treatment of VSMC with a NO donor leads to an upregulation of
PTP1B and a decrease in VSMC mobility and phosphorylation of adhesion proteins
[64, 65]. These effects of NO were blunted by PTP1B antisense oligos, suggesting
that upregulation of PTP1B is essential for anti-mobility effect of NO in VSMC
[64]. Consistently, insulin-mediated receptor phosphorylation and p44/42 MAPK
signaling were impaired in the presence of NO. Overexpression of mutant PTP1B
was able to inhibit the NO-mediated antagonism of insulin activation, particularly
inhibition of p44/42 MAPK signaling [66], suggesting that PTP1B counteracts
growth signaling in VSMC. These reports appear to be counterintuitive, given that
insulin-mediated effects through MAPK pathway remain sensitive, despite the fact
that PTP1B was upregulated during insulin resistance [9]. If PTP1B is required to
antagonize VSMC growth, upregulation of PTP1B in states of insulin resistance
might prevent VSMC proliferation. Another possibility is that enhanced PTP1B
expression during insulin resistance might be a part of compensation mechanism.
Consistent with this contention, two potent growth factors of neointima formation,
PDGF and basic fibroblast growth factor (bFGF), were shown to increase PTP1B
expression [67, 68]. It was also reported that PTP1B counteracts PDGF-induced
motility and proliferation in rat aortic SMC cultures [65, 69]. Caution must be taken
when considering these effects in the context of a disease state due to the complexity
of signaling interactions. As shown by Zhuang et al., prolonged exposure of VSMC
to insulin (as occurs during hyperinsulinemia) enhanced PDGF-induced mitogenic-
ity by suppressing PTP1B mRNA and protein expression [70]. Clearly, these find-
ings need to be tested in vivo. Confounding effects from plasticity of smooth muscle
cultures may not represent what actually occurs in the intact vessel.

Studies in rat carotid following balloon catheter injury showed that PTP1B
mRNA and protein levels were highly upregulated in proliferating and migrating
SMCs during neointima formation [69, 71]. Given that multiple growth factors and
cytokines are upregulated in the injured blood vessel [69], it is possible that induc-
tion of PTP1B expression was attributable to PDGF and bFGF during neointima
formation. However, it remains unclear what role PTP1B might play during vascu-
lar injury. As mentioned earlier, an upregulation of PTP1B perhaps serves as a com-
pensatory mechanism to turn off growth signaling during vascular injury. To address
this question, subsequent studies by the same group demonstrated that transduction
of dominant negative PTP1B in injured rat carotid artery was sufficient to increase
neointima formation [72], showing that the counter regulatory effect of PTP1B in
growth signaling also exists in vivo.

The aforementioned findings provide evidence that PTP1B might act as a nega-
tive regulator of growth signaling in smooth muscle. However, this notion has been
challenged by others. Haj et al. reported that deletion of PTP1B in fibroblasts results
in sustained and increased tyrosyl phosphorylation of the EGF and PDGF receptors,
but had a little effect, if any, on cascades downstream of EGF and PDGF receptors
[58]. In contrast to this, another study has shown that loss of PTP1B in fibroblasts
leads to a selectively diminished activation of Ras and p44/42 MAPK, whereas acti-
vation of Akt is increased in response to PDGF [73]. These data indicate that PTP1B



7 PTPIB in Obesity-Related Cardiovascular Function 141

potentially acts as a positive regulator for the mitogenic (Ras/MAPK) pathway.
Studies in rat aortic SMC cultures by our group also support this hypothesis. We
reported that angiotensin (Ang) II-mediated SMC insulin resistance was dependent
upon PTP1B activation. Insulin-induced phosphorylation of IR/IRS-1/Akt was sig-
nificantly suppressed by pre-incubation of Ang II [74], whereas activation of growth
signaling (insulin-induced activation of p44/42 MAPK) was enhanced by Ang II.
PTPIB activity was significantly increased following Ang II stimulation. Knocking
down of PTP1B with antisense oligonucleotides reversed the inhibitory effect of
Ang II on insulin-induced activation of IRS-1 and Akt. In contrast, the combined
effect of Ang II and insulin on VSMC growth was completely blunted in PTP1B
antisense transfected group. Additionally, we also observed that Ang II-induced
activation of PTP1B was dependent upon activation of protein kinase A (PKA) and
JAK2 in VSMC [74]. Our data provides further evidence that PTP1B selectively
interferes with IR/IRS-1/Akt, while having a positive impact on MAPK signaling.

Insulin maintains VSMC quiescence and counteracts PDGF-stimulated de-
differentiation via a PI3K-dependent mechanism but promotes VSMC migration
through MAPK [75]. Our data are also in line with the observation that during insu-
lin resistance insulin-mediated IR/IRS-1/Akt is usually impaired whereas growth
signaling remains intact. Moreover, PTP1B protein expression in human media
artery SMCs was upregulated following long-term exposure to high glucose [76],
resulting in VSMC insulin resistance. Other inflammatory signaling such as TNF
alpha through activation of nuclear factor kB (NFkB) has been shown to increase
PTPI1B expression in other tissues [9]. It is interesting to speculate that these inflam-
matory signals attribute to upregulation of vascular PTP1B, hence, leading to imbal-
ance of insulin signaling and vascular complications in type 2 diabetes.

Conclusion

Taken together, the literature reviewed above indicates that PTP1B, besides being a
key regulator of metabolic function, is a major player in the control of cardiovascu-
lar function in the context of obesity and type 2 diabetes. Whether PTP1B modu-
lates cardiovascular function directly or indirectly through the control of metabolic
function remains an active avenue of research. Indeed, whereas in vitro studies
clearly demonstrate that PTP1B regulates vascular function by interfering with vari-
ous receptor tyrosine kinase signaling pathways, both in endothelial and SMCs,
human genetic studies and animals studies argue favorably for indirect effects via
the control of the metabolic function. Although further studies are required to deter-
mine precisely how PTPIB intervenes in the control of cardiovascular function,
current evidence clearly implicates this PTP in the pathogenesis of cardiovascular
dysfunction and suggests that manipulations of PTPIB expression and activity
could provide a novel therapeutic avenue for the treatment of obesity-related cardio-
vascular dysfunctions.
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Chapter 8
Role of the SHP2 Protein Tyrosine
Phosphatase in Cardiac Metabolism

Maria I. Kontaridis, Eleni V. Geladari, and Charalampia V. Geladari

Abstract The heart relies heavily on oxidation and requires an integrally respon-
sive metabolic function to maintain cardiac homeostasis. There is increasing evi-
dence that it is this loss of metabolic flexibility that ultimately leads to cardiac
dysfunction in disease conditions such as diabetes, ischemic heart disease, hypertro-
phic cardiomyopathy (HCM), and heart failure.

The SH2 domain-containing protein tyrosine phosphatase (PTP), Src homology
protein 2 (SHP2), encoded by the PTPN11 gene, is the first PTP to be directly impli-
cated in cardiac disease (Nat Genet, 29(4):465-468, 2001; J Med Genet 39(8):571-
574, 2002; J Med Genet 40(9):704-708, 2003) and is the first identified PTP found
to have a critical role in adult cardiac function (Circulation 117(11):1423-1435,
2008; Mol Cell Biol 29(2):378-388, 2009). Indeed, differing mutations within
SHP2 elicit distinct biochemical properties of the enzyme, each manifesting in a
unique panoply of cardiac defects, including HCM.

Given the already identified key role for SHP2 in the heart, it is likely that SHP2
plays a significant role in cardiac metabolism as well. However, while the critical
signaling pathways necessary for metabolic function in the heart overlap signifi-
cantly with those known to be controlled by SHP2, a direct role for SHP2 in cardiac
metabolism has not yet been elucidated. Here, we will discuss what is known about
the functional role for SHP2 in the heart, how mutations in SHP2 can affect cardiac
disease progression, and what direct or indirect mechanisms may exist for SHP2
regulation of cardiac metabolism.
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Abbreviations

AMPK Adenosine monophosphate-activated protein kinase

ATP Adenosine triphosphate

CHDs Congenital heart defects

CICR Calcium-induced calcium release
CM Cardiomyocyte

Db/Db Diabetes/diabetes
DCM Dilated cardiomyopathy
EGFR Epidermal growth factor receptor

ERK Extracellular regulated kinase
ET-1 Endothelin-1

ETC Electron transport chain
Ex37"~ Exon 3 deleted

FA Free fatty acids

FAK Focal adhesion kinase

FOXO Forkhead box transcription factors

FRS-2 Fibroblast growth factor receptor substrate-2
GAB-1 GRB?2 associated binder-1

GLUT-1  Glucose transporter type-1

GLUT-4  Glucose transporter type-4

GOF Gain-of-function

GPCR G-protein coupled receptor

GSK3p Glycogen synthase kinase 33

HB-EGF Heparin binding-epidermal growth factor
HCM Hypertrophic cardiomyopathy

HF Heart failure

IGF Insulin-like growth factor

IGFR Insulin-like growth factor receptor
IR Insulin receptor

IRS-1 Insulin receptor substrate-1

JAK Janus kinases

LS Leopard syndrome

MAPK Mitogen-activated protein kinase

MEFs Mouse embryonic fibroblasts

MKKG6 Mitogen-activated protein kinase kinase 6
MMPs Metalloproteases

mTOR Mammalian target of Rapamycin

NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
NF-kB Nuclear factor B

NOS Nitric oxide synthase

NRVMs  Neonatal rat ventricular myocytes

NS Noonan syndrome
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Ob/Ob Obesity/obesity
OxPhos  Oxidative phosphorylation
PDGF Platelet-derived growth factor

PI3K Phosphatidylinositol 3-kinase

PKC Protein kinase C

PTEN Phosphatase and tensin homolog deleted on chromosome ten
PTP Protein tyrosine phosphatase

PTPN11  Protein tyrosine phosphatase non-receptor type-11
pY Phosphotyrosyl peptide

RhoA Ras homolog gene family, member A

ROS Reactive oxygen species

RTKs Receptor tyrosine kinases

SFK SRC family kinase

SH2 Src homology 2

SHP2 Src homology protein 2

STAT Signal transducer activator of transcription
T-tubule  Transverse tubule

UT-1I Urotensin-II

SHP2: Structure, Regulation, and Signaling

The Src homology 2 (SH2) domain-containing PTP Src homology protein 2 (SHP2)
is a ubiquitously expressed non-receptor protein tyrosine phosphatase (PTP) con-
taining two SH2 domains, a PTP domain and a C-terminal tail with two tyrosine
phosphorylation sites and a proline-rich motif [1]. The SH2 domains play a key role
in both the conformational regulation and cellular targeting of the phosphatase. In
the basal state, the backside loop of the N-SH2 of SHP2 is wedged into the PTP
domain, rendering it both physically and chemically inactive [2] (Fig. 8.1). Binding
of SHP2 to a phosphotyrosyl (pY) protein alters the conformation of its N-SH2
domain, preventing interaction of the backside loop with the PTP domain, thereby
unfolding the enzyme and resulting in phosphatase activation [2—4]. Therefore,
binding of the N-SH2 domain to a pY interacting protein is coupled to the activation
of the phosphatase. The interaction of SHP2 with pY proteins, such as receptor
tyrosine kinases (RTKs), cytokine receptors, scaffolding adapters [e.g., IRS-1
(Insulin Receptor Substrate-1), GAB-1 (GRB2 Associated Binder-1) and FRS-2
(Fibroblast growth factor Receptor Substrate-2) proteins], and immune inhibitory
receptors mediates downstream signaling events that control important cellular pro-
cesses such as proliferation, differentiation, and apoptosis [5].

SHP2 is intricately involved in regulatory cellular function. SHP2 is required for
Ras/Extracellular Regulated Kinase (ERK) pathway activation by nearly all RTKs,
cytokine receptors, and integrins [5-8]. SHP2 can bind either directly to RTKs,
cytokine receptors, and/or integrins or indirectly through scaffolding or adapter pro-
teins in order to become activated [5]. Cells expressing dominant negative SHP2 [9]
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RPTK SH2

YD

pY

SH2

Fig. 8.1 SHP2 mechanism of action. In the basal state, the backside loop of the N-SH2 of SHP2
is wedged into the PTP domain, rendering the PTP domain physically and chemically inactive.
Binding of SHP2 to an activated tyrosine kinase receptor and/or a tyrosyl phosphorylated scaffolding
protein alters the conformation of SHP2, unfolding the enzyme, and resulting in phosphatase acti-
vation. This then allows access for binding of its substrates (S) to the catalytic pocket, where they
can be dephosphorylated

or SHP2 Exon 3 deleted (Ex37~) mouse embryonic fibroblasts (MEFs) [10] exhib-
ited defective Ras activation, suggesting SHP2 acts upstream of Ras. However,
other in vitro experiments showed that a catalytically inactive mutant of SHP2 could
perturb (at least some) components of downstream signaling, even in the presence
of a constitutively active Ras, suggesting that SHP2 may function in an upstream
and/or parallel pathway to Ras [11, 12].

Despite extensive study, however, the mechanism(s) by which SHP2 mediates
Ras/ERK activation remain controversial. SHP2 has been implicated in RTK-
evoked Src family kinase (SFK) activation, with SFKs in turn being required for
sustained Ras activation [13]. Other suggested targets include the RasGap binding
sites on some RTKs [14, 15] and the regulatory pY sites on Sprouty proteins, a fam-
ily of Ras inhibitors [16, 17]. Besides its positive signaling functions, SHP2 nega-
tively regulates the phosphatidylinositol 3-kinase (PI3K)/AKT pathway in
Epidermal Growth Factor Receptor (EGFR) signaling, but is required, at least in
some cases, for Platelet-Derived Growth Factor (PDGF) and Insulin Growth Factor
(IGF)-evoked AKT activity [12, 18]. Additional functional roles for SHP2 have
been reported in Janus kinase (JAK)/Signal Transducer Activator of Transcription
(STAT) [5], Nuclear Factor B (NF-kB) [7], and RhoA [19] signaling pathways.
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Role for SHP2 in Cardiac Function

Because SHP2 can modulate signaling pathways downstream of multiple RTKSs,
integrin, and cytokine receptors, a defect in SHP2 can trigger complex cardiac dis-
ease phenotypes [20]. In an in vivo study, SHP2 was shown to be a critical regulator
of normal adult cardiac function through its regulation of both the ERK and RhoA
signaling pathways. Mice with muscle-specific deletion of Ptpnil rapidly devel-
oped severe dilated cardiomyopathy (DCM), without an intervening hypertrophic
phase and with signs of cardiac dysfunction [21]. SHP2-deficient primary cardio-
myocytes (CMs) isolated from these mice showed defective ERK activation in
response to a variety of soluble agonists as well as to pressure overload, but also had
hyperactivation of RhoA signaling, suggesting that both of these pathways contrib-
ute significantly to the dilated phenotype in SHP2-deficient hearts [21].

SHP2 has an already demonstrated role in controlling CM size in response to
biomechanical stress by a mechanism that is dependent on focal adhesion kinase
(FAK), SRC, and mTOR activities [22]. Low phosphorylation levels of FAK in
nonstretched neonatal rat ventricular myocytes (NRVMs) coincided with a rela-
tively high basal association of FAK with SHP2 and an increase in SHP2 phospha-
tase activity. In response to biomechanical stress, however, FAK/SHP2 association
subsided and FAK phosphorylation increased, suggesting SHP2 negatively regu-
lates hypertrophic signaling pathways in NRVMs. Indeed, depletion of SHP2 by
specific small interfering RNA (siRNA) increased the phosphorylation of FAK and
that of its downstream effectors, SRC, AKT, and mTOR, and induced a hypertro-
phic phenotype in nonstretched NRVMs. Inhibition of mTOR with rapamycin
blunted both the hypertrophy observed in NRVMs depleted of SHP2 as well as the
stretch-induced hypertrophy of NRVMs [22], suggesting that SHP2 is a critical
regulator of the hypertrophic signaling process in CMs.

In addition, the role for SHP2 in human cardiac pathophysiology has recently
begun to be elucidated. Missense PTPN1] mutations were identified in ~50 % of
cases of Noonan Syndrome (NS), a fairly common (1:1,000-1:2,500 live births)
autosomal-dominant disorder characterized by multiple, variably penetrant defects,
including proportionate short stature, facial dysmorphism, and skeletal anomalies
[1, 23]. In addition, one or more congenital heart defects (CHDs) are usually pres-
ent, including pulmonary valve stenosis with dysplastic leaflets, atrial/ventricular
septal defects, and hypertrophic cardiomyopathy (HCM) [24]. However, genotype-
phenotype correlation studies of NS patients showed that pulmonary valve stenosis
and atrial septal defects were the two most common cardiac abnormalities attrib-
uted to SHP2 [25]; indeed, only 6 % of SHP2-associated NS patients present with
HCM [26, 27], suggesting that HCM is not caused by most NS-specific SHP2
mutations.

Biochemically, nearly all NS-specific SHP2 mutations are activating mutants,
i.e., they have increased PTP activity [28, 29]. Since most of the NS mutations in
SHP?2 reside within the N-SH2 domain interface that allows for the intermolecular
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interactions with the PTP domain, they disrupt the ability of SHP2 to retain the
closed, inactive conformation without affecting the PTP domain. Therefore, NS
mutants display increased basal activity (since they are unfolded) and behave as
gain-of-function (GOF) alleles (since the PTP domain is open and exposed to sub-
strate) [29]. Most, if not all, NS mutations are thought to cause disease by potentiat-
ing the Ras/ERK (and possibly other downstream) signaling pathway(s) [28,
30-34]. Indeed, in a heterozygous mouse model expressing the NS-specific SHP2
mutation D61G (D61G/+), embryos showed multiple cardiac defects, including
enlarged endocardial cushions, all of which were attributed to the observed increase
in ERK activation in these mouse hearts [31].

Dominant SHP2 missense mutations also cause a related, but less well-
characterized disorder, LEOPARD syndrome (LS). LEOPARD is an acronym for
multiple lentigines, electrocardiographic conduction abnormalities, ocular hyper-
telorism, pulmonary stenosis, abnormalities of genitalia, retardation of growth, and
sensorineural deafness [35]. Because NS and LS share several features (pulmonic
stenosis, ocular hypertelorism, growth retardation, genital abnormalities, and deaf-
ness), and each results from SHP2 mutations, they were originally thought to have
similar disease pathogenesis. However, the biochemical properties of LS mutations
were found to be distinct from PTPNII mutations that cause NS. Like the SHP2
mutations associated with NS, LS mutations perturb N-SH2/PTP domain interac-
tions [36]. However, unlike NS, LS mutants typically affect conserved residues
important for PTP catalysis (e.g., Y279, sets the depth of the catalytic cleft; T468,
lies within/near the ‘““signature motif.”) [36]. Therefore, although LS alleles, like NS,
are preferentially found in an open conformation, they are, unlike NS, catalytically
impaired [12, 33, 36]. Indeed, LS mutations behave as dominant negatives and inter-
fere with growth factor and downstream ERK-mediated signaling [36]. A recently
generated heterozygous LS mouse model (Y279C/+) recapitulated nearly all aspects
of the human disorder, including short stature, craniofacial dysmorphia, and mor-
phologic, histologic, echocardiographic, and molecular evidence of HCM [37].
Heart and CM lysates isolated from Y279C/+ mice showed enhanced binding of
SHP2 to IRS-1, decreased SHP2 catalytic activity, and abrogated agonist-evoked
ERK signaling [37]. Interestingly, Y279C/+ mice also exhibited increased basal
and agonist-induced AKT and mammalian target of rapamycin (mTOR) activities,
and the cardiac defects in these mice were completely reversed by treatment with
rapamycin, an inhibitor of mTOR [37]. Indeed, mice with cardiomyocyte-specific
overexpression of another LS mutation, the Q510E, also developed HCM through
a mechanism involving enhanced AKT and mTOR activities [38], together sug-
gesting that the LS mutations in PTPNI] enhance mTOR activity and that this
pathway is critical for LS-associated HCM. Finally, and likely as a consequence
of the increased AKT activity observed in LS mutant cells, glycogen synthase
kinase-33 (GSK3B) hyper-phosphorylation was also observed in LS mutant
fibroblasts [39, 40], suggesting a likely aberrant role for SHP2 loss-of-function
mutations in glucose metabolism and energy storage in the heart, although this has
yet to be determined directly.
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Fig. 8.2 Excitation-contraction coupling in cardiac muscle. The initial event in the cardiac muscle
contraction is membrane depolarization, which occurs with ion entry through connexon channels
from a neighboring cardiomyocyte followed by opening of voltage-gated Na* channels and Na*
entry. The resultant rapid depolarization of the membrane inactivates Na* channels and opens both
K* channels and Ca** channels. Entry of Ca* into the cell triggers the release of Ca** from the
sarcoplasmic reticulum through the ryanodine channel. Ca** then binds to the troponin complex
and activates the contractile apparatus. Cellular relaxation occurs on removal of Ca®* from the
cytosol by the Ca**-uptake pumps of the sarcoplasmic reticulum and by Na*/Ca®* exchange with
the extracellular fluid

Importance of Cardiac Function and Regulation

The heart’s primary function in the body is to maintain proper oxygenation through
contraction. CMs are the cells that can regulate the contractile motion of the heart;
they are critical for pumping blood efficiently to the lungs and to the rest of the body.
To induce this action, the CMs undergo excitation-contraction coupling [41, 42]
(Fig. 8.2). Initiation of the action potential in CMs stems from the entry of sodium
ions across the sarcolemma. As the muscle impulse spreads from the sarcolemma to
the transverse tubule (T-tubule), calcium ions are released into the sarcoplasm. In
addition, an inward flux of extracellular calcium ions enters the cell through L-type
calcium channels to sustain the depolarization and to maximize the duration of con-
traction [43]. Then, through a mechanism of calcium-induced calcium release
(CICR), additional calcium is released into the sarcoplasm from the sarcoplasmic
reticulum, increasing intracellular calcium levels. This increase in calcium flux
inside the cell allows for the calcium ions to bind to the protein troponin on the actin
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filament, allowing it undergo a conformational change that exposes the binding sites
for myosin on actin filaments [44]. Once myosin is bound to actin, it initiates “cross-
bridge cycling,” a process which regulates the rhythmic contraction of cardiac mus-
cle cells [44].

In response to external stimuli and/or pathological stresses such as hypertension,
heart muscle injury (myocardial infarction), or neurohumoral stimulation, addi-
tional signaling pathways (i.e., G-protein coupled receptor (GPCR), RTK, and/or
cytokine[45—47]) become activated, enhancing excitation-contraction coupling, to
allow the heart to compensate for the excess demand [43, 44, 48, 49]. The increased
signaling also induces a pathological remodeling of the heart, making it abnormally
thickened or hypertrophic (HCM) [50, 51]. Therefore, while onset of HCM appears
initially compensatory, over time, when the heart can no longer keep up with the
excess demand, it decompensates, transitions to dilation and, ultimately, to end-
stage heart failure (HF) [50, 52], a serious life-threatening condition and one of the
most common causes of death worldwide [53-55]. Importantly, the pathological
remodeling events in the heart described above are tied to the aberrant up-regulation
of pathways which are, in large part, controlled by SHP2, including GPCR, RTK,
cytokine, and calcium-modulated pathways [45—47].

Mitochondria, Metabolism, and SHP2 in CMs

The heart optimally functions under conditions of aerobic metabolism, with only
about 1 % of energy derived from anaerobic metabolism [56, 57]. Because of the
heart’s ability to delicately balance metabolic respiration, it is capable of compen-
sating, at least to some degree, to a decreased oxygen supply. For example, under
mild to moderate hypoxic conditions, the heart is able to increase anaerobic metabo-
lism to ~10 %, in order to maintain proper contraction [58]. However, in cases of
severe hypoxia, the heart loses its ability to produce enough energy via production
of lactate and can no longer sustain ventricular contractions.

Importantly, under normal aerobic conditions, the majority of the energy (~70 %)
needed for heart function comes from free fatty acid (FA) metabolism (fat and tri-
glycerides), whereas only approximately 25 % is generated by glucose metabolism
(carbohydrates) [58]. The remaining 5 % is mediated by amino acids and ketone
bodies. Thus, nutritional and metabolic state is a critical determinant of proper car-
diac function [58].

In the heart, it is the CMs that are the critical regulatory units of metabolism [59].
They utilize adenosine triphosphate (ATP) in order to contract, primarily through
functional signaling effects mediated by mitochondria [56]. Indeed, CMs are largely
made up of mitochondria, which occupy up to 40 % of the heart cell volume [56].
This enables the heart to undergo continuous aerobic respiration via oxidative phos-
phorylation (OxPhos), which accounts for more than 90 % of total ATP production
in the heart [60]. Thus, the necessary demand for continuous energy of the heart can
be achieved by aerobic respiration as mediated by CM mitochondrial function [61].
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Fig. 8.3 SHP2 regulates OxPhos through regulation of c-SRC. Complex I accepts electrons from
the Krebs cycle electron carrier nicotinamide adenine dinucleotide (NADH) and passes them to
UQ (ubiquinone), which also receives electrons from complex II. UQ passes electrons to complex
III which passes them to cytochrome C (Cyt C). Cyt C passes electrons to complex IV which uses
the electrons and hydrogen ions to reduce molecular oxygen to water. SHP2 dephosphorylates Src
at an inhibitory site (Tyr527) inducing its activation, and through this interaction, modulates the
activity of cytochrome C oxidase and the function of OXPHOS machinery

SHP2 is abundantly expressed in the intercristae/intermembrane space of the
mitochondria [62], and therefore, enzymes that comprise the OxPhos machinery
and are found in the inner mitochondrial membrane are thought to be possible direct
or indirect substrates of SHP2. Electron transport chain (ETC) and ATP synthase
comprise the OxPhos machinery. The ETC is a series of electron transferring
moieties that consist of nicotinamide adenine dinucleotide (NADH) dehydrogenase
(complex I), succinate dehydrogenase (complex II), ubiquinol-cytochrome C reduc-
tase (complex III), and cytochrome C oxidase (complex IV) [63] (Fig. 8.3).
Recent studies show that ROS produced by the mitochondrial OxPhos pathway may
contribute to the pathology of NS, where reduced levels of cytochrome C oxidase
and cytochrome C complexes are observed in MEFs containing the NS-specific
SHP2 mutation D61G. Consequently, D61G MEFs showed increased mitochon-
drial damage, likely due to increased production of ROS and reduced ATP levels,
that may, at least in part, contribute to the abnormalities observed in cardiac
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function in these patients. Finally, reduced cytochrome C oxidase (complex IV) was
also observed in D61G MEFs, suggesting that SHP2 may modulate a compensatory
role for increased cytochrome C oxidase activity. Likely, SHP2 may modulate the
terminal step of the ETC, where transfer of the electron occurs from cytochrome C
oxidase to cytochrome C and to molecular oxygen [64].

We cannot rule out the possibility that SHP2 may also indirectly affect mitochon-
drial function through targeting other identified phospho-proteins of the OxPhos
machinery complex [65]. Previous studies during the last decade have shown that
¢c-SRC, a non-RTK that plays a key role in cardiac mitochondria, is localized to the
intermembrane space and activates cytochrome C oxidase by phosphorylation, in an
effort to maintain cellular energy stores. CMs require activation of c-SRC for cyto-
chrome C oxidase activity because of their requirement for high levels of ATP to
maintain cardiac function [66]. Importantly, SHP2 has been shown to associate with
SRC in multiple cell types. In vitro, SHP2 can mediate the dephosphorylation of
SRC at its inhibitory site (Tyr527), thereby inducing its activation [67]. Therefore,
SHP?2 interaction with and regulation of SRC activity may modulate cytochrome C
oxidase in cardiac mitochondria to control the function of the OxPhos machinery in
the heart [64, 68] (Fig. 8.3).

SHP2 may also serve as a direct mediator of cardiac metabolism through its
regulation of both mitogen-activated protein kinase (MAPK) and OxPhos regula-
tion. While the mechanisms for this link are as yet unclear, SHP2 can reduce OxPhos
complexes in hearts of mice that overexpress mitogen-activated protein kinase
kinase 6 (MKKG6), a p38 MAPK activator, thereby causing a subsequent reduction
in respiration and a decrease in ROS production [69].

In addition, Urotensin-II (UT-II)-induced hypertrophy, ERK activity, and EGFR
transactivation were also shown to be mediated by increased production of ROS and
transient oxidation of SHP2 in CMs [70]. By its direct activation of the EGFR,
UT-II, a vasoactive peptide that is secreted by endothelial cells, can mediate onset
of cardiac fibrosis and cardiomyocyte hypertrophy in response to injury [71].
Briefly, high levels of UT-II stimulate matrix metalloproteases (MMPs) to induce
the production of the pro-Heparin Binding-Epidermal Growth Factor (pro-HB-
EGF) precursor, yielding the release of mature HB-EGF ligand, and subsequent
transactivation of the EGFR [71]. Activation of the UT-II receptors also induce
generation of ROS by nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dases, leading to inhibition of SHP2 catalytic activity and subsequent induction of
downstream mitogenic signaling pathways [71]. Together, these data suggest that
UT-II may play a novel role in pulmonary hypertension by promoting cardiac
remodeling [70]. Likely, production of ROS by UT-II induces transient oxidation of
the catalytic cysteine residue of SHP2, suppressing its phosphatase activity, but not
its capacity to serve as an adapter protein to bind the receptor, and thereby enhanc-
ing downstream signaling to ERK by EGFR [70] (Fig. 8.4). Similarly, other vasoac-
tive peptides, such as angiotensin II [72] and endothelin-1 [73], show hypertrophic
activity in CMs and are also associated with significant ERK phosphorylation via
regulation of SHP?2 activity.
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Fig. 8.4 Reactive oxygen species (ROS) inhibit the activity of SHP2. The phosphorylated EGFR
is associated with SHP2 and is dephosphorylated. UT-II induces ROS generation concomitantly
via UT-II receptors and NADPH oxidases and causes transient oxidation of the catalytic cysteine
of SHP2 to inhibit the dephosphorylation activity of SHP2 on the receptor. This allows transacti-
vated EGFR to transmit signals to the downstream hypertrophic signaling pathway

Cardiomyopathy and Insulin Resistance

The primary role of insulin in the heart is to induce glucose uptake and oxidation,
modulate FA uptake, regulate protein synthesis, and modulate vascular function [74].
Dysregulation of the signaling pathways important for these metabolic processes
leads to insulin resistance and aberrant glucose uptake [75—77]. For example, insulin
resistance, primarily a result of obesity, can cause type 2 diabetes, hypertension,
atherosclerosis, and/or metabolic syndrome [74]. More importantly, it also impairs
the ability of the heart to adjust to changing energy demands by increasing delivery
of FAs to the heart and by reducing the ability of the heart to use glucose, thereby
shifting the heart toward a greater reliance on FAs for energy [74, 78, 79].
Consequently, secondary effects in the heart ensue, including hyperinsulinemia,
hyperglycemia, and hyperlipidemia [75] and the heart undergoes cellular stress, with
elevated reactive oxygen species (ROS) production, induced mitochondrial dysfunc-
tion, and increased apoptosis [74]. Ultimately, the combined metabolic, structural,
and functional changes in the heart and vasculature lead to the onset of diabetic car-
diomyopathy, coronary artery disease, myocardial ischemia, and HF [80, 81].
Normally, insulin is released from the pancreatic -cells to induce glucose uptake
in CMs [77, 82]. Binding of insulin to the insulin receptor (IR) or insulin-like growth
factor receptor (IGFR) induces auto-phosphorylation and initiation of a downstream
signaling cascade that allows for the recruitment of pY proteins to the membrane,
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Fig. 8.5 SHP2-dependent signaling pathways leading to hypertrophy. Insulin binds to and activates
the insulin receptor tyrosine kinase (RTK). Once transphosphorylated, the receptor recruits IRS-1,
which can then mediate activation of the PI3K/AKT signaling pathway, leading to downstream
activation of glycogen synthesis, autophagy, and protein synthesis, and culminating in mechanisms
that can lead to cardiac hypertrophy. In addition, AKT activates nitric oxide synthase (NOS) to
maintain cardiomyocyte homeostasis. AKT can also inhibit apoptosis through inhibition of FOXO-
1. Moreover, stimulation of PKC and AKT by PI3K leads to translocation of GLUT-4 from the
endoplasmic reticulum to the plasma membrane and mediates glucose metabolism in the cardio-
myocyte; insulin resistance occurs as a consequence of the inability of GLUT4 to translocate to the
membrane. SHP2 serves a critical role in this process; through its ability to inhibit PI3K signaling
by dephosphorylating the PI3K binding site on IRS-1, SHP2 can, in essence, inhibit insulin signal-
ing by this pathway. Upon activation of the insulin receptor, Focal Adhesion Kinase (FAK) can
bind the RTK to stimulate PI3K/AKT downstream signaling. SHP2 can inhibit insulin signaling by
binding to and inhibiting FAK activation, resulting in the apoptosis of the cardiomyocyte. Insulin
can also mediate the activation of the Ras/ERK signaling cascade. Activation of the receptor
recruits GRB2, SOS, and SHP2 to the membrane. SOS mediates the activation of Ras-GTP to
mediate downstream PI3K/AKT and RAF/MEK/ERK activation. Consequently, ERK translocates
to the nucleus, binds to transcription factors, and serves to ultimately induce hypertrophy

including the IRS-1 scaffolding/adapter protein [83] (Fig. 8.5). Briefly, in response
to activation of the receptor, IRS-1, along with a panoply of other pY proteins, is
recruited to the membrane to help foster activation of downstream signaling proteins,
the most prominent of which is PI3K and its downstream effectors, AKT and protein
kinase C (PKC) [83, 84] (Fig. 8.5). Activation of PKC, a serine/threonine kinase, in



8 Role of the SHP2 Protein Tyrosine Phosphatase in Cardiac Metabolism 159

the heart serves a dual function. First, PKC acts as a negative feedback regulator of
insulin signaling by increasing the serine phosphorylation of IRS-1 [85, 86].
Importantly, this regulation has been shown to be mediated by SHP2 activity [87].
Second, it leads to the translocation of both glucose transporter type 1 and type 4
(GLUT1 and GLUT4) to the membrane in order to facilitate glucose uptake in the
cell [80, 88].

In addition to glucose uptake, insulin-mediated activation of PI3K and AKT
regulates important cellular and functional processes including cardiac hypertrophy,
protein translation, nitric oxide generation, apoptosis, and autophagy through acti-
vation of signaling intermediates, such as mTOR, S6K, and forkhead box transcrip-
tion factors (FOXO), GSK3p, and nitric oxide synthase (NOS) (Fig. 8.4) [74, 89].
As expected, aberrant regulation of these signaling proteins also contributes to an
increased risk of HCM and/or HF. For example, animal models on long-term high-
fat diet or genetic models of obesity and severe insulin resistance, such as the ob/ob
and db/db mice, showed impaired activation of AKT in response to insulin and went
on to develop end-stage HF, suggesting inhibition of downstream insulin signaling
is a predisposition for a more severe form of cardiac disease [90-92]. This was fur-
ther supported by the phenotype of mice with cardiac-specific deletion of the IR,
which displayed small hearts and reduced cardiomyocyte volumes [93]. Moreover,
in response to pathological stimulation, these mice developed an exacerbated hyper-
trophy associated with mitochondrial dysfunction [94-96]. In contrast, however,
rats fed a high-fat diet showed elevated basal levels of phosphorylated Akt and also
developed cardiac contractile dysfunction [97].

Interestingly, cardiomyocyte-specific overexpression of the constitutively
active catalytic subunit of PI3K, p110a, induced physiological, not pathological,
hypertrophy [98]. Conversely, dominant negative pl10a overexpression in the
heart induced a non-pathological atrophy, even in the presence of IGFR overex-
pression and exercise training [98—100]. Cardiac-restricted loss of the lipid phos-
phatase, phosphatase, and tensin homolog deleted on chromosome ten (PTEN),
which increases phosphorylation of AKT and GSK-p, also promoted heart growth
and prevented the development of maladaptive ventricular remodeling, with pres-
ervation of angiogenesis and metabolic gene expression in response to pressure
overload [101, 102].

Downstream of PI3K, deletion of AKT2 in gene-targeted mice caused insulin resis-
tance, but had no other discernible phenotype [103]; in contrast, AKT1-null mice dis-
played growth retardation and were refractory to physiological cardiac hypertrophy
when subjected to exercise training [104—106]. Similarly, overexpression of dominant
negative AKT1 prevented hypertrophic growth of the heart [107]. Importantly, while
acute cardiomyocyte-specific expression of a constitutively active AKT1 initially pro-
moted a physiological type of hypertrophy, its prolonged activation ultimately proved
pathological [107-110]. Taken together, these results indicate that acute AKT activa-
tion promotes an adaptive cellular growth program in the heart, but that sustained
AKT signaling leads to pathological hypertrophy and heart failure [111].
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Regulation of Insulin Signaling by SHP2

Genetic inactivation of insulin signaling in the heart contributes to HF by increasing
mitochondrial dysfunction, decreasing angiogenesis, and increasing fibrosis in
response to hemodynamic stress [74, 93-96, 112]. Because of its critical regulatory
role in RTK signaling, SHP2 also plays a critical role in insulin signaling. Indeed,
muscle-specific deletion of SHP2 leads to the development of insulin resistance and
impaired glucose uptake [20]. Consequently, these mice also develop severe DCM
and cardiac dysfunction [20, 21]. As described above, insulin resistance should lead
to impaired PI3K/AKT signaling; however, muscle-specific deleted SHP2 mice
show hyperactivation of the PI3K/AKT pathway [21]. One possible explanation for
this apparent discrepancy is that, at least in response to some GFs, SHP2 can both
regulate the strength and the duration of PI3K activation through its ability to bind to
GAB-1 or IRS-1 and dephosphorylate the p85 binding sites for PI3K on these scaf-
folding proteins [18, 113]. In SHP2-deleted fibroblasts, an increased phosphoryla-
tion and association of the p85 with the scaffolding adapter Gabl [18] and IRS-1
[114] was observed, thereby leading to increased downstream PI3K/AKT signaling.
Indeed, increased pY-IRS-1 signals, increased IRS-1/p85 association, and increased
AKT activity were all observed in SHP2-deficient muscle cells [20, 21]. Conversely,
enhanced activity of SHP2 led to negative modulation of insulin signaling due to
reduced pY of IRS-1 and decreased activation of PI3K, impairment of which can
reduce the ability of insulin to stimulate glycogen synthesis [115]. Lastly, and as
described above, the catalytically inactive Y279C/+ LS mice also displayed increased
AKT activity in both CMs and whole hearts [37], with increased association and
phosphorylation of IRS-1 and GAB-1 [37]. Similarly, GAB-1/PI3K complexes were
found to be more abundant in fibroblasts from LS than control [39]. Consistently,
purified recombinant LS mutants failed to dephosphorylate GAB1 PI3K-binding
sites [39]. Taken together, these data suggest that in addition to the positive role for
SHP2 in Ras/ERK signaling, SHP2 can also negatively regulate PI3K signaling in a
cell-type and/or receptor-specific manner. Therefore, though SHP2 deficiency has a
likely direct causative role in DCM, the additional development of insulin resistance
likely further potentiates the progression to heart failure in those mice.

Downstream of PI3K: Cardiomyocyte Regulation
of mTOR and Autophagy by SHP2

The downstream effector of PI3K/AKT activation is mTOR, a key regulator of cell
growth and protein synthesis and negative regulator of a process called autophagy
[116] (Fig. 8.5). CMs are intricately involved in autophagy, the catabolic process of
regulating the synthesis, degradation, and recycling of a cell’s own components
through lysosomal machinery [117]. While autophagy is a normal process that
occurs in cells, it can be further induced by cellular stress, such as nutrient depriva-
tion [118]. The PI3K signaling pathway, through its activation of mTOR, is a key
negative regulator of this process [119, 120].
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Autolysosomal degradation of membrane lipids and proteins through autophagy
generates FAs and amino acids, which are reused by the cell to maintain mitochon-
drial ATP production and protein synthesis, thereby promoting cell survival [118].
Interestingly, autophagy also promotes programmed cell death in some circum-
stances, although the mechanism for this dual-functionality in the heart remains
unclear [121-123].

Autophagy plays a dual role in cardiac function as well. Increased autophagy is
observed in acute and chronic ischemia, end-stage heart failure, and aging hearts
[124]. However, in obesity and metabolic syndrome, increased levels of insulin,
lipids, amino acids, and cytokines in high-fat diets induce activation of mTOR,
thereby suppressing autophagy, but also leading to increased risk of cardiovascular
disease, diabetes, cancer, and to a reduction in overall life expectancy [125]. It seems
likely then that too much or too little autophagy proves to be equally deleterious.
Acute activation of autophagy under a wide range of pathological conditions appears
initially compensatory and critical for proper maintenance of cardiac metabolism
and cellular homeostasis [126]. However, in response to chronic stress, when
autophagy is excessive, heart failure ensues, likely due to the decline in both num-
ber and function of mitochondria, and a perturbation in cardiomyocyte metabolic
flux [126]. Additional work is needed to fully define the metabolic profit and loss
conferred by autophagy in cardiac hypertrophy and failure [126].

SHP2 plays an important role in mTOR regulation, and therefore (although not
yet explicitly defined) autophagy, in the heart. It has been previously demonstrated
that autophagy facilitates IFN-gamma-mediated Jak2-STAT1 activity through its
ability to regulate SHP2 activity [127]. Without autophagy, ROS increases, causing
SHP2-mediated STAT1 inactivation [127]. Inhibiting SHP2 reverses both the cel-
lular inflammation and the IFN-gamma-induced activation of STAT1 in ATG5(—/-)
MEFs, suggesting autophagy inhibits both the expression of ROS and SHP2 [127].
This is likely to play an important role in a pathologically stimulated heart.

Depletion of ATP also markedly inhibits mTOR through activation of adenos-
ine monophosphate-activated protein kinase (AMPK), which functions indepen-
dently of PI3K activation [128]. AMPK is an important metabolic sensor of
energy stores in the heart [129]. When ATP production is decreased or when ATP
consumption is increased, the relative AMP:ATP ratio increases, inducing the
activation of AMPK to maintain ATP production and contractile function [74].
AMPK increases glucose and FA uptake and oxidation in the heart [130-133] and
directly enhances insulin signaling in endothelial cells, protecting them from
insulin resistance [133].

Notably, evidence exists for the regulation of AMPK by SHP2. Under conditions
of growth factor deprivation, fibroblasts lacking SHP2 exhibited increased cell size,
reduced cellular energy, and decreased AMPK activity, suggesting SHP2 functions
to modulate cell growth during low-energy states [134]. In addition, pancreatic cells
from mice with pancreas-specific deletion of SHP2 showed decreased levels of
p-AMPK in response to both basal and high glucose, further suggesting that SHP2
may act as a negative regulator of ATP production [135]. Importantly, in mice with
skeletal and cardiac muscle-specific deletion of SHP2, AMPK activation was



162

M.I. Kontaridis et al.

remarkably decreased in response to metformin, as compared to controls, suggesting
that the insulin resistance and impaired glucose uptake observed in these mice is, at
least in part, due to an impaired SHP2-specific regulation of AMPK [20].

Role of SHP2 in Cardiac Metabolism: Future Directions

Metabolic processes are critical for normal heart, and specifically cardiomyocyte,
function. Aberrant regulation of metabolic signaling pathways can lead to insulin
resistance and cardiac dysfunction. Since SHP2 plays such a critical role in the
normal homeostasis of the heart, it is likely that it is intricately involved in the nor-
mal functioning of many metabolic pathways. Here, we have discussed the known
roles for SHP2 in the signaling pathways downstream of glucose uptake and insulin
signaling and have suggested ways in which SHP2 may be involved in mediating
proper metabolic control in the heart. Elucidation of the direct roles for SHP2 in
cardiac metabolism will be critical going forward.
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Chapter 9
Metabolic Effects of Neural
and Pancreatic Shp2

Zhao He, Sharon S. Zhang, Jianxiu Yu, and Gen-Sheng Feng

Abstract Shp2, encoded by Pipnlil, is a non-receptor tyrosine phosphatase that
contains two Src-homology 2 domains within its structure. Previous biochemical
and biological analyses indicate that this enzyme participates in signaling events
elicited by various growth factors, cytokines, antigens, and hormones. Recent
experiments using the cell type-specific gene knockout approaches in mice have
revealed its critical roles in control of metabolism in mammals. In the central ner-
vous system, Shp2 positively transmits leptin signals and may do so by association
with the estrogen receptor o, influencing control of food intake, energy expendi-
ture, and body weight. In pancreatic p-cells, Shp2 coordinates multiple pathways
to regulate biosynthesis and secretion of insulin in control of glucose homeostasis.
Herein we summarize the metabolic functions of Shp2 in the hypothalamus and
pancreas.
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ELISA Enzyme-linked immunosorbent assay
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Erk Extracellular signal-regulated kinase
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POMC Proopiomelanocortin

PTP1B Protein tyrosine phosphatase 1B
PTP-1D  Protein tyrosine phosphatase 1D
PTP-2C  Protein tyrosine phosphatase 2C

ptpnll Protein tyrosine phosphatase non-receptor type 11
PTPs Protein tyrosine phosphatases
Raf Rapidly accelerated fibrosarcoma

RasGAP  Ras GTPase activating protein
RT-PCR  Reverse transcription polymerase chain reaction

RTK Receptor tyrosine kinase

SH2 Src-homology 2

Shp2 SH2 domain-containing protein tyrosine phosphatase-2
Ser Serine

Socs3 Suppressor of cytokine signaling 3

STAT3 Signal transducer and activator of transcription 3

Thr Threonine

Tyr Tyrosine

Introduction

The Src-homology 2 (SH2)-containing protein tyrosine phosphatases (PTPs) con-
stitute a small subfamily of non-receptor PTPs, with two members Shpl and Shp2
[18, 50]. The molecular architecture of these two enzymes is very similar; both
contain two SH2 domains (SH2-N and SH2-C) at the N-terminus, a central PTPase
domain and a C-terminal tail. Shpl is predominantly expressed in hematopoietic
and lymphocytic cells, whereas Shp2 is ubiquitously expressed in various cell types.
Shp2, previously named as SH-PTP2, PTP1D, PTP2C, or Syp, is encoded by
protein-tyrosine phosphatase non-receptor type 11 (Ptpnll) and is the mammalian
homologue of the corkscrew gene in Drosophila.

The crystal structure of Shp2 protein (lacking its C-terminal tail) reveals that this
enzyme normally maintains an auto-inhibitory state, in which the SH2-N domain
interacts with the catalytic domain via multiple non-covalent contacts, to prevent
the access of substrates. Inactive Shp2 can be transformed into an active state by
SH2-mediated binding to pTyr residues on growth factor/cytokine receptors or
intracellular phosphoproteins, to release the PTP domain. For example, Tyr1009 in
the C-terminal tail region of platelet-derived growth factor (PDGF) receptor was
identified as a specific docking site for Shp2 (Fig. 9.1) [31]. Tyr1172 and Tyr1222
on insulin receptor substrate 1 (IRS1) were shown to bind the two SH2 domains of
Shp2 [12], and a phospho-peptide that contains both of these two sites was much
more potent than peptides with either one site in activating the phosphatase in vitro
[61]. Similarly, two tandemly arranged binding sites for Shp2 have been localized
to the C-terminal tail in IRS2-4 and Gab1-3 (Grb2-associated binder 1-3) proteins
[38], suggesting that binding and activating Shp2 is a common mechanism for these
adaptor/scaffolding proteins in mediating cell signaling events (Fig. 9.1). Like other
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Fig. 9.1 The activation
mechanism of non-receptor rowth facte
tyrosine phosphatase Shp2.

Without stimulation, Shp2 =
maintains an inactive state in
an auto-inhibitory manner.
Upon activation, Shp2
releases its catalytic domain
PTP to dephosphorylate its > :> >
substrates. It is a reversible

process from inactive to
active state

RTK

/8§

Inactive Active

PTPs, Cys459 in the catalytic center of Shp2 is essential for the phosphatase activ-
ity, and a C459S mutant is catalytically inactive and displays a dominant negative
effect when expressed in cells.

Deletion or point mutations of Ptpnll/Shp2 have been associated with several
genetic disorders. Autosomal dominant mutations in Ptpnil have been detected in
nearly half of Noonan syndrome patients [63]. Functional analyses suggest that
these mutants exhibit excessive phosphatase activity due to disruption of the auto-
inhibitory mechanism, which leads to enhanced signaling through the Ras/Raf/
Mek/Erk pathway [6, 24]. On the other hand, inherited mutations resulting in
decreased catalytic activity of Shp2 were detected in patients with LEOPARD syn-
drome and metachondromatosis [6, 24]. Targeted deletion of different exons at the
ptpnll/Shp2 locus in mice leads to embryonic lethality phenotype in homozygotes,
with variable severity of phenotypes [60, 66]. In more recent experiments, several
groups have employed the conditional gene targeting approach in mice, which has
revealed important physiological functions of Shp2 in various tissues/organs. In this
chapter, we discuss and review Shp2 functions in regulation of metabolic signaling
in the brain and pancreas.

Shp2 Participates in Metabolic Signaling

Immediately after cloning of the cDNA for Shp2, several groups demonstrated that
insulin treatment of cells induced physical association of IRS1 with Shp2, in a tyro-
sine phosphorylation-dependent manner [35, 61]. In these experiments, the SH2
domains of Shp2 were shown to mediate its association with pTyr-containing
molecules. A phospho-peptide containing the pTyr site and the surrounding amino
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acid sequence recognized by the SH2 domains of Shp2 is a potent activator of
the phosphatase activity in vitro, as demonstrated by using a purified recombinant
protein [61]. By expressing a catalytically inactive mutant of Shp2 in 3T3 cells,
Saltiel’s group demonstrated a positive effect of Shp2 in promoting extracellular
signal-regulated kinase (Erk) activation by insulin [44]. Consistently, Kasuga’s
group also showed that expression of a dominant negative mutant of Shp2 sup-
pressed insulin-stimulated Ras activation in CHO-IR cells [51]. Indeed, genetic and
biochemical analyses in a variety of model systems indicate that Shp2 acts to pro-
mote Ras-Erk signaling elicited by hormones, cytokines, and growth factors [38,
50]. Ironically, the molecular mechanism for Shp2 promotion of the Erk pathway is
not yet fully understood. One notion is that Shp2 may act to prevent a premature
shut-down of the activated Erk pathway, so that the active Erk signal is sustained
long enough to elicit a cellular response of physiological significance. Multiple sub-
strates may be involved in this process, and the dephosphorylation event mediated
by Shp2 apparently leads to inactivation of a negative regulator for the Ras-Erk
pathway directly or indirectly. One proposal is that Shp2 can dephosphorylate a
pTyr site on cell surface receptors for binding of Ras GTPase activating protein
(RasGAP), thereby preventing RasGAP recruitment to the plasma membrane and
maintaining Ras in its guanosine-5'-triphosphate (GTP)-bound active state [1, 16].
Another possible mechanism is that Shp2 dephosphorylates a transmembrane pro-
tein PAG/Cbp, which recruits Csk, a negative regulator of Src-family kinases, to the
plasma membrane [69]. If this model is correct, Shp2 is positioned upstream of Src
kinases, in mediating activation of the Ras-Erk cascade [56, 69]. Experimental data
also suggest that Sprouty proteins, negative feedback regulators of the Ras-Erk
pathway, may be Shp2 target molecules [25, 53].

More recent experiments using conditional gene knockout approaches in mice
suggest that Shp2 negatively regulates insulin-elicited signaling events in the liver,
as hepatocyte-specific deletion of Shp2 resulted in up-regulation of insulin response
in the liver [43]. Using either Albumin-Cre-mediated chronic Shp2 deletion in hepa-
tocytes or acute Shp2 deletion by tail vein injection of Ad5-Cre, Haj and colleagues
showed that hepatic Shp2 deficiency led to improved insulin sensitivity and
enhanced glucose tolerance. This phenotype is likely due to removal of a direct
dephosphorylation effect by Shp2, resulting in increased association of PI-3-kinase
with IRS1 and IRS2 and enhanced Ak thymoma viral proto-oncogene (Akt) activa-
tion by insulin [43]. Further phenotypic analysis of this mutant mouse line by the
same group indicated that Shp2 deficiency in the liver caused decreased hepatoste-
atosis, enhanced insulin-induced suppression of hepatic glucose production, and
impaired development of insulin resistance following high-fat diet challenge [48].

Shp2 and Leptin Signaling Pathway

Leptin, an adipokine secreted by adipose tissue, binds to the leptin receptor long
form (LepRb) in the hypothalamus to control food intake, activity, and metabolism.
Following leptin stimulation, LepRb activates Janus kinase 2 (Jak2) that is physically
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associated with the receptor. Activated Jak2 in turn phosphorylates the receptor on
tyrosine residues in the cytoplasmic domain including Tyr985 and Tyr1138 [29, 55].
The first evidence for Shp2 involvement in leptin signaling was the demonstration
that p-Tyr985 is recognized by the SH2 domains of Shp2 [10, 41]. To directly fish out
intracellular signaling molecules that act immediately downstream of LepRb,
Friedman’s group prepared affinity chromatography beads with a phospho-peptide
spanning Tyr985 of LepRb. This approach led to identification of Shp2 in the lysates
of bovine and mouse hypothalamus that bind directly to activated LepRb [41]. In co-
transfection experiments with 293T cells, the same group showed that leptin treat-
mentinduced association of LepRb with Shp2, which is dependent on phosphorylation
of Tyr985. Upon binding to LepRb, Shp2 also gets tyrosine-phosphorylated appar-
ently by receptor-associated Jak2 kinase [10, 41]. Mutation of Tyr985 on LepRb
disrupts the interaction between LepRb and Shp2, which reduces the phosphoryla-
tion of Shp2 induced by leptin. Moreover, expression of wild-type Shp2 suppresses
the phosphorylation of Jak?2 in response to leptin stimulation, whereas expression of
inactive Shp2 mutant enhances the level of Jak2 phosphorylation [10, 41].

Signal transducer and activator of transcription 3 (Stat3) docks on Tyr1138 of
LepRb when it is phosphorylated, and Stat3 activation is thought to be a crucial
signaling event of leptin action, which regulates energy balance and metabolism
[19]. Deletion of neural Stat3 leads to hyperphagia, morbid obesity, diabetes, and
infertility, indicating that STAT3 activation in the brain positively transduces leptin
signal to regulate energy balance and metabolism [22]. Two groups have generated
knockin mice, mutating the Stat3-binding site on LepRb, Y1138S [5] and Y1138F
[29], respectively. Both of these mutants display leptin resistance and obesity phe-
notypes. However, caution needs to be taken for data interpretation of the Y1138S
mutant, as it is unclear whether the introduced serine residue becomes an unin-
tended target for protein Ser/Thr kinases. Knockin mouse lines with mutated Tyr985
of LepRb were also generated as Y985F or Y985L mutant [7, 67]. The phenotype
analysis of the Tyr985 mutants could be complicated by the fact that this pTyr resi-
due is also a docking site for Socs3 (suppress of cytokine signaling 3), a negative
regulator of Stat3 signaling [45]. Also, it remains to be determined if the introduced
Tyr985-to-Leu mutation can lead to distortion of the LepRb structure [7].

Shp2 was first predicted to be a negative regulator of leptin signal, based on the
observations that Shp2 acts to downregulate leptin-induced Stat3 activation and a
mutant of LepRb lacking the Shp2 binding site pTyr985 exhibits increased leptin
response in vitro. Unexpectedly, disruption of Shp2 in forebrain neuronal cells leads
to early onset obesity and leptin resistance, and the mutant mice display increased
serum levels of leptin, insulin, glucose, and triglycerides [68]. The mutant mouse
line (CaSKO) was generated by crossing Shp2 floxed allele with CamKlIlo-Cre
transgenic mice, in which the Cre recombinase is predominantly expressed in neu-
ronal cells in the forebrain region after postnatal day 5. Homozygous deletion of
Shp2 in this brain region did not affect the brain development and there was no obvi-
ous phenotypic difference between wt controls and mutants at the time of weaning.
However, the CaSKO animals exhibit accelerated body weight increase immediately
after weaning, which overlaps with the time window of onset for leptin action around
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postnatal day 28 in mice. The abnormal body weight gain is evidently due to devel-
opment of obesity, based on detection of significantly increased white adipose tissue
mass. Furthermore, dramatically increased serum leptin levels in CaSKO mice sug-
gest that leptin resistance contributes to the obese phenotype. Consistent with the
previous biochemical data in vitro, deletion of Shp2 in neuronal cells results in up-
regulation of leptin-induced Stat3 activation in the hypothalamus in vivo, supporting
the notion that Shp2 acts as a negative regulator of Stat3. However, Shp2 removal
abolishes leptin-stimulated Erk activation, which may contribute, at least in part, to
the leptin resistance phenotype. Quantitative reverse transcription polymerase chain
reaction (RT-PCR) analysis showed no significant difference in the expression levels
of proopiomelanocortin (POMC) mRNA between control and mutant mice under
fed or fasting status. However, Shp2 ablation abolished the increase of neuropeptide
Y (NPY) mRNA expression under fasting condition. Collectively, these genetic and
biochemical data provide a physiological evidence for Shp2 action in the leptin sig-
naling pathway. Of course, one cannot exclude the possibility that defects in other
hormone or cytokine signaling pathways due to Shp2 removal also contribute to the
obese phenotype in CaSKO animals. Although hyperinsulinemia was detected, it is
unlikely that the obese phenotype of mutant animals is induced primarily due to
direct interference of insulin signaling in the brain. Previous experiments in the
Kahn lab showed that mice with neural-specific insulin receptor knockout (NIRKO)
exhibited normal body weight within 6 months if fed regular chow diet [8]. Shp2 has
been shown to act downstream of the receptor for brain-derived neurotrophic factor
(BDNF), and deletion of BDNF in the postnatal brain causes an obese phenotype
[33, 57, 65]. There is no significant change in the BDNF expression levels in the
brain of CaSKO mice as compared to controls, suggesting that obesity in this mouse
line is not associated with BDNF resistance or defect.

The positive role of Shp2 in leptin signaling has also been demonstrated by phe-
notypic analysis of another mutant mouse line, in which Shp2 is removed broadly
in neural cells in the brain [34]. This line was generated by breeding Shp2 floxed
mice with a transgenic mouse line (CRE3) in which Cre is widely expressed in the
central nervous system [34]. Interestingly, despite enormous biochemical data sug-
gesting Shp2 involvement in multiple signaling pathways elicited by growth factors
and cytokines, the most prominent phenotype was significant gain of body weight,
and development of obesity and diabetes in homozygous mutants under different
genetic backgrounds. Unlike the CaSKO mice, homozygous mutants in this line
showed hyperphagia in addition to accelerated body weight gain. Secondary to obe-
sity, the mutant mice developed progressively deteriorating diabetes and associated
pathological complications, including vasculitis, diabetic nephropathy, urinary
bladder infections, gastric paresis, prostatitis, and impaired spermatogenesis.
Consistent with the obese and hyperleptinemia phenotype, acute leptin responses
were altered in the hypothalamic neurons in the mutant animals. Together, these
observations argue that Shp2 is a critical regulator of intracellular signaling in neu-
ronal control of metabolism, food intake, and energy expenditure in adult mammals.
This physiological function of Shp2 in mediating metabolic activity is primarily due
to its regulation of leptin signaling in the hypothalamus.
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The role of Shp2 in regulation of leptin signaling in the central nervous system
has been further analyzed by deleting Shp2 directly in POMC-expressing neurons
(POMC-Shp2~- mice) [4]. POMC deficiency leads to development of obesity in
human subjects and mouse models [13]. Selective ablation of LepRb in POMC
neurons leads to excessive gain of body weight and adiposity, hyperleptinemia, and
abnormal expression of hypothalamic neuropeptides [3]. Furthermore, selective
reexpression of LepRb in LepRb-deficient db/db mice largely restores leptin
response in the hypothalamus, as evidenced by marked decrease in food intake,
modest reduction in body weight, and normalization of blood glucose levels [28].
Together, these results support a critical role of POMC neurons in mediating leptin
signaling in the hypothalamus for control of energy balance and metabolism. In
contrast to the resistance to diet-induced obesity in mice with POMC-specific dele-
tion of protein tyrosine phosphatase 1B (PTP1B), a negative regulator of leptin
signaling, Shp2 loss in POMC neurons leads to development of obesity and leptin
resistance. Also detected in POMC-Shp2~~ mice were significantly reduced expres-
sion of POMC mRNA and alpha-Melanocyte-stimulating hormone (a-MSH) pep-
tide and increased levels of diet-induced liver triglyceride. On either low-fat or
high-fat diet, POMC-Shp2~~ mice showed elevated body weight (with increased
epididymal fat pad weight and fat mass) than age- and sex-matched controls,
although there was no difference in the lean mass between the two groups of ani-
mals. Consistent with the phenotype in CaSKO mice, Shp2 loss in POMC neurons
does not alter food intake but decreases energy expenditure. Decreased sensitivity
to leptin is evident in POMC-Shp27~ mice, as demonstrated by their impaired
response to a high dose of leptin injection, with regard to suppression of body
weight and food intake, in comparison to control mice.

Shp2 Couples Leptin and Estrogen Signals

As discussed above, targeted gene deletion of Shp2 in POMC neurons, forebrain
region, or broadly in the brain results in attenuation of leptin signals and develop-
ment of leptin resistance and obesity in rodents, suggesting a positive role of Shp2
in mediating leptin response in the brain. Most recent data from transgenic expres-
sion of a dominant-active Shp2P%'4 mutant in forebrain neurons offers further sup-
port to a notion that Shp2 acts to amplify leptin signal [26]. Interestingly, this
experiment has also unexpectedly revealed a molecular link by Shp2 between the
leptin and estrogen signaling pathways.

It has been long recognized that estradiol-17f (E2), a reproductive hormone, also
plays a critical role in control of body weight and energy balance [14]. Estrogen
deficiency is well correlated with increased risk for development of obesity and type
2 diabetes in ovariectomized rodents or postmenopausal women [11, 58]. Hormone
treatment in postmenopausal women is efficient for prevention of obesity progres-
sion, and improvement of insulin sensitivity and glucose tolerance [59]. Estrogen
replacement in ovariectomized animals leads to a decrease in food intake and an
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increase in energy expenditure, resulting in suppression of obesity development
[21]. Targeted deletion of the aromatase that catalyzes the synthesis of estrogen, or
disruption of estrogen receptor o. (ERa), leads to more severe age-dependent obesity
in females than in males, indicating that estrogen deficiency is responsible for pro-
gression of sexually dimorphic obesity [27, 30]. Targeted deletion of ERa or knock-
down of ERa expression by microinjection of siRNA into the ventromedial nucleus
of hypothalamus leads to obesity and metabolic defects in mice [27, 46]. Indeed,
estrogen has a leptin-like effect in activation of intracellular signaling pathways,
including Erk, Akt, and Stat3, in hypothalamic melanocortin cells [20], although the
underlying molecular mechanism for cross-talk between estrogen and leptin path-
ways remains to be elucidated.

Although the expression level of Shp2P%'4 mutant was similar between male and
female animals, a gender effect was observed in response to high-fat diet (HFD)-
induced body weight gain. Female, but not male, transgenic mice were resistant to
the effects of high calorie diet challenge, exhibiting only a modest increase of body
weight following feeding for 20 weeks. Of note, this effect was alleviated in ovariec-
tomized animals, suggesting a role for estrogen in this sexually dimorphic obese
phenotype induced by HFD. Expression of Shp2P!4 in the brain resulted in decreased
gonadal fat pad mass and reduced adipocyte size in female mice fed HFD. The female
transgenic mice displayed lower levels of hepatic steatosis fed either regular or HFD.
Consistent with the lower body temperature of mice with Shp2 deletion in forebrain
neurons [68], expression of Shp2P%!'4 mutant leads to increased heat production, ele-
vated O, consumption, and CO, release, with decreased food intake in female trans-
genic mice. After feeding with HFD, transgenic female mice also showed nearly
normal blood glucose and insulin levels and maintained insulin sensitivity and glu-
cose tolerance. Consistent with the sexually dimorphic phenotype observed in trans-
genic mice, microinjection of adeno-associated virus (AAV) expressing Shp2Psia
mutant into the mediobasal hypothalamus of C57BL/6 mice also induced an anti-
obese effect in female but not in male mice when placed on HFD.

The anti-obesity phenotype is clearly associated with the increased leptin sensi-
tivity in female transgenic mice, as demonstrated by more prolonged body weight
loss following intraperitoneal injection of leptin. The gender effect also suggests
that the Shp2P®'A mutant molecule acts to enhance leptin sensitivity, by working in
concert with a sex hormone pathway in the hypothalamus. Indeed, immunofluores-
cent staining and co-immunoprecipitation experiments revealed co-localization of
Shp2 with ERa and a leptin signaling component (by using leptin-stimulated pY-
Stat3 signal as a marker). Estrogen treatment also leads to enhanced association of
Shp2 with ERa in cell culture in vitro. Combined treatment with leptin and estrogen
induced higher levels of p-Erk, p-Akt, and pY-Stat3 in the hypothalamus, and the
synergistic effect is more prominent in female than in male mice. In biochemical
analysis, knockdown of either Shp2 or ERa had similar inhibitory effects on leptin
induction of p-Erk, and expression of Shp2P%'4 leads to more profound and sus-
tained Erk activation by leptin and estrogen in MCF-7 cells. Thus, Shp2 mediates
the cross-talk between leptin and estrogen signaling pathways via binding to ERa,
and the interaction of Shp2 with ERa is enhanced by the ligand estrogen. Enhanced
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Fig. 9.2 A model of leptin/Shp2/ERa signaling pathway for energy balance. Shp2 mediates leptin
action through inhibiting the activation of JAK2, STAT3, and STATS and enhancing the MAPK
signaling pathway. Estrogen activates Akt, STAT3 and MAPK via ERa. Leptin and estrogen syn-
ergistically induce the activation of MAPK, but not Akt or STAT3. Shp2 and ERa are required for
MAPK activity by estrogen or leptin stimulation

activation of Erk by leptin and estrogen mediated by a Shp2/ERa complex may be
an important mechanism in control of energy homeostasis in the hypothalamus
(Fig. 9.2) [26]. It remains to be elucidated how the interaction of Shp2 with ERa
mediates the cellular response to leptin.

Leptin binding to LepRb also stimulates the phosphorylation and nuclear trans-
location of Stat5 [23, 42, 47], and deletion of Stat5 in neural cells leads to leptin
resistance, hyperphagia, and obesity via modulating granulocyte-macrophage
colony-stimulating factor (GM-CSF) signaling [40]. It will be interesting to deter-
mine if Shp2 regulates leptin-stimulated Stat5 activation in the hypothalamus, as
this phosphatase has been shown to promote prolactin-induced Stat5 signaling in
the mammary gland [32].

A Role for Shp2 in Control of Insulin Secretion
from Pancreatic p-Cells

The molecular mechanisms underlying B-cell failure are not fully understood,
although it is widely recognized that B-cell dysfunction plays a critical role in the
development of both forms of diabetes. Whereas autoimmune destruction of -cells
is a major factor in the etiology of type 1 diabetes, type 2 diabetes is often secondary
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to peripheral insulin resistance and eventually develops due to progressive exhaustion
and failure of B-cells under pressure to secret more insulin in compensation for
insulin resistance. Recent experimental data suggest critical roles of receptors for
insulin and insulin-like growth factor 1 (IGF1) in regulation of B-cell mass and
functions [36, 37]. Interestingly, B-cells lacking insulin receptor fail to secret insulin
properly in response to glucose stimulation, suggesting an unanticipated role of the
insulin pathway in B-cell sensing of blood glucose levels.

To determine whether Shp2 plays a role in B-cell development and function, a
mouse line (Shp2re=-) was generated by crossing Shp2 floxed mice with PdxI-Cre
transgenic mice, in which Shp2 is selectively ablated in the pancreas [70].
Immunofluorescent staining confirmed deletion of Shp2 in pancreatic B-cells in this
mutant mouse line. Homozygous mutants are born with the Mendelian frequency
and display normal postnatal survival and development. Further characterization of
this mutant mouse line reveals a critical role of Shp2 as a regulator and coordinator
of multiple signaling pathways in f cells.

Shp2rene=- mice exhibited progressive glucose intolerance and increased body
weight gain as compared to controls, accompanied by a mild decrease in serum
insulin levels. Consistently, following a glucose injection, acute phase insulin secre-
tion was ablated in Shp2re~~ mice, suggesting a defect in B-cell response to rising
blood glucose levels. In human subjects with defective glucose tolerance or in the
early stages of type 2 diabetes, loss of acute phase insulin release is frequently
detected, despite enhancement of the second-phase secretion [64]. A failure in the
rapid first-phase insulin secretion may be due to abnormalities in glucose entry,
glucose metabolism, availability of readily releasable insulin granules, exocytosis
of insulin-containing granules, and/or alterations in intracellular glucose/lipid bal-
ance within B cells. In addition, dramatically decreased -cell mass may also lead to
ablation of the acute phase insulin secretion. Anatomical examination and immu-
nostaining results suggest that deletion of Shp2 in the pancreas did not cause aber-
rant change in islet morphology or B-cell mass in mice fed regular chow diet.
However, immunostaining and enzyme-linked immunosorbent assay (ELISA)
detected markedly decreased insulin content within islets of Shp2re~- mice, as
compared to controls. Therefore, the loss of first-phase insulin secretion in mutant
mice is likely due to a defect in insulin biosynthesis in B-cells of Shp2re </~ mice.
siRNA-mediated knockdown of Shp2 expression in INS-1 832/13 cells also resulted
in decreased insulin secretion in both basal and high glucose conditions in vitro,
without affecting cell proliferation. Together, these results suggest a unique role of
Shp2 in B-cell synthesis and secretion of insulin for glucose homeostasis.

Removal of Shp2 from pancreatic -cells results in an age-dependent inability to
handle a glucose challenge, indicating that appropriate Shp2 expression in f3 cells is
crucial for control of glucose metabolism. It has been widely recognized that intact
first-phase insulin secretion is of importance in maintaining normal glucose toler-
ance. Analysis of human subjects with impaired glucose tolerance showed multiple
defects in both qualitative and quantitative measures of insulin secretion [9].
Reduced early-phase insulin secretion in response to oral glucose challenge was
detected in subjects with normal glucose tolerance who are relatives of type 2
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diabetic patients, and therefore measurement of insulin secretion has been used as a
predictor of future development of type 2 diabetes [15]. Impaired glucose tolerance
in Shp2rer=- mice points to a functional defect in B-cells devoid of Shp2.

Glucose entry is a rate-limiting step governing f cell response during glucose-
stimulated insulin secretion. Genetic analysis has revealed a correlation between
type 2 diabetes and polymorphisms in genes coding for proteins involved in the
glucose-sensing machinery [2]. A variety of monogenic forms of diabetes are asso-
ciated with disrupted glucose-sensing and glucose-signaling pathways and conse-
quently the loss of first-phase insulin secretion from B-cells [54]. In the classical
view, the glucose-sensing system in f cells consists of a high capacity, low affinity
glucose transporter-2 (Glut2), which balances the extra- and intracellular glucose
levels, and a high KM glucokinase, which phosphorylates glucose to glucose-6-
phosphate at a rate that is very sensitive to the change of circulating glucose levels.
Progressively decreasing expression level of Glut2 is a critical factor for both type 1
and type 2 diabetes. On the other hand, glucokinase plays a prominent role in glu-
cose sensing by exerting tight control over the rate of glycolysis [62]. In Shp2pe=/~
mice, the expression levels of both Glut2 and glucokinase were significantly
downregulated in pancreatic islets, and a similar phenotype was observed in an
in vitro study which utilized an Shp2 gene silencing method. The impaired expres-
sion of glucose sensors in Shp2-deficient B cells is directly connected to loss of
first-phase insulin secretion and consequently manifestation of glucose intolerance.

Shp2 Promotes Insulin Gene Transcription
and Biosynthesis in §§ Cells

Insulin gene (Ins/ and Ins2) transcription levels and insulin protein amounts are
markedly downregulated in pancreatic B cells in Shp2re”= mice in vivo or follow-
ing Shp2 gene silencing in cell lines in vitro. Molecular analysis suggests that the
impaired insulin gene transcription and biosynthesis are mostly due to decreased
expression level and lower activity of pancreatic and duodenal homeobox 1 (Pdx1)
in Shp2-deficient B cells. Pdx1 is known to play a critical role in modulation of Ins/
and Ins2 gene expression and acts in concert with other transcription factors. Thus,
reduced Pdx1 levels and activity may have a profound impact on insulin gene tran-
scription. Consistent with this notion, forced expression of exogenous Pdx1 in
Shp2-knockdown INS-1 832/13 cells improved insulin biosynthesis, which argues
that Pdx1 is a major downstream component in a pathway regulated by Shp2 for
up-regulation of insulin biosynthesis.

Previous experiments by several laboratories have suggested that optimal expres-
sion of key transcription factors is required for normal pancreatic development and
proper B-cell function. Inherited mutations in genes encoding these transcription fac-
tors are directly linked to pathogenesis of type 2 diabetes. For example, mutations in
Pdxl, glucokinase, hepatocyte nuclear factor 4 alpha (Hnf4a), or hepatocyte nuclear
factor 1 alpha (Hnflo) can lead to monogenic forms of type 2 diabetes known as
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maturity onset diabetes of the young (MODY) [52]. Quantitative RT-PCR analysis
revealed that the expression profiles of several B-cell specific genes, including Ins/,
Ins2, Glut2, Pdxl, glucokinase, nuclear factor of activated T cells cl1 (NFATcl),
Hnflo and Hnf4a, were disrupted in both Shp2-deficient islets and Shp2-knockdown
INS-1 832/13 cells. Reduced expression of these genes likely contributes to the
impaired insulin production and secretion in Shp2-deficient and -knockdown (3 cells.

The signaling molecules acting upstream of Pdx1 in linking Shp2 action to Pdx1
expression and activation remain to be determined. Experimental results suggest
that glucose-stimulated Akt/FoxO1 and Erk pathways are altered in Shp2-deficient
cells. In previous studies [17], several groups detected physical association of Shp2
with IRS1 and other IRS family members. These adaptor/scaffolding proteins share
two tyrosine residues at the C-terminal tail that can bind Shp2 via two SH2 domains.
Consistently, co-immunoprecipitation assay detected a complex consisting of Shp2
and IRS2 in INS-1 832/13 cells, and the interaction of these two proteins was
enhanced by cell exposure to high glucose levels in the culture medium. Shp2 is also
associated with the p85 subunit of phosphatidylinositol 3-kinase (PI3K), suggesting
a putative role for Shp2 in the IRS2-PI3K pathway in B-cells. Decreased levels of
p-Y-IRS2 and reduced amounts of IRS2 and p85 complex were detected in Shp2-
knockdown cells. Consistently, impaired levels of p-Akt (Ser-473) and p-FoxOl
(Ser-256), components downstream of the IRS2 and PI3K pathway, were observed
in Shp2-knockdown cells exposed to either 3 or 15 mM glucose, in comparison with
controls. Therefore, downregulation of Shp2 expression results in inhibition of
glucose-stimulated activation of Akt in INS-1 832/13 cells.

Increased content of forkhead box protein O1 (FoxO1) in the nucleus of Shp2-
knockdown INS-1 832/13 cells was noted by immunostaining assay, as compared to
controls where a large portion of FoxO1 was found in the cytoplasm. Consistently,
chromatin immunoprecipitation (ChIP) assay detected significantly increased FoxOl1
binding to cis-acting elements within the Pdx1 promoter in Shp2-knockdown cells
compared to controls. Previous studies showed that expression of a FoxO1 mutant
that was retained in the nucleus repressed Pdx1 expression [49]. Therefore, nuclear
localization of FoxO1 in Shp2-knockdown cells likely contributes to Pdx1 repression
and impaired Ins! and Ins2 gene transcription. Indeed, markedly reduced Pdx1
expression was detected in Shp2-deficient islets by immunostaining analysis and also
in Shp2 knockdown cells by immunoblotting. In parallel with the Akt/FoxO1 path-
way, activated Erk1/2 kinases have been shown to activate Pdx1, resulting in up-reg-
ulation of insulin gene expression in B-cells [39]. Shp2 knockdown leads to remarkably
lower p-Erk1/2 signals in INS-1 832/13 cells following stimulation with a high con-
centration of glucose. In co-immunoprecipitation assays, Shp2 was found in associa-
tion with Sprouty 1 in both low and high glucose conditions, and Shp2 knockdown
resulted in elevated tyrosine phosphorylation of Sprouty 1. These results suggest that
Sprouty 1 is a substrate for Shp2 and dephosphorylation of Sprouty, a feedback inhib-
itor of the Erk pathway, likely leads to enhanced Erk1/2 signaling. Consistently,
expression of a dominant negative mutant of Shp2 (Shp2©+°S) suppressed impaired
p-Erk1/2 and p-Akt signals, and consequently insulin biosynthesis, suggesting that
the catalytic activity of Shp2 is required for its biological function in B-cells.
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Fig. 9.3 A model for Shp2 orchestration of signaling events controlling insulin biosynthesis in
pancreatic B-cells. Shp2 acts downstream of IRS2 in coordinated regulation of glucose and insulin
signals in pancreatic -cells. Shp2 promotes signaling through both the PI3K-Akt-FoxO1 and Erk
pathways in control of Pdx1 expression

Taken together, the impaired insulin expression in Shp2-deficient B-cells is a
direct effect of reduced expression and activation of Pdx1, a key transcription factor
in directing Ins! and Ins2 gene transcription. Shp2 acts to promote Pdx1 expression
and activity through modulation of PI3K/Akt/FoxO1 and Erk1/2 activation, as sum-
marized in Fig. 9.3. However, this is likely a simplified model, and it is important to
point out that deficiency of other transcription factors may also contribute to the
defect in insulin production in Shp2-deficient -cells.

Deletion of Shp2 in the pancreas, while not causing diabetes directly, may
increase susceptibility to diabetes-inducing factors. Previous studies showed that
mice devoid of insulin or IGF1 receptor in B-cells display normal B-cell prolifera-
tion and development, indicating that insulin or IGF1 signal is not crucial for early
development of islet B-cells [36, 37]. Characterization of Shp2r*”~ mice also sug-
gests that Shp2 has a limited role in pancreatic development but is a critical regula-
tor of B-cell function in adults. However, it is also possible that a failure to observe
developmental defects in Shp2P*<”~ mice could be due to progressive deletion of a
floxed target gene by PdxI1-Cre in conditional gene knockout mouse models.
Furthermore, to define a direct role of Shp2 in pancreatic B-cells, it is necessary to
generate another mouse line in which Shp2 is selectively deleted in B-cells only.
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Conclusion

Shp2, a widely expressed non-receptor tyrosine phosphatase, has been implicated in
regulation of physiological activities in a variety of cell types. Discussion in this
chapter focuses on its function in metabolic signaling events, in particular the
amplification of leptin signaling in the hypothalamus for control of body weight and
energy balance and the regulation of insulin synthesis in pancreatic 3-cells for glu-
cose homeostasis. This has largely been accomplished by the generation and pheno-
typic analyses of cell type-specific gene knockout mouse models. Further studies
are clearly needed to elucidate the signaling cascades in these important physiologi-
cal processes and their defects in obesity and diabetes, in order to develop new and
more effective pharmaceutic intervention strategies.
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Chapter 10

Protein Tyrosine Phosphatase Epsilon

as a Regulator of Body Weight and Glucose
Metabolism

Ari Elson

Abstract The obesity pandemic has focused attention in recent years to the physi-
ological and molecular mechanisms that regulate body weight and glucose metabo-
lism. Key signaling pathways that regulate both parameters depend heavily on
reversible phosphorylation of proteins on tyrosine residues, a process regulated by
the opposing activities of tyrosine kinases and tyrosine phosphatases. Here we
review the roles of protein tyrosine phosphatase epsilon (PTPe) in regulating the
leptin and insulin signaling pathways and through them—body weight and glucose
metabolism. Mice lacking PTPe are leptin-hypersensitive and are protected from
weight gain that follows a high-fat diet. PTPe helps downregulate leptin receptor
signaling in the hypothalamus by dephosphorylating JAK?2 following activation of
the leptin receptor, thus inhibiting the receptor post-activation. PTPe is induced to
perform this function after undergoing leptin receptor-induced phosphorylation at
its C-terminal Y695. Mice lacking PTPe are also insulin-hypersensitive, indicating
that PTPe downregulates signaling by this receptor as well. Studies in muscle cells
confirm that PTPe inhibits insulin receptor signaling, possibly by targeting the
receptor itself. These studies identify PTPe as a physiological inhibitor of both sig-
naling pathways and as a factor in supporting the resistance to leptin and insulin that
is established in obesity and in type-II diabetes, respectively.
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Abbreviations

AgRP Agouti-related protein

BHK Baby hamster kidney

CD Chow diet

Cyt-PTPe  Cytosolic isoform of PTPe

EKO PTPe-knockout

ERK Extracellular signal-regulated kinase
GSK Glycogen synthase kinase

HFD High-fat diet

PEPCK Phosphoenolpyruvate carboxykinase
PKB Protein kinase B

POMC Pro-opiomelanocortin

PTK Protein tyrosine kinase

PTP Protein tyrosine phosphatase

PTPe Protein tyrosine phosphatase epsilon

RPTPe Receptor-type isoform of PTPe
RPTPs Receptor-type PTPs
WT Wild-type

Protein Tyrosine Phosphatases

Reversible phosphorylation of proteins is one of the better-studied molecular mech-
anisms for regulation of protein structure and function in vivo. Although the major-
ity of protein phosphorylation events occur in eukaryotic cells on serine or threonine
residues, tyrosine phosphorylation plays a major and well-established role in regu-
lating cellular processes [1, 2]. Tyrosine phosphorylation is a reversible process that
is regulated by the generically opposing activities of protein tyrosine kinases (PTKs)
and protein tyrosine phosphatases (PTPs). The human genome contains 90 PTK
genes and 107 genes that encode PTPs; of these, 85 and 81 genes, respectively,
produce products that target protein substrates [3]. The numbers of PTKs and PTPs
are then similar and are dwarfed by the much larger numbers of known and hypoth-
esized tyrosine phosphorylation sites in cellular proteins. As a result, each PTK or
PTP targets on average several substrates and fulfills multiple distinct physiological
roles in different cell types.

The 38 members of the “classical” PTP family, which target exclusively phospho-
tyrosine residues in proteins, form the core of the PTP superfamily. Classical PTPs
contain one or two PTP domains of approximately 240 amino acids each in their
cytosolic regions and dephosphorylate their substrates by a two-step mechanism. In
the first step, the PTP forms a covalent bond with the phosphate group of the sub-
strate phosphotyrosine, displacing the phosphate group from this tyrosine in the pro-
cess and releasing the dephosphorylated protein. The PTP-phosphate bond is then
hydrolyzed, regenerating the active PTP and releasing the phosphate group [4].
Classical PTPs can be classified into two subgroups: the receptor-type PTPs (RPTPs),
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which number 21 genes, and the remaining 17 genes that encode non-RPTPs. Each
subgroup can be subdivided further according to structural and sequence similari-
ties. RPTPs contain an extracellular domain of varying length and structure, a mem-
brane-spanning domain, and one or two cytosolic PTP domains. Although the
structure of the extracellular domains of RPTPs resemble those of PTKs, few ligands
of RPTPs are known and most are orphan receptors. Non-RPTPs are typically com-
prised of a single PTP domain that is flanked by other protein domains, which con-
trol the subcellular localization of the enzyme or regulate its activity [3, 5].

Recent studies have elucidated the molecular roles of specific PTPs in regulating
discrete physiological processes such as regulation of body weight, glucose homeo-
stasis, neural development, immune function, bone structure, and others. The reader
is referred to several recent reviews that discuss the physiological roles of PTPs and
their modes of regulation in detail [5—10]. Advances in understanding the molecular
roles of discrete PTPs in physiology have led to attempts to inhibit PTPs for phar-
maceutical use, either by design of specific inhibitors (e.g., [11, 12]) or by other
means (e.g., [13]). Major challenges in the field include identifying PTPs that are
suitable candidates for pharmaceutical intervention in a given context and designing
inhibitors that can enter cells and function in vivo in a specific manner, without
targeting related PTPs whose activities may be beneficial.

PTP Epsilon

Protein tyrosine phosphatase epsilon (PTPe) exists as a small family of proteins, all
produced from the single Ptpre gene (PTPRE in humans; Fig. 10.1a). PTPe was
described originally as a receptor-type PTP (RPTPe, tm-PTPe, PTPepsilonM) that
includes a short and heavily glycosylated extracellular domain and two cytosolic
PTP domains of which only the first, membrane-proximal one, is active [14-16]. A
second major form of PTPe was subsequently discovered. This cytosolic isoform of
PTPe (cyt-PTPe) (=PTPepsilonC) contains a short hydrophilic sequence of 12
amino acids that replaces the membrane-spanning and extracellular domains of
RPTPe [17, 18]. The two major PTPe proteins are products of distinct transcripts of
the Ptpre gene; each transcript is expressed from a separate promoter and exhibits a
unique pattern of expression among cells and tissues [17-19]. Both transcripts share
most of their sequence and differ only at their 5’ end; as a result, their protein prod-
ucts RPTPe and cyt-PTPe differ only at their N termini (Fig. 10.1a, b). The Ptpre
gene gives rise to two additional but less-abundant proteins, p67 and p65. p67 is
transcribed from the RPTPe or cyt-PTPe mRNAs starting at an initiation codon that
is located in the region common to both mRNAs. In contrast, p65 is produced by
calpain-mediated post-translational processing of RPTPe, cyt-PTPe, or p67 proteins
[20, 21] (Fig. 10.1a). The four PTPe proteins differ only at their amino termini
(Fig. 10.1b), hence each has its own pattern of subcellular localization. RPTPe is
exclusively membranal, cyt-PTPe is predominantly cytosolic, but is found to some
extent associated with the membrane or within the cell nucleus, while p67 and p65
are exclusively cytosolic [18, 20-22].



190 A. Elson

a
Cell Membrane

-l
Four (Calpain)
protein —_
products
* * * *
cyt-PTPe p67 RPTPe p65

Two

/\
TV e PN
~N /

One gene g F =1 1

(Ptpre)

RPTPe ME...(55AA)..LLLFLLAAYFFRFRKQRKAVVSSNDKKMPNGILEEQEQQRVMLLSR . . .
EE S SRS SRS RS S SRS E SRR R R R EEEEEEEE]

Cyt_PTPe MSSRKNFSRLTWFRKQRKAVVSSNDKKMPNGILEEQEQQRVMLLSR . . .
EEE R R R RS R EEE SRS E

p67 MPNGILEEQEQQRVMLLSR . . .
* %k k%

p65 MLLSR . . .

Fig. 10.1 The PTPe proteins. (a) Schematic outline of the four known forms of PTPe protein. The
single Ptpre gene gives rise to two distinct mRNA species via separate promoters. The 5’ sequences
of these mRNAs (white oval and rectangle) are unique, but downstream sequences are identical. Each
mRNA produces a major protein—RPTPe or cyt-PTPe. Both mRNAs also produce p67 via initiation
of translation at an ATG codon located in the sequences common to both mRNAs. Finally, all three
PTPe proteins can be cleaved by calpain to generate p65. All PTPe proteins contain the same PTP
domains (black rectangles); the N terminus of cyt-PTPe is unique to this form, (striped rectangle)
Asterisk denote C-Terminal phosphorylation site. (b) N terminal sequences of all 4 forms of PTPe
protein. Asterisks denote identical protein sequences

Physiological Roles of PTPe

In a manner similar to other PTPs that have several substrates, PTPe has been shown
to regulate several divergent physiological systems; in some of these the role of
PTPe is inhibitory, while in others it activates signaling events:

(a) Breast cancer: Analysis of mammary tumors that were induced in mice due to
expression of oncogenes in their mammary epithelium revealed that RPTPe is
expressed specifically in tumors initiated by activated (V664E) Neu or activated



10

(b)

(©)

(d)
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(G12R) Ras, but not by c-Myc or several other onco-proteins [14]. Further stud-
ies indicated that RPTPe is not an oncogene in its own right [23], but that it
supports the transformed phenotype induced by Neu in mammary epithelial
tumor cells. RPTPe performs this role by linking Neu with its downstream
effector Src; Neu phosphorylates RPTPe at its C-terminal Y695, which drives
RPTPe to dephosphorylate and activate Src [24]. Accordingly, mammary tumor
cells induced by Neu that lack RPTPe exhibit reduced Src activity and appear
less transformed than similar cells that express RPTPe [25].

Peripheral nerve myelination: cyt-PTPe is expressed in Schwann cells, which
carry out myelination of axons in the peripheral nervous system. The delayed-
rectifier, voltage-gated potassium channels Kv2.1 and Kv1.2 are physiological
substrates of cyt-PTPe in these cells [26]. Membrane depolarization triggers
Kv2.1 and induces it to facilitate exit of potassium cations from the cell; this
process is potentiated by phosphorylation of Kv2.1 at Y124 by Src or Fyn. Cyt-
PTPe antagonizes the activity of Src or Fyn by dephosphorylating Y124 of
Kv2.1, thus downregulating channel activity both in vitro and in vivo [27]. In
agreement, mice that lack PTPe exhibit a severe delay in sciatic nerve myelina-
tion and Kv2.1 is hyper-phosphorylated in Schwann cells derived from these
mice [26]. A similar mechanism may act in the central nervous system, since
expression of an inactive “substrate trapping” mutant of RPTPe in transgenic
mice delays optic nerve myelination [28].

Osteoclast activity: Female mice that lack PTPe exhibit mild osteopetrosis (gain
of bone mass), which is due to reduced adhesion and activity of bone-resorbing
osteoclasts. Osteoclasts express cyt-PTPe; lack of this PTP significantly dis-
rupts the structure, cellular distribution, and stability of podosomes, the adhe-
sion structures of these cells, leading to reduced bone-resorbing activity [29]. In
agreement, mobilization of hematopoietic precursor cells from the bone marrow
to the general circulation, in which osteoclasts participate, is defective in PTPe-
deficient female mice [30]. At the molecular level, cyt-PTPe links signaling by
integrins, the mechano-sensory receptors present on osteoclasts, with down-
stream activation of Src. Integrin activation induces phosphorylation of cyt-
PTPe at its C-terminal Y638 (=Y695 in RPTPe), an event that is central in
enabling cyt-PTPe to dephosphorylate and activate Src [31]. Accordingly, Src
activity is reduced in osteoclasts that lack cyt-PTPe. As proper activity of Src is
absolutely required for osteoclast-mediated bone resorption [32, 33], this
strongly suggests that lack of cyt-PTPe disrupts osteoclast activity via reducing
Src activity. Indeed, increasing Src activity in PTPe-deficient osteoclasts can
correct the podosomal phenotype of PTPe-deficient osteoclasts [31].

Other roles: PTPe can downregulate mitogenic signaling induced by MAP kinase
[34, 35] or by JAK-STAT signaling in M1 leukemia cells [36-38]. Macrophages
from PTPe-deficient mice are impaired in their respiratory burst response and
produce reduced amounts of cytokines in response to bacterial lipopolysaccharide
[39], and PTPe negatively regulates proliferation of endothelial cells [40]. RPTPe
also affects erythrocyte morphology and downregulates activity of Ca**-activated
potassium channels in these cells [41]. In what follows we describe a novel role
for PTPe in regulating body mass and whole-body glucose homeostasis.
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Regulation of Body Weight by Protein Tyrosine Phosphatases

The obesity pandemic has focused attention on the physiological and molecular
mechanisms that regulate body weight and on possible approaches to manipulate
them for therapeutic gain. Leptin, a hormone that is produced in white adipose tissue,
is a well-established regulator of energy balance and body weight [42]. Leptin affects
body weight by activating its receptor in the hypothalamus; this leads to activation of
the receptor-associated PTK JAK?2, to subsequent phosphorylation of downstream
effector molecules, and to activation of the STAT3, PI3-kinase, and extracellular
signal-regulated kinase (ERK) signaling pathways (Fig. 10.2). Activation of the
leptin receptor ultimately increases production of the anorexigenic (appetite-depress-
ing) neuropeptide pro-opiomelanocortin (POMC) and inhibits production of the
orexigenic (appetite-stimulating) neuropeptides agouti-related protein (AgRP) and
neuropeptide Y. The combined effect of leptin is therefore to decrease appetite and
stimulate energy expenditure, which is consistent with presence within the organism
of sufficient energy deposits in the form of body fat [43—46]. Interestingly, obesity is
often associated in humans with resistance to the effects of leptin that is caused by
poor activation of hypothalamic leptin signaling by the hormone. As a result, obese
individuals often display elevated concentrations of leptin in circulation and respond
poorly in terms of weight loss to exogenously administered leptin.

The central role of the JAK2 PTK in hypothalamic leptin signaling strongly sug-
gests that tyrosine phosphorylation events are critical in regulation of body weight.
In agreement, several PTPs have been shown to participate in regulation of
leptin receptor signaling in this context (reviewed elsewhere within this volume).

.\(Cell Membrane)
e J—— PTP1B, RPTPe
\D\b
PI3K

Grb2 \b
ERK

Y1077 Q

TC-PTP

Y1138_\:\D

(Target gene expression)

Fig. 10.2 Schematic outline of hypothalamic leptin receptor signaling. The hypothalamic leptin
receptor is associated with the JAK2 PTK. Upon activation by leptin, the receptor activates JAK2,
which autophosphorylates and trans-phosphorylates the receptor at tyrosines 985, 1077, and 1138.
Phosphorylated tyrosines bind SHP2, STATS, and STAT3, respectively, and activate the signaling
pathways shown. Inhibition of leptin signaling is achieved by SOCS3, a target gene of STAT3, and
by tyrosine phosphatases such as PTP1B, TC-PTP, and PTPe. PTPs are shown in boldface italic type
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The non-receptor PTP PTP1B dephosphorylates and inactivates hypothalamic JAK2;
accordingly, mice lacking PTP1B are hypersensitive towards the effects of leptin and
exhibit reduced adiposity [47—49]. The closely related PTP TCPTP also inhibits
leptin receptor signaling. Mice lacking TCPTP in neurons exhibit leptin hypersensi-
tivity and are resistant to weight gain induced by high-fat food. In a manner distinct
from PTP1B, TCPTP targets STAT3; accordingly, combined deletion of both PTPs
induces stronger protection from diet-induced obesity than loss of either PTP alone
[50]. The SH2 domain-containing PTP SHP2 affects leptin signaling in several ways.
SHP2 promotes leptin signaling by binding the leptin receptor and activating down-
stream ERK signaling; however, it also inhibits JAK2 and STAT3 signaling, thereby
downregulating receptor activity. The overall effect of SHP2 is to upregulate hypo-
thalamic leptin receptor signaling, as shown by the increased adiposity, decreased
leptin sensitivity, and decreased energy expenditure in mice that lack hypothalamic
SHP2 [51, 52]. In agreement, expression of a dominant-active mutant of SHP2 in
forebrain neurons of mice induced resistance to weight gain caused by high-fat food
and improved whole-body glucose homeostasis [53]. Interestingly, this latter effect
was detected in females, suggesting that SHP2 links estrogen and leptin signaling
[53]. Inhibition of PTPs that downregulate leptin receptor signaling should improve
the response of the receptor to its ligand and promote weight loss. However, such
inhibition of PTPs should be specific and avoid inhibiting other PTPs, such as SHP2,
that perform opposite roles in hypothalamic leptin receptor signaling [54] and whose
inhibition would most likely increase body weight. In this context, we describe the
roles of PTPe in regulation of hypothalamic leptin signaling.

Lack of PTPe Protects Mice from Weight Gain
and Increases Basal Metabolic Rate

Mice that lack PTPe do not express any form of PTPe protein (PTPe-knockout
[EKO] mice; [26]). EKO mice of both genders are born in Mendelian ratios and gain
weight normally throughout development. However, when placed on a high-fat diet
(HFD), female EKO mice gain less weight than their wild-type (WT) counterparts;
after 11 weeks on fat-rich food, EKO female mice gained 55 % less weight than
controls [55]. Significant protection from weight gain was observed also in mice
that had been ovariectomized, a procedure that also results in massive weight gain
in WT mice. Moreover, elderly female EKO mice (age >1 year) weighed signifi-
cantly less than matched WT controls [55]. Reduced weight of EKO mice was asso-
ciated with reduced mass of white adipose tissue deposits. Interestingly, protection
from weight gain was detected in female EKO mice; little protection was observed
in male EKO mice. Further studies by indirect calorimetry revealed that when fed
regular lab chow (in which 18 % of calories are derived from fat), female EKO mice
tended to produce more body heat, consume more oxygen, and produce more car-
bon dioxide, but this did not reach the level of statistical significance. In contrast,
when mice were shifted to high-fat food (59 % of calories from fat), body heat
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production, oxygen consumption, and carbon dioxide production were significantly
increased in EKO mice and were significantly higher than in control WT mice. In
all of these studies EKO mice and matched controls consumed similar amounts of
food and their physical activities were similar. It then appears that EKO female mice
gain less weight when fed fat-rich food due to increased basal metabolic rate, which
reduces the amount of excess food-derived energy stored as fat [55].

Loss of PTPe Induces Leptin Hypersensitivity
in the Hypothalamus

Female mice lacking PTPe exhibit a strong trend for reduced concentrations of
leptin in circulation [55]. When mice were subjected to a HFD, ovariectomy, or were
analyzed at an advanced age—all paradigms in which EKO mice protected from
weight gain—EKO mice exhibited significantly reduced levels of leptin in circula-
tion. As was the case with weight gain protection, circulating levels of leptin were
normal in male EKO mice; fat-rich food increased circulating levels of leptin signifi-
cantly but similarly in both EKO and WT male mice. Reduced leptin in circulation
could arise from a primary defect in adipose tissue that reduces leptin synthesis or
secretion. Alternatively, the primary defect could reside in the hypothalamus: feed-
back from increased hypothalamic leptin sensitivity could reduce synthesis or secre-
tion of leptin by adipose tissue in order to maintain normal overall hypothalamic
leptin signaling. Strong data in favor of the latter explanation was provided when
female EKO mice were shown to be leptin-hypersensitive when challenged with
leptin in acute and in chronic leptin stimulation protocols. Acute injection of leptin
to female EKO mice resulted in increased phosphorylation of hypothalamic STAT3,
while chronic administration of leptin over several days resulted in a greater drop in
food intake in these mice than in matched controls [55]. Coupled with high levels of
RPTPe expression in the hypothalamus and very low PTPe expression in adipose
tissue, these results indicate that lack of PTPe upregulates leptin receptor signaling
in the hypothalamus. Indeed, further studies revealed co-localization of PTPe and
leptin receptor mRNAs in neurons in the arcuate nucleus of the hypothalamus [55].

PTPe Dephosphorylates JAK2 and Downregulates Leptin
Receptor Signaling

Molecular studies in heterologous systems indicated that RPTPe can reduce leptin-
induced phosphorylation of JAK?2 (at Y1007/1008) and STAT3 (at Y705). Moreover,
RPTPe and the leptin receptor co-immunoprecipitate together with JAK2, and puri-
fied RPTPe can dephosphorylate purified JAK2. In all, the data indicate that RPTPe
physically associates with the leptin receptor and JAK?2, and that JAK?2 is a substrate
of RPTPe in the context of leptin receptor signaling [55]. It is then reasonable to
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conclude that lack of RPTPe prevents sufficient dephosphorylation of hypothalamic
JAK?2 following leptin stimulation, does not inhibit leptin signaling sufficiently, and
results in leptin hypersensitivity.

Regulation of RPTPe by Leptin-Induced Phosphorylation

As indicated above, the abilities of both major forms of PTPe, RPTPe and cyt-PTPe,
to carry out their physiological function can be affected by phosphorylation of their
C-terminal tyrosine residue (Y695 in RPTPe=Y638 in cyt-PTPe, Fig. 10.1).
Accordingly, phosphorylation of Y695 is critical for RPTPe to activate Src in Neu-
induced mammary tumor cells [24], while similar phosphorylation of cyt-PTPe sup-
ports its activation of Src in osteoclasts. Phosphorylation of cyt-PTPe is also required
for its EGF-induced association with tubulin, which inhibits the PTP [31, 56]. These
findings suggest the existence of a signaling module, in which activation of a cellular
receptor induces C-terminal phosphorylation of RPTPe or cyt-PTPe that induces the
PTP to dephosphorylate a downstream molecule as part of its physiological function.
Receptor-induced phosphorylation may be direct (most likely as is the case of Neu
in mammary tumors, [24]) or indirect via a surrogate kinase (such as when activated
integrins in osteoclasts partially activate Src to phosphorylate cyt-PTPe [31]). The
molecular mechanism by which phosphorylation affects PTPe is unknown, but it
most likely does not involve altering the kinetic parameters of its catalytic activity
[24]. Rather, it might affect the ability of PTPe to interact with other molecules.
The above results suggested that C-terminal phosphorylation of RPTPe may play
a role in regulating its activity in leptin signaling. In agreement with the above
model, intra-peritoneal injection of leptin into female WT mice induced transient
phosphorylation of RPTPe at Y695 (Fig. 10.3a) [55]. Feeding female EKO mice
high-fat food induces phenotypes in these mice (higher basal metabolic rates, pro-
tection from diet-induced weight gain), suggesting that the importance of RPTPe
function is increased when mice are challenged by fat-rich food. Leptin-induced
phosphorylation of RPTPe was higher in mice fed fat-rich food than in mice fed
regular lab chow (Fig. 10.3b), suggesting that RPTPe phosphorylation is important
for its function. Further studies indicated that JAK2 can phosphorylate RPTPe at
Y695 upon leptin stimulation in cells, and that purified JAK2 can phosphorylate
purified RPTPe in vitro [55]. Importantly, the non-phosphorylatable mutant Y695F
RPTPe is significantly impaired in its ability to dephosphorylate JAK2 following
leptin stimulation, confirming the functional importance of this phosphorylation
event [55]. In all, the data suggest a model (Fig. 10.4) by which RPTPe is associated
with the leptin receptor and JAK2. Upon leptin binding to its receptor, JAK2 phos-
phorylates several downstream substrates, among them RPTPe at Y695. RPTPe
then dephosphorylates and inactivates JAK2, thus participating in a negative-
feedback regulatory loop that helps return leptin signaling to its pre-stimulation
levels. PTPe auto-dephosphorylates at Y695, thus possibly limiting its own activity
in this pathway. In this respect PTPe functions similarly to PTP1B and to the related
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Fig. 10.3 Activation of the leptin receptor induces phosphorylation of hypothalamic RPTPe at
Y695. (a) Four-month-old female WT mice were injected intraperitoneally with leptin (5 ug/g
body weight). Hypothalami were isolated and analyzed with a pY695-PTPe-specific antibody. (b)
Bar diagram showing increased phosphorylation of RPTPe at Y695 at =60 min following leptin
injection in mice fed chow diet (CD) or fatty food (HFD). N=7-10 mice per bar; Asterisks,
p<0.0065 by Student’s ¢-test. Reprinted from Cell Metabolism, 13(5), Rousso-Noori et al., Protein
tyrosine phosphatase epsilon affects body weight by downregulating leptin signaling in a
phosphorylation-dependent manner, pp. 562-572, Copyright 2011, with permission from Elsevier

TCPTP, which inhibit hypothalamic leptin receptor signaling; absence of any of
these PTPs induces leptin hypersensitivity in mice [47-50]. Although both PTP1B
and RPTPe target JAK2, only RPTPe appears to be regulated by C-terminal phos-
phorylation [48, 49, 55]. This indicates that PTP1B and RPTPe may inhibit leptin
signaling in distinct physiological contexts. Phosphorylation-dependent inhibition
of RPTPe also implies that RPTPe might play a role in shutting down the leptin
receptor post-activation rather than in preventing its inappropriate activation before-
hand. Finally, loss of RPTPe affects the body weight of females in particular.
Estrogen signaling in the hypothalamus affects body weight, and it is possible that
the physiological role of RPTPe is affected by both estrogen and leptin signaling
events. Further studies are required to clarify this issue.
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Fig.10.4 Inhibition of hypothalamic leptin receptor signaling by RPTPe. In this schematic model,
prior to initiation of leptin signaling the leptin receptor, JAK2 and RPTPe form part of a molecular
complex (a). Following binding of leptin to its receptor, JAK2 undergoes autophosphorylation (b)
and trans-phosphorylates RPTPe at Y695 (¢). RPTPe then dephosphorylates JAK2 and inactivates
it (d), after which RPTPe auto-dephosphorylates (e) and returns the system to its original state (a).
Model scheme adapted from Cell Metabolism, 13(5), Rousso-Noori et al., Protein tyrosine phos-
phatase epsilon affects body weight by downregulating leptin signaling in a phosphorylation-
dependent manner, pp. 562-572, Copyright 2011, with permission from Elsevier

PTPe as an Inhibitor of Insulin Receptor Signaling

Some of the physiological functions of the receptors for insulin and for leptin are
closely related. Obesity and diabetes are both part of the metabolic syndrome and,
if left to follow its clinical course, obesity is often followed by disruptions to glu-
cose homeostasis and diabetes. Moreover, both insulin and leptin play similar roles
in the hypothalamus with respect to regulation of body weight [57]. Leptin is
believed to function predominantly in regulating body weight of females, while
insulin is more dominant in this respect in males [58, 59]. Several studies have
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suggested that PTPe inhibits insulin receptor signaling. A screen of Baby Hamster
Kidney (BHK) cells that overexpressed the insulin receptor identified RPTPe as a
phosphatase that can dephosphorylate the receptor and downregulate its activity
[60]. In this system the non-receptor form of PTPe, cyt-PTPe, did not affect insulin
receptor signaling, although subsequent studies in other systems indicate that cyt-
PTPe can also target the receptor (see below). Later studies in primary hepatocytes
confirmed that RPTPe targets the insulin receptor and can inhibit downstream sig-
naling events, such as activation of protein kinase B (PKB), ERK, and glycogen
synthase kinase 3 (GSK3), as well as insulin-induced glycogen synthesis and
insulin-induced suppression of phosphoenolpyruvate carboxykinase expression
(PEPCK) [61]. Adenoviral-induced expression of RPTPe in mice also reduced insu-
lin-induced inhibition of PEPCK expression in the liver [61].

More recent studies have shown that PTPe, in particular cyt-PTPe, can inhibit
insulin signaling in skeletal muscle cells. The L6 rat skeletal muscle cell line
expresses predominantly cyt-PTPe. Expression of GFP-tagged cyt-PTPe in L6 cells
revealed that after stimulating the cells with insulin, cyt-PTPe co-localizes with the
internalized receptor [62]. Over-expression of cyt-PTPe in these cells reduced phos-
phorylation of the insulin receptor at tyrosines 972 and 1162/1163; cyt-PTPe also
inhibited phosphorylation of IRS1, PKB, and GSK and reduced insulin-induced
glucose uptake into the cells. As expected, downregulation of cyt-PTPe expression
by RNAi induced the opposite results [62]. Increased phosphorylation of the insulin
receptor and IRS1 were also observed when primary skeletal muscle cells from
EKO mice were stimulated with insulin [62]. In all, it appears that both RPTPe and
cyt-PTPe can inhibit insulin receptor phosphorylation and downregulate down-
stream signaling events in cultured cells.

These conclusions were borne out in vivo when whole-body glucose homeosta-
sis and insulin signaling were evaluated in EKO mice. Fasting glucose and fasting
insulin levels were normal in both male and female EKO mice that had been fed
regular chow. However, male EKO mice that had been fed a HFD exhibited reduc-
tions of 21 % and 45 % in their circulating levels of glucose and insulin, respec-
tively, after an overnight fast [55]. Improved performance in regulating blood
glucose levels in the presence of reduced circulating insulin indicates that EKO
mice are insulin-hypersensitive. In agreement, male EKO mice showed better con-
trol of their blood glucose levels than WT controls when injected with a bolus of
glucose; similar results were obtained in both lean and obese mice [55]. Interestingly,
male EKO mice presented a stronger phenotype in this respect than female EKO
mice. Injection of insulin to mice fed regular lab chow induced increased hyper-
phosphorylation of PKB in muscles and in livers of EKO mice compared to control
mice, providing additional evidence in favor of PTPe inhibiting insulin receptor
signaling in vivo [55]. In all, the results presented here indicate that both major
forms of PTPe, RPTPe and cyt-PTPe, inhibit insulin receptor signaling. Although
the precise mechanism by which PTPe exerts this effect is not proven, the fact that
phosphorylation of the insulin receptor itself is affected by changes in PTPe expres-
sion (e.g., [62]) strongly suggests that the receptor is a substrate of PTPe.
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Gender Effects

An intriguing aspect of the effects of PTPe on leptin and on insulin signaling is their
gender specificity. Loss of PTPe affects hypothalamic leptin signaling and protects
from weight gain induced by a variety of physiological stimuli primarily in females,
while it is mainly male EKO mice that enjoy improved glucose homeostasis. The
basis for these effects is not clear at present. It has been suggested that, while both
leptin and insulin signal in the hypothalamus to affect body weight, leptin is dominant
in this respect in females while insulin is dominant in males [59]. This may occur due
to gender-specific effects on signaling processes (e.g., by sex hormones) or to gender-
specific variations in co-expression of PTPe and receptors for leptin or insulin in
subsets of neurons. These interpretations are consistent with the fact that loss of hypo-
thalamic PTPe increases leptin sensitivity and results in a female-specific body weight
phenotype. The fact that a similar phenotype is not observed in EKO male mice may
indicate that insulin receptor signaling is not affected in hypothalamic neurons.
Similarly, the finding that EKO male mice display more significant improvement in
glucose homeostasis than EKO females suggests that insulin receptor signaling in the
periphery is affected by loss of PTPe predominantly in males. Further studies are
required to challenge these interpretations and to uncover their molecular bases.

Future Directions

Studies outlined in this chapter indicate that PTPe plays a role in regulating signal-
ing by the leptin and insulin receptors, thus affecting body weight and glucose
homeostasis. While the basic role of PTPe in these signaling pathways is clear,
further work is required to understand how PTPe functions in each tissue and cell
type, and how these distinct effects combine in a whole organism to generate the
overall picture observed in whole-body EKO mice described here.

From a broader perspective studies of PTPe and of other PTPs demonstrate that
PTPs in general play pivotal roles in regulating leptin and insulin signaling and affect
body weight and whole-body glucose homeostasis. The increasing spread of the
metabolic syndrome pandemic makes it extremely tempting to design specific inhib-
itors of select PTPs to help regain control of leptin and insulin signaling in vivo for
therapeutic gain. Demonstrated successes in designing specific inhibitors of PTKs
for treatment of diseases in the past decade make this approach even more appealing.
For this to occur, more complete basic understanding of the roles of various PTPs in
regulating the relevant physiological pathways in vivo needs to be obtained. The dif-
ficulties encountered in designing PTP inhibitors that are specific and effective in
vivo are, unfortunately, not trivial. However, studies such as those summarized here
help lay the scientific foundation for this, by identifying specific PTPs as well as
target cells and tissues where targeting should occur for maximal gain.
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Chapter 11

The Role of LMPTP in the Metabolic
Syndrome

Stephanie M. Stanford, Massimo Bottini, and Nunzio Bottini

Abstract The low molecular weight class of protein tyrosine phosphatases (PTPs)
has been implicated as key modulators of pathways controlling human susceptibility
to a host of disorders. As a result, these enzymes are emerging as novel targets for the
treatment of a variety of ailments, ranging from cardiovascular disorders to neoplastic
syndromes to infectious diseases. For decades evidence has been accumulating that
the human low molecular weight PTP (LMPTP) is a key regulator of the metabolic
conditions that accompany obesity and can put humans at risk for type 2 diabetes,
coronary artery disease, and other, sometimes lethal, complications. While the LMPTP
is ubiquitously expressed and involved in numerous signaling pathways controlling
cell growth and differentiation, this review will focus on the critical role of LMPTP in
regulating insulin resistance and its implications for metabolic homeostasis.
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f Fast isoform

hAAP Human adipocyte acid phosphatase

HCPTP Human cytosolic low-molecular-weight protein tyrosine phosphatase
IR Insulin receptor

LDL Low-density lipoprotein

LMPTP Low molecular weight protein tyrosine phosphatase

PTP Protein tyrosine phosphatase

s Slow isoform

SNP Single nucleotide polymorphism
Sv3 Splicing variant 3

TID Type 1 diabetes
T2D Type 2 diabetes
ZAP-70  (-chain-associated protein tyrosine phosphatase of 70 kDa

Introduction

Human obesity is frequently accompanied by metabolic abnormalities that increase
risk for type 2 diabetes (T2D) and coronary artery disease (CAD), called the meta-
bolic syndrome [56]. This so-called metabolic syndrome includes conditions such
as insulin resistance, hypertriglyceridemia, and hypercholesterolemia, which fre-
quently occur together and greatly expose individuals to the risk of obesity-related
complications and lethality. As the prevalence of obesity is rapidly climbing in
developed countries, targets for attenuation of the metabolic syndrome are currently
of great therapeutic relevance. Studies by multiple groups strongly suggest that
human LMPTP is a key predisposing risk factor and potential target for treatment of
the metabolic syndrome [6].

The Class II cysteine-based subfamily of PTPs is represented by the low molecu-
lar weight PTPs (LMPTPs, also abbreviated as LMW-PTPs), unique enzymes of
roughly 18 kDa expressed in all eukaryotes, from yeasts to humans [1]. These PTPs
contain a high degree of conservation of the primary sequence among organisms,
and similar proteins with tyrosine phosphatase activity have been isolated from pro-
karyotic organisms, including gram-negative [13, 34, 75] and gram-positive [57]
bacteria and Archaea [42]. Although this subfamily contains the CXsR signature
motif found in the P-loop of all PTPs and efficiently hydrolyzes phospho-Tyr-based
substrates with the same catalytic mechanism, these enzymes contain little primary
sequence homology to other PTP subfamilies [62].

The Discovery of LMPTP

LMPTP was originally identified as an acid phosphatase from red blood cells [23, 38]
and found to be expressed in many other mammalian tissues at high concentrations
[37, 77]. Historically, LMPTP has been referred to by a number of names, including
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Fig. 11.1 Isoforms of LMPTP. Alternative splicing of the ACP1 pre-mRNA leads to three produc-
tive transcripts, encoding for the LMPTP-A (ACP1-f; yellow), LMPTP-B (ACPI-s; blue), and
LMPTP-C (gray) isoforms. LMPTP-A and LMPTP-B result from the mutually exclusive retention
of the third exon (called exon 3f; present in LMPTP-A), or the fourth exon (called exon 3s; present
in LMPTP-B). LMPTP-C results from removal of both exons 3f and 3s and encodes for a catalyti-
cally inactive protein

the cytosolic low molecular weight protein (cLMWPTPase [§] or LMW-PTP [62],
human adipocyte acid phosphatase (hAAP) [65], human cytosolic low-molecular-
weight protein tyrosine phosphatase (HCPTP) [39], and bovine heart protein tyrosine
phosphatase (BPTP) [83]. The human ACPI gene, located on chromosome 2p25,
contains 7 exons and 6 introns [11]. Four isoforms of LMPTP have been reported to
arise as a result of an alternative splicing of a primary transcript. Three productive
mRNAs encode for LMPTP-A, -B, and -C (Fig. 11.1). The two major isoforms,
LMPTP-A and LMPTP-B, result from mutually exclusive retention of exon 3 (pres-
ent in LMPTP-A) or exon 4 (present in LMPTP-B) [44, 64]. The isoenzymes consist
of single polypeptide chains of 157 amino acids, which both undergo removal of the
Metl and acetylation of the N-terminal Ala2. They show an identical sequence
except for the region containing amino acids 4073, called the variable loop, which
contains only 41 % identity [24, 25, 77]. This loop flanks the catalytic site and con-
fers specificity for substrates and modulating ligands [19]. The two isoforms also
contain translationally silent base-pair substitutions at nucleotides encoding amino
acids 74 and 75. LMPTP-A and LMPTP-B have historically been known as the fast
(f) and slow isoforms (s) of the acid phosphatase ACPI, respectively, due to their
resolution in non-denaturing starch gel electrophoresis [38]. Further characterization
revealed that the mass of the f isoform is slightly higher than the s isoform [27].
Analysis of the exon structure of the homologous gene among various species
revealed that this mutually exclusive alternative splicing of the transcript is retained
among all vertebrates tested, including mammals and fish, while yeasts express only
a single isoform, suggesting the origin of this gene predates early vertebrates [63].
LMPTP-C is a catalytically inactive isoform, resulting from excision of both exons 3
and 4 from the transcript, and may act as a dominant negative form of the phospha-
tase [74]. The fourth mRNA isoform, called SV3 (splicing variant 3), is a nonproduc-
tive transcript [54].



206 S.M. Stanford et al.

Once it was discovered that LMPTP dephosphorylates phospho-Tyr, but not
phospho-Ser or phospho-Thr, the enzyme was reclassified from an acid phosphatase
to a PTP. Indeed, LMPTP is inhibited by the PTP inhibitors vanadate, Zn?**, and
phenylarsine oxide, but is not inhibited by the classical acid phosphatase inhibitor
tartrate, or by the phospho-Ser/phospho-Thr inhibitors EDTA, sodium fluoride, or
okadaic acid [14, 65].

The Regulation of LMPTP

The crystal structures of both human LMPTP-A [52, 81] and LMPTP-B have been
solved [80] and reveal that the LMPTP active site is lined by the variable loop (resi-
dues 40-73) that distinguishes the two isoforms and confers their specificity for
different ligands (reviewed in [50, 72]). For example, the two isoforms are differen-
tially modulated by purine derivatives. LMPTP-A is inhibited by adenine and acti-
vated by hypoxanthine, while LMPTP-B is activated by adenine and unaffected by
hypoxanthine [26, 76]. Cyclic GMP was also shown to strongly induce the activity
of LMPTP-B from rat liver, with little effect on the LMPTP-A isoform [18, 19].

LMPTP activity is regulated by modifications of specific amino acid residues.
Similar to several other PTPs [4], LMPTP can be regulated through a redox mecha-
nism. A disulfide bond is reversibly formed upon oxidation of the thiol groups of
Cys17 and the catalytic Cys12 by either H,O, or nitric oxide, a modification that can
be reversed by removal of oxidative conditions or by presence of reducing agents
such as dithioreitol or reduced glutathione [72]. As is also the case with many PTPs,
LMPTP is reversibly regulated by phosphorylation on tyrosine residues.
Phosphorylation of LMPTP on Tyr131 and Tyr132 by the Src family kinases has
been demonstrated to modulate the activity of the phosphatase and the binding to
other interactors. Phosphorylation on Tyr131 strongly enhances the enzymatic activ-
ity of LMPTP, whereas phosphorylation on Tyr132 does not affect the activity, but
instead provides a docking site for SH2-containing proteins such as Grb2, which
regulates substrate access to the LMPTP active site [12, 31, 73].

LMPTP as a Regulator of Insulin Signaling

A variety of substrates and physiological functions have been proposed for LMPTP,
and for comprehensive reviews of the function of LMPTP, the reader is referred to
the following authoritative publications [6, 50, 67]. Decades of studies have demon-
strated the involvement of LMPTP in growth factor signaling through dephosphory-
lation of growth factor receptors, including the platelet-derived growth factor
receptor [16, 17], fibroblast growth factor receptor [61], and ephrin receptor [43].
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In T cells, LMPTP promotes T cell receptor-mediated signaling through dephos-
phorylation of the {-chain-associated protein tyrosine phosphatase of 70 kDa (ZAP-
70) on the negative regulatory Tyr292 [10].

The insulin receptor (IR) was first suggested as a substrate when the LMPTP-A
and LMPTP-B homologs from rat liver (called AcP1 and AcP2) were isolated and
tested for in vitro activity against a series of phospho-Tyr containing peptides [70].
In this study both isoforms dephosphorylated a phospho-peptide comprised of the
amino acid sequence of 1,146—1,158 of the human IR chain phosphorylated at
Tyr1151. A role for LMPTP as a negative regulator of insulin signaling was first
proposed in a report of results from over-expression of a dominant-negative mutant
(Cys12Ser) of LMPTP in NIH-3T3 cells stably over-expressing the insulin receptor
(IR) [15]. In this study, cells expressing the mutant LMPTP displayed increased
tyrosine phosphorylation of the IRB upon insulin stimulation, and mutant LMPTP
from these cells co-immunoprecipitated with the IR in an insulin-dependent man-
ner. This interaction was also shown in an in vitro binding assay and could be com-
peted out by the competitive PTP inhibitor orthovanadate. Cells over-expressing the
mutant LMPTP showed increased insulin-stimulated Src kinase activity and under-
went increased insulin-stimulated mitosis and glucose incorporation into glycogen,
providing the first suggestion that LMPTP affects both the mitogenic and metabolic
effects of insulin.

Confirmation of LMPTP as a key regulator of insulin signaling occurred in 2007,
when it was reported that treatment of obese mice with an anti-LMPTP targeted
antisense oligonucleotide (ASO) led to improved insulin sensitivity and hypergly-
cemia [60]. In this report, the authors showed that ASO-induced knock-down of
LMPTP in primary mouse hepatocytes increased insulin-induced phosphorylation
of the IRP chain and of the downstream serine-threonine kinase Akt on Ser473.
They proceeded to demonstrate that knock-down of LMPTP expression in the liver
and fat of both diet-induced obese (DIO) and genetically obese leptin-deficient
oblob mice increased insulin signaling, improved insulin resistance, lowered blood
insulin and glucose levels, and improved glucose tolerance compared to control
ASO-treated mice [60]. ASO treatment in the DIO mice significantly reduced
plasma cholesterol levels and liver triglyceride levels. LMPTP knock-down also
improved hepatic steatosis and lowered plasma triglycerides, but not cholesterol, in
the ob/ob mice. The ASO treatment, interestingly, did not affect body weight or
increase metabolic rate of either mouse model. Western blot analysis showed that
the ASO treatment led to increased insulin-induced tyrosine phosphorylation of the
IRp in the liver of DIO and ob/ob mice and the fat of ob/ob mice. The LMPTP-
ASO-treated mice also exhibited decreased basal pTyr-IRp levels in the fat of both
models, attributed to their decreased blood insulin levels. Increased insulin-induced
phosphophorylation of Akt on Ser4d73 was also elevated in liver and fat of LMPTP-
ASO-treated mice compared to the control ASO-treated mice. Not only did this
study suggest that LMPTP may be a key regulator of insulin-mediated signaling, but
also provided evidence that LMPTP may be a relevant therapeutic target to relieve
the metabolic complications that often accompany obesity.
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Polymorphisms of the ACP1 Gene

In humans the ACPI gene is highly polymorphic, with three common codominant
alleles, termed ACPI*A, ACPI*B, and ACPI1*C [38]. The ACPI*A and ACPI*B
alleles are present at high frequencies in all populations. The ACP*C allele is com-
mon in Caucasians [35]. At the population level, other more rare alleles include the
ACPI*R allele, found in Southern African populations [20], the ACPI*TIC-1 allele,
found in the Ticuna population of the Central Amazons [79], and the ACP/*GUA-1
allele found in the Guaymi population of Panama and Costa Rica [55]. The ACPI*A,
*B, and *C polymorphisms were originally identified from their patterns in starch
gel electrophoresis of red blood cell lysates [38]. Since then, these alleles have been
sequenced and well characterized, and found to affect not only total LMPTP enzy-
matic activity, but also the ratio between the A/f and B/s isoforms. Figure 11.2
describes the three single nucleotide polymorphisms (SNPs) defining these alleles.
The A/G SNP in exon 5 encodes an Arg at amino acid 105 (CGA) *A allele, which
is a Gln (CAA) in *B and *C. Two C/T substitutions in exons 3f and 3s, in the
codons for amino acids 43 and 44, are synonymous SNPs that do not change the
encoded amino acid but affect splicing of the mRNA transcript and the resulting
ratio between the A/f and B/s isoforms [22]. The ratio of A/f to B/s conferred by a
particular allele does not appear to vary from tissue to tissue [3, 71]. The *A allele
confers the lowest LMPTP enzymatic activity, while the *C allele leads to the high-
est activity. A summary of the biochemical differences between these genotypes is
shown in Fig. 11.3. The total enzymatic activity of these six genotypes determined
by these alleles is *A/*A <*A/*B < (*B/*B, *A/*C)<*B/*C < *C/*C [68].

Homo sapiens ACP1 gene

0 B =

Allele f:s ratio
*A AGC(Serd44) GAT(Asp43d) CGA(Arg1i05) OO O
B AGC(Ser44) GAC(Asp43) CAA(GIn105) 88 o
*C AGTI(Ser44) GAC(Asp43) CAA(GIn105) o 88

|

Fig. 11.2 Polymorphisms defining the ACP1*A, ACP1*B, and ACP1*C alleles. The fixed combi-
nations of three exonic single nucleotide polymorphisms (SNPs) in the ACP/ gene define the
presence of the common codominant ACP/*A, ACP1*B, and ACP1*C alleles. A SNP in exon 5
encodes for Arg at amino acid 105 in the *A allele, which is a Gln in the *B and *C alleles. Two
synonymous SNPs in exons 3f and 3s do not change the encoded amino acids, but affect alternative
splicing and the resulting f:s isoform ratios (2:1 in *A, 4:1 in *B, and 1:4 in *C)
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Fig. 11.3 LMPTP enzymatic
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ACP1 and Human Metabolic Syndrome

A compilation of genetic association studies strongly indicate that polymorphisms
in the ACP1 gene confer protection or predisposition to the dyslipidemia and insulin
resistance often accompanying obesity (Table 11.1). As described below, ACPI
genotypes encoding low LMPTP enzymatic activity (in carriers of the *A allele)
appear to exert a protective influence against aspects of the metabolic syndrome.

Body Mass and Dyslipidemia

For decades, the ACPI gene has been demonstrated to associate with increases in body
mass index (BMI). This was first shown in newborns, in which infants from both dia-
betic and normal pregnancies carrying the high enzymatic activity *C allele showed
reduced risk of fetal macrosomia [33]. A subsequent series of studies in Italian sub-
jects showed ACP] associates with the clinical variability of obesity, but not with the
incidence of obesity itself. These reports showed significant positive association
between the presence of the low enzymatic activity *A allele with severity of body
mass deviations in obese, nondiabetic children and adults [5, 49, 59]. In these studies,
the presence of the *A/*A and *A/*B genotypes was increased in severely obese sub-
jects, however, did not differ between obese and non-obese subjects. The authors of
these studies suggested that genetically determined variability in the levels of ACPI
activity and/or A/f to B/s ratio influences the severity but not susceptibility to obesity.
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Table 11.1 Genetic associations between ACP/ and human metabolic syndrome

References Population

Associated alleles

Major findings

[33]

[40]

[5]

[59]

[47]

[9]

[2]

[21]

[32]

[46]

[40]

[66]

[41]

[7]

Italian infants
from diabetic and
normal mothers

Italian children ages
3-14 years
Italian

Italian

Italian subjects
with T2D

US Caucasian
postmenopausal
females

Portuguese females

Italian females

Ttalian diabetic
pregnant females

Italian subjects
with T2D

Ttalian

Mexican-American

US children with acute
lymphoblastic
leukemia

Italian subjects
with T2D

*C

*A
*A
*A

*AIFA

*A

*A, *B and *C

*ASFA
and *A/*B

*A

*A

*B/*B, *A/*C
and *B/*C

T allele of
rs3828329
SNP

A allele of
rs12714403;
T allele of
rs10167992
SNPs

High ACP1/low ADA
and low ACP1/
high ADA activity
genotypes

Reduced risk of fetal macrosomia

Increased severity of obesity among
obese children

Increased severity of obesity among
obese subjects

Increased severity of obesity among
obese subjects

Positive association with BMI in
subjects with T2D with normal
lipid levels

Decreased risk of total cholesterol,
LDL cholesterol, and triglyceride
levels in obese female subjects

Positive correlation between ACP1
enzymatic activity genotype and
LDL cholesterol; negative
correlation between ACPI
enzymatic activity genotype and
GR activity

*A/*A increased and *A/*B decreased
in HFNB subjects; *A/*B increased
in HFHB subjects; f:s isoform ratio
decreased in HFNB subjects

Decreased severity of glycemia in
diabetic pregnant subjects; positive
correlation between ACPI activity
genotype and glycemic levels

Decreased severity of glycemia in
non-obese T2D subjects; positive
association between concentration
of A/f isoform and glycemic levels

Increased glycemic levels in healthy
male subjects; positive correlation
between ACP/ enzymatic activity
and glycemic levels

Increased fasting insulin levels and
decreased insulin sensitivity in
male subjects

Increased risk of osteonecrosis;
rs12714403 also associated with
lower albumin and higher
cholesterol levels

High ACP1/low ADA activity
genotypes positively associated
with high glycemic levels; low
ACPI1/high ADA activity genotypes
positively associated with
dyslipidemia
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Another large (n=265) study of Italian subjects reported that in T2D, ACPI
associates with BMI in non-dyslipidemic subjects. In this report, the *A/*A geno-
type was positively associated with BMI, but only in subjects with normal blood
lipid levels, proposing that at least in T2D, the *A allele may confer resistance to the
dyslipidemia which typically occurs in overweight subjects [47].

Further investigation confirmed ACPI to be a predisposing factor for obesity-
related dyslipidemia. In this report it was found that low-activity genotypes of ACP]
protect against development of dyslipidemia in obese women [9]. This study of 277
postmenopausal Caucasian women in the United States revealed a significant
decrease in total cholesterol, low-density lipoprotein (LDL) cholesterol, choles-
terol/HDL ratio, and triglyceride levels in obese (BMI>30) carriers of the low-
activity *A allele vs. obese noncarriers. While no association between ACPI
polymorphisms and BMI was shown in this cohort, the association of the *A allele
with serum triglyceride levels increased with increasing BMI, and no significant
association between ACP/ and blood lipids was demonstrated in the non-obese.
There was also a nonsignificant trend towards decreased waist-to-hip ratio in the *A
carriers, a parameter associated with poorer medical prognosis in obesity. This
study suggests that carriers of the ACP/*A allele who become overweight may be
partially protected against developing features of the metabolic syndrome—hyper-
triglyceridemia, hypercholesterolemia, and increased waist-to-hip ratio—that typi-
cally occur in obesity.

Another study of 318 Portuguese women showed significant association between
ACPI genotype and blood LDL cholesterol levels. In this report, carriers of the
lowest ACPI activity genotypes exhibited the lowest LDL cholesterol levels [2].
A similar trend was also shown for total cholesterol levels, although it did not reach
statistical significance.

Another study showed that ACPI may regulate the deposition of adipose tissue.
One hundred and thirty Caucasian women from Rome were studied for an effect of
ACP] in women with high fat content but normal BMI (called HFNB) compared to
women with high fat content and high BMI (called HFHB) [21]. In this cohort, low-
activity genotypes (*A/*A and *A/*B) were significantly more prevalent in the
whole sample of high fat women (HFNB and HFHB) compared to controls. Further
analysis of the two groups of women showed that in HFNB subjects, there was a
strong increase in *A/*A, but decrease in *A/*B genotypes, compared to controls.
Conversely, in HFHB subjects, the *A/*B, but not the *A/*A, genotypes were
strongly increased compared to controls. As the *A/*A and *A/*B genotypes differ
in the A/f to B/s isoform ratio (2.4 for *A/*A and 3.6 for *B/*A), the authors tested
the isoform ratio in these classes of subjects and indeed found it was significantly
lower in HFNB subjects than in the HFHB or controls.

Glycemic Levels

The low-activity genotypes of ACPI (*A/*A and *A/*B) have also demonstrated a
protective effect against severe hyperglycemia in diabetic disorders, suggesting that
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ACPI may influence susceptibility to insulin resistance. A study (n=214) of pregnant
women with type 1 diabetes (T1D), T2D, or gestational diabetes showed associa-
tions between both ACP/ genotype and LMPTP activity levels and glucose levels
[32]. The authors demonstrated a significant positive correlation between LMPTP
enzymatic activity and glycemic level in all three classes of diabetes in the last tri-
mester of pregnancy. There was also a significantly higher mean LMPTP activity in
diabetic women with either high (6.67-8.9 mM) or very high (>8.9 mM) glycemic
levels compared to nondiabetic women. This study also showed a negative correla-
tion between low-activity genotypes (*A/*A and *A/*B) and high or very high
glycemic levels compared to low glycemic levels in all classes of diabetic subjects,
and compared to nondiabetic subjects.

Another report showed that the *A allele occurs at a higher frequency in non-
obese T2D diabetic subjects in a lower blood glucose range (<8.9 mM) than in the
high blood glucose range (=8.9 mM) [46]. No association occurred between ACP]
and blood glucose level among the obese subjects. This study also found a positive
association between glycemic level and concentration of the A/f, but not B/s, iso-
form. Interestingly, a more recent study on 137 employees of the University of
Rome assessed the effect of ACP/ polymorphisms on serum glucose concentrations
in healthy adults [40]. The findings revealed a significant increase in glycemia in
males with medium-high activity ACPI genotypes (*B/*B, *A/*C and *B/*C)
compared to subjects with the low-activity genotypes (*A/*A and *A/*B), differ-
ences which were more marked with increasing age. An opposite, yet nonsignificant
trend was shown in females. The authors also showed that in males, serum glucose
levels positively correlated with total ACPI enzymatic activity, which was predomi-
nantly due to the A/f isoform. No correlation was found with the B/s isoform.

Association Studies with Additional SNPs

A comprehensive examination of the association of ACP/ variants with T2D-related
traits and adiposity was reported in 2009, in which a large study was conducted of
1,035 subjects from 339 Mexican-American families with probands with a previous
diagnosis of gestational diabetes (GM) [66]. In this study, 15 SNPs in the coding
and 5" and 3’ untranslated regions of ACPI were assessed. The authors tested asso-
ciations with a series of T2D-related traits, including insulin levels, glucose levels,
insulin sensitivity, glucose sensitivity, BMI, % body fat, and blood lipid levels. The
ACP] 133828329 SNP was found to be significantly associated with fasting insulin
levels and insulin sensitivity in males (these associations survived a Bonferroni cor-
rection for multiple testing). The T allele of this SNP increased fasting insulin levels
by 24.7 % per allele and decreased insulin sensitivity in male subjects by 13 % per
allele, associations that remained significant after adjustment for body fat. The SNP
also displayed marginal association with 2-h insulin and percentage of body fat in
males. Notably, no significant associations, for any of the variations, were found in
females. There was an association in females of SNP rs11553742, which correlates
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with levels of the f and s isoforms, and triglycerides; however this did not remain
significant after correction for multiple testing. This study suggests that ACP/ vari-
ation affects insulin signaling in a sex-specific manner. The authors reasoned that
the increase in fasting insulin could reflect compensation for an increase in insulin
resistance, which was seen in the decreased insulin sensitivity conferred by T allele.
The rs3828329 SNP is located in the 3' untranslated region of the gene, and the
functional effect of this variant is currently unclear. As the SNP is in strong linkage
disequilibrium with several other ACPI SNPs in the region, further studies will
need to be conducted in order to confirm an effect on insulin signaling. Another
SNP in the analysis that had previously been reported to correlate with levels of the
A/f and B/s isoforms [28], rs7576247, did not show any association with the T2D-
related traits in this study.

A recent study of determinants associated with osteonecrosis, a glucocorticoid-
induced complication of acute lymphoblastic leukemia, revealed that polymor-
phisms in the ACP! gene (rs12714403 and rs10167992) are associated with
osteonecrosis. rs12714403 is also associated with lower albumin and higher choles-
terol levels. In the same study, lower albumin and higher cholesterol were also
shown to be significantly associated with symptomatic osteonecrosis [41]. Another
recent genome-wide association study to identify cis-variants associated with
plasma protein abundance levels identified ACPI SNP rs17713879 [45].

Interactions with ADA

Another interesting line of investigation into the genetics of ACPI has been the sug-
gested interaction with the ADA gene. ADA encodes for adenosine deaminase
(ADA), an enzyme that catalyzes the conversion of adenosine to inosine. ADA is
also a polymorphic gene, with two codominant alleles, ADA*1 and ADA*2, which
affect ADA enzymatic activity. ADA*2 is associated with decreased activity [68].
The interaction between ACPI and ADA has been proposed to occur directly through
an effect of ADA on LMPTP activity, and indirectly through a cooperative biologi-
cal effect [7]. In an early study, ADA was shown to affect LMPTP activity [48]. As
mentioned above, LMPTP activity is modulated by purine derivatives [26, 76]. In
vitro, LMPTP activity in hemolysates was shown to be activated by adenosine, and
to a much greater extent, by inosine [48]. This activation was dependent upon ACP/
genotype, with the lowest increase in carriers of the ACP/*B/*B and *A/*B geno-
types and the highest increase in carriers of the *B/*C and *A/*C genotypes. The
same study showed that ADA genotype affects LMPTP activity. The presence of the
low-activity ADA*2 allele lowers ACPI activity, as carriers of ADA*2 generally
showed lower LMPTP activity than noncarriers. The influence of ADA genotype on
LMPTP activity is also dependent upon ACPI genotype, as the presence of the
ADA¥*2 allele contributed to the greatest reduction of LMPTP activity in ACPI*A/*A
carriers, less in *A/*B carriers, and no reduction in other ACPI genotypes [48]. The
presence of ADA*2 results in decreased conversion of adenosine to inosine, and thus
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it is likely that carriers of this allele contain lower intracellular concentrations of the
LMPTP-activating inosine.

ADA may also interact with ACPI through a synergistic effect at the physiologi-
cal level [7]. As adenosine has anti-insulin action in the liver through activation of
adenosine A2B receptors [78], ADA exerts an indirect influence on glucose toler-
ance. A study of 280 adult subjects with T2D from Penne, Italy, was undertaken to
investigate the effect of genetic interactions between ACPI and ADA on clinical
manifestations of T2D [7]. This study showed that the high ACP1/low ADA activity
genotypes (ACP1*B/*B, *A/*C, *B/*C, *C/*C; ADA*1/*2 and *2/*2) were posi-
tively associated with high glycemic levels and high BMI. Low ACPI/high ADA
activity genotypes (ACPI*A/*A and *A/*B; ADA*1/*1) were positively associated
with dyslipidemia. These studies suggest that interactions with the ADA gene may
influence the protective/predisposing effects of ACPI on aspects of the metabolic
syndrome, either directly through a biochemical effect on LMPTP activity, or pos-
sibly indirectly through a cooperative effect on insulin signaling and subsequent
glucose tolerance.

The Mechanism of Action of LMPTP in the Metabolic
Syndrome

While much work is yet to be done to clearly elucidate the mechanism of action of
LMPTP in the control of insulin sensitivity and lipidemia in the obese, multiple lines
of evidence suggest that LMPTP is an in vivo negative regulator of signal transduc-
tion through the IR. According to this model, carriers of the low-activity ACPI
genotypes would experience enhanced insulin sensitivity as a result of decreased
tyrosine dephosphorylation of the IR by LMPTP. Lower dephosphorylation of the
IR would increase insulin-stimulated signaling through the IR and activation of
downstream pathways. Conversely, the presence of high activity ACPI genotypes
would more easily favor insulin resistance through higher dephosphorylation of the
IR by LMPTP, depressing insulin-induced activation of signaling pathways critical
for control of metabolism. In support of this model are the strong in vivo data sug-
gesting that inhibition of LMPTP in mouse models of obesity lowers insulin resis-
tance and increases signaling through the IR, an action that is likely due to a direct
effect on insulin-stimulated phosphorylation of the IR [60].

Additional Tyr phosphorylated substrates for LMPTP have also been proposed to
affect its homeostatic maintenance of fat deposition and energy metabolism, such as
the adipocyte lipid binding protein [65] and band III protein, a regulator of erythro-
cyte glycolysis [36, 69]. Alterations in the LMPTP-A to -B ratio may also influence
predisposition to insulin resistance, as the two isoforms may display different affini-
ties for the IR and/or other substrates.

Aside from activity as a tyrosine phosphatase, in vitro, both LMPTP-A and
LMPTP-B can efficiently dephosphorylate flavin mononucleotide (FMN) to
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riboflavin [30]. Indeed it was shown that the majority of the intracellular phospha-
tase activity on FMN in extracts of Chinese hamster ovary cells is attributable to
LMPTP [30]. It has been suggested that in vivo dephosphorylation of FMN by
LMPTP would affect cellular respiration and antioxidant defense by regulating the
activity of flavoenzymes, such as glutathione reductase (GR), by affecting the intra-
cellular levels of the flavin cofactors FMN and flavin adenine dinucleotide [6, 35].
Several studies in human subjects support this notion. In two genetic association
studies, carriers of low-activity ACPI alleles were shown to have increased GR
activity [2, 55]. Additionally, cells subjected to over-expression of ACPI display
reduced GR activity [51]. Flavoenzymes play essential roles in redox reactions in
energy metabolism, and thus ACPI may exert its effects by influencing the activity
of these enzymes. As this hypothesis was not assessed in the only study of in vivo
inhibition of LMPTP conducted thus far [60], further examination of a role for
LMPTP as a FMN phosphatase in vivo will be useful in elucidating the mechanism(s)
of action of LMPTP in regulating metabolism.

Targeting LMPTP for Therapy of Metabolic Syndrome

In vivo and epidemiological evidence is accumulating in support of LMPTP as a
target for therapeutic treatment of the complications accompanying obesity.
Pharmacological agents capable of inhibiting the activity and/or expression of
LMPTP could potentially prevent the lethal risk factors consequent to obesity. As
the complications arising from obesity, namely insulin resistance and hyperlipid-
emia, rather than the weight gain itself are typically the risk factors that expose
subjects to T2D and CAD, drugs capable of alleviating the metabolic syndrome in
obese patients would greatly alleviate a current major health burden. Indeed, the
compelling in vivo study by Pandey et al. provides the first validation that inhibition
of LMPTP could be a beneficial approach for lowering obesity-associated insulin
resistance. Furthermore, as mentioned above, multiple genetics studies in humans
demonstrate that the lower enzymatic activity ACPI alleles favor protection against
some of the metabolic complications often associated with extreme overweight.
Recent years have seen a rise in efforts aimed at developing small-molecule
chemical inhibitors of human LMPTP, and for an excellent review regarding the
progress in this field, the reader is referred to [50]. Although genetic association
studies suggest that LMPTP-A may be the isoform most involved in metabolic
pathologies, further in vivo validation is needed to confirm whether inhibition of
both LMPTP-A and LMPTP-B, or of a single isoform, will provide the optimal
pharmacological benefit. Among the most potent LMPTP inhibitors currently
reported are a series of chromones [29] developed after previous findings that flavo-
noids display modulatory activity against LMPTP [53]. These compounds display
low micromolar efficacy towards LMPTP-A, LMPTP-B, and PTP1B, another PTP
well-validated as a target for therapy of T2D and obesity [82]. One such compound
displayed submicromolar inhibition of LMPTP-A and PTPI1B, with moderate
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selectivity over LMPTP-B. Several compounds within this series were efficacious at
increasing phosphorylation of the IR in the HepG2 liver carcinoma cell line [29].
Structure-based optimization of benzoic acid derivatives has also yielded apprecia-
ble progress, providing low and submicromolar inhibitors of both LMPTP isoforms
along with PTP1B [50, 58]. As the potential of LMPTP as a therapeutic target is
approaching on the horizon, continued progress to provide chemical inhibitors of
this PTP with desirable potency and selectivity will be essential to put the potential
of LMPTP to the test.
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Chapter 12
Mitogen-Activated Protein Kinase
Phosphatases in Metabolism

Ahmed Lawan and Anton M. Bennett

Abstract Although we continue to learn much about how the mitogen-activated
protein kinases (MAPKS) are involved in physiological and pathophysiological sig-
naling in metabolism, a comparable level of understanding about the mechanisms of
MAPK inactivation in the control of metabolic homeostasis is lacking. The family of
enzymes known to specifically antagonize the MAPKSs by direct dephosphorylation,
the MAPK phosphatases (MKPs), are emerging as important players in the control
of metabolic homeostasis. The MKPs regulate the MAPKSs through a complex net-
work of pathways within a spatio-temporal and tissue-specific manner. Here, we will
review studies that have led to the realization that the MKPs play essential signaling
roles in the control of metabolic homeostasis by counterbalancing the actions of the
MAPKSs. A growing body of evidence now demonstrates a critical role for the MKPs
in the regulation of MAPK activity in metabolic signaling.
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Introduction

Obesity is a growing epidemic that predisposes to conditions such as insulin resis-
tance, cardiovascular disease, stroke, nonalcoholic fatty liver disease, and in some
cases cancer [1-7]. Other risk factors include increasing age, genetic susceptibility,
hormonal changes and, of course, diet. Because of the growing obesity problem and
associated metabolic syndrome, there continues to be a tremendous effort towards
identifying the molecules that participate in the regulation of metabolism. The
mitogen-activated protein kinases (MAPKSs) play a prominent role in processes that
regulate cellular metabolism [8—15]. The stress-responsive MAPKs have figured
prominently in the pathogenesis of metabolic disease. For example, the c-Jun NH,
kinases (JNKs), specifically the INK1 isoform, have been demonstrated to promote
insulin resistance and obesity [10], the JNK2 isoform also appears to contribute,
albeit to a lesser extent [16]. The other stress-responsive MAPK, p38a/p MAPK, has
been shown to promote a variety of metabolic processes such as energy expenditure,
glucose homeostasis, and lipid metabolism [14, 15, 17-19]. Whereas, the growth
factor-responsive MAPK, the extracellular signal-regulated kinases 1 and 2 (ERK1/2),
specifically ERK1 has been implicated in the maintenance of body mass and adipo-
cyte differentiation [9, 20]. The wealth of knowledge on the MAPKSs clearly estab-
lishes that these enzymes are critical for a wide variety of metabolic processes.

The MAPKSs are activated by a variety of extracellular factors such as growth fac-
tors, cytokines, and hormones that engage a well-defined serine-threonine signaling
cascade that includes the activation of the dual-specificity family of MAPK kinases
[21]. The MAPK kinases phosphorylate the MAPKSs on regulatory threonine and tyro-
sine residues resulting in MAPK activation [22, 23]. The MAPKSs are inactivated by
direct dephosphorylation of their regulatory threonine and tyrosine residues. Several
protein phosphatases are capable of dephosphorylating one or both of the conserved
threonine and/or tyrosine residues in the activation loop of the MAPKSs [24, 25].
However, by far the most efficient enzymes that catalyze MAPK dephosphorylation
are the subgroup of dual-specificity protein tyrosine phosphatases (DUSPs) called the
MAPK phosphatases (MKPs) [26-28]. A large body of evidence now defines the
MKPs as a major subfamily of DUSPs that specifically dephosphorylate the MAPKs
on both regulatory threonine and tyrosine residues, rendering the MAPKSs inactive
[26]. Given the well-established role of the MAPKs in metabolic signaling, until
recently it has been unclear whether the MKPs participate in the regulation of these
processes. Based upon work from this laboratory and others, an emerging picture that
the MKPs are major participants in metabolic signaling is beginning to take shape.

The Family of MAP Kinase Phosphatases

The MKPs constitute a family of ten catalytically active enzymes that share a com-
mon protein tyrosine phosphatase domain at their carboxyl terminus and a non-
catalytic regulatory domain in the amino terminus [26, 28, 29]. The non-catalytic
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region of the MKPs contains several motifs that are critical for MKP function.
These include a kinase interaction motif (KIM) that directs binding to the MAPKSs
and in some cases targeting motifs that direct subcellular localization. The affinity
of the KIM domain for its cognate MAPK is largely responsible for the selectivity
of MKP-MAPK substrate dephosphorylation [29, 30]. However, MKP subcellular
localization also contributes to its signaling specificity. As such MKPs can either be
localized to the nucleus, cytosol, or may have the capacity to shuttle between both
compartments. The non-catalytic region contains motifs that direct such subcellular
localization as well as the ability by some MKPs to serve as an anchor for the
MAPKSs themselves [31-33]. Although highly similar, there appears to be a suffi-
cient level of complexity and diversity within the non-catalytic regions of the MKPs
to confer a very high level of functional diversity.

The ten catalytically active MKPs are grouped into three categories depending
upon their MAPK substrate selectivity, subcellular localization, and sequence
homology [25, 26]. The first group is represented by DUSP1/MKP-1, DUSP2/PAC-1,
DUSP4/MKP-2, and DUSP5/hVH3; these MKPs are stress-responsive and dephos-
phorylate JNK and p38 MAPK primarily (Fig. 12.1). The second group comprises
of DUSP6/MKP-3, DUSP7/MKP-X, and DUSP9/MKP-4 that specifically dephos-
phorylate ERK1/2 and localize to the cytoplasm (Fig. 12.1). The third group con-
tains DUSP8hVHS5, DUSP10/MKP-5, and DUSP16/MKP-7; these MKPs
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predominately dephosphorylate JNK and p38 MAPK and can shuttle between the
nucleus and cytoplasm (Fig. 12.1). To date a combination of structural, biochemi-
cal, and genetic data unequivocally supports the conclusion that the MKPs exhibit
overwhelming specificity towards the MAPKSs [34—40]. The specificity of the MKPs
to the MAPKSs is primarily dictated by the ability of the MKPs to interact with the
MAPKSs. For example, MKP-3 binds with high affinity to ERK1/2 and this interac-
tion governs its high specificity of dephosphorylation towards ERK1/2 [30]. In con-
trast, MKP-3 fails to interact with either p38 MAPK or JNK, and hence fails to
dephosphorylate p38 MAPK and JNK [30]. Whereas, MKP-1 which can dephos-
phorylate ERK1/2, p38 MAPK, and JNK is capable of binding all three MAPK
family members and dephosphorylates them with a rank order of p38
MAPK=JNK>ERKI1/2 [31, 41]. The resolution of the crystal structure of the
MAPK binding domain of MKP-5 with its substrate p38a MAPK has revealed addi-
tional levels of MKP-MAPK substrate recognition whereby the KIM domain of
MKP-5 engages in a unique manner with the CD domain of p38a MAPK [42].
Notably, there have been studies suggesting that the MKPs can dephosphorylate
substrates other than the MAPKs. Most relevant to this discussion is the report that
MKP-3 interacts with and dephosphorylates the Forkhead box O1 (FOXO1) protein
[43, 44]. Unlike the MAPK-MKP interactions, the structural basis for how MKP-3
recognizes and subsequently coordinates FOXO1 dephosphorylation at the molecu-
lar level remains to be established.

The physiological effects of the MKPs indicate that these enzymes attain a high
level of signaling complexity through several modes of operation with regard to
MAPK dephosphorylation and cell signaling. Three general modes of operation can
be considered. In the first, MKPs are induced in their expression levels in response
to growth factors, hormones, cytokines, and other stresses. Typically, the induction
of the MKPs is mediated by the activity of the MAPKs themselves. For example,
MKP-1, MKP-2, and PAC-1 contain AP-1 sites within their proximal promoters
that serve to promote the expression of these genes in response to MAPK activation.
The induction of the MKPs in response to various stimuli plays a critical step in
setting the kinetics of MAPK activity to evoke either a transient or sustained level
of activation. Hence, the expression levels of the MKPs can set the temporal nature
of MAPK activity and this in turn can influence gene expression. In the second
mode of action, MKPs not only exert temporal control over MAPK activation, but
also spatial regulation of the MAPKs. In this scenario, depending upon their subcel-
lular localization, MKPs can dephosphorylate specific subcellular pools of MAPKSs.
For example, MKP-1 dephosphorylates the nuclear pool of MAPKSs, independently
of the pool of MAPKSs that reside in the cytosol [25]. We have shown this to be an
important aspect of MAPK regulation in the control of insulin resistance [45].
Hence, nuclear and cytosolic MAPK/MKP-mediated events occur in a spatio-
temporal manner. In the final scenario, MKPs may also play key roles in facilitating
pathway cross-talk. Here, activation of the MKP by a particular MAPK, which is
not a substrate for the induced MKP, results in the dephosphorylation of a distinct
MAPK module in another signaling pathway. Collectively, these modes of signaling
illustrate the complexity of coordinating MKP-mediated MAPK activity.
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It is also important to note that MKPs can inactivate several MAPKSs simultane-
ously, giving rise to an additional level of signaling complexity whereby multiple
MAPK signals are integrated. This aspect of MAPK regulation defines the MKPs as
critical “signaling nodes” in the MAPK pathway. Information provided by multiple
MAPK modules can be coordinated by a single MKP to control downstream phos-
phorylation of a number of distinct substrates and/or phosphorylation of distinct
sites on a single substrate. As such, the ability of the MKPs to impact signaling
through their influence on an integrated subset of MAPK activities in both a spatial
and temporal manner can generate significant complexity [25, 46]. Therefore, the
regulation of MAPK-dependent signaling by the MKPs could have profound and
unanticipated effects on the control of metabolic homeostasis (Table 12.1).

MKPs in the Regulation of Body Mass and Glucose
Homeostasis

The MAPKSs have previously been implicated in the regulation of metabolic homeo-
stasis through targeting the phosphorylation of transcription factors and cytosolic
signaling proteins that control processes such as adipogenesis, insulin signaling,
glucose uptake, fatty acid metabolism, lipogenesis, and energy expenditure [8—15].
As such, a role for the MKPs in the regulation of metabolic homeostasis could be
anticipated. However, based upon both the overlapping effects of the MKPs on the
MAPKSs as well as the other issues of how the MKPs signal (see above), it was
unclear as to whether the MKPs would play an essential physiological role in
metabolism or a pathophysiological role in the progression of obesity and metabolic
syndrome.

The initial observation suggesting that the MKPs are involved in the regulation
of body mass came from studies showing that MKP-1-deficient mice (mkp-1~"-) on
a mixed genetic background [47] were resistant to weight gain when placed on a
high-fat diet [45]. Even when bred to a pure C57BL/6 background mkp-1~- mice
were still resistant to weight gain when placed on a high-fat diet arguing against this
metabolic phenotype occurring as a result of modifier alleles and/or strain-specific
differences [45, 48]. It was determined that mkp-1~~ mice expended significantly
more energy than wild-type mice despite exhibiting equivalent levels of activity
[45]. To date, MKP-1 is the only MKP that has been reported to affect body mass.
We have recently found that MKP-5-deficient mice gain weight at a similar rate to
wild-type mice when placed on a high-fat diet despite the fact that MKP-5, like
MKP-1, also dephosphorylates p38 MAPK and JNK (unpublished observations).
These results suggest that the MKPs are likely to exert distinct effects on metabo-
lism. Interestingly, one potential reason for such differences might lie in the subcel-
lular localization of MKP-1 as compared with MKP-5 since MKP-5 is localized to
both the nucleus and cytoplasm, whereas MKP-1 is resident only within the nucleus
[31, 49]. It will be interesting to test the idea that these distinct phenotypes stem
from compartment-specific differences in MAPK dephosphorylation.
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Given the initial observation that mkp-17- mice are resistant to diet-induced
obesity, it was anticipated that these mice would be insulin hypersensitive.
Surprisingly, hyperinsulinemic-euglycemic clamp experiments demonstrated little
difference in whole body glucose infusion rates in mice fed a chow diet [45]. These
results demonstrated that despite the fact that mkp-1~- mice were resistant to diet-
induced obesity, these mice were not insulin hypersensitive. This finding was further
supported at the biochemical level since insulin-mediated activation of Akt in the liver,
white adipose tissue, and skeletal muscle were unimpaired in mkp-17- mice [45].
Since mkp-17~ mice exhibited enhanced JNK activation these results were at odds
with previous reports suggesting that JNK phosphorylation of the insulin receptor
substrate-1 resulted in impaired insulin-mediated Akt activation and subsequently,
insulin resistance [50]. This conundrum was resolved by the finding that MKP-1 is
localized to the nucleus and because of this it is restricted to the dephosphorylation
of MAPKSs that translocate to this location. As such, MKP-1-deficient mice exhibited
enhanced nuclear but unaltered cytosolic JNK activity [45]. These results provided
the first evidence for the importance of compartment-specific regulation of the MKPs,
and hence MAPK signaling, in metabolism. Furthermore, the idea that MKP-1 regu-
lates a discrete pool of MAPKSs that are resident within the nucleus raised the possi-
bility that aberrant MAPK dephosphorylation exclusively within the nucleus might
represent a novel mechanism through which metabolic disease proceeds.

Role of MKPs in Liver Metabolism

The liver is the major site of action for processes such as gluconeogenesis, glycogen
synthesis, and glycogenolysis. In addition, the liver plays an important role in the
regulation of lipid metabolism. The MAPKSs, in particular JNK1, have been impli-
cated in the development of insulin resistance and type 2 diabetes [7]. p38 MAPK
has also been suggested to promote hepatic gluconeogenesis and may contribute to
the unrestrained hepatic gluconeogenesis observed in both type 1 and 2 diabetes [51].
With regard to ERK1/2, its role in glucose homeostasis in the liver is less clear [9].
How the MKPs control MAPK-dependent signaling in the liver has been explored
and two MKPs, namely MKP-1 and MKP-3, have been demonstrated to play a role
in the control of hepatic lipid metabolism and gluconeogenesis.

DUSPI/MKP-1

mkp-17- mice are resistant to the development of hepatic steatosis when placed on a
high-fat diet [45]. Follow-up studies from this lab have utilized mkp-1~~ mice that were
intercrossed with the leptin receptor-deficient (db/db) mice. The livers of mkp-17"-
dbldb progeny were markedly less steatotic in comparison with wild-type mice [52].
These results demonstrate that MKP-1 plays an essential role in the management of
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Fig. 12.2 MKP-1 in liver metabolism. Under lean conditions MKP-1 modulates MAPK-dependent
signals that control PPARa and PPARYy activities. Whereas p38 MAPK promotes PPARa  phos-
phorylation and subsequently fatty acid oxidation, MAPK phosphorylation of PPARY inhibits its
activity thereby reducing lipogenesis. During obesity MKP-1 expression levels increase resulting
in decreased MAPK activities in the nucleus. Reduced MAPK-dependent phosphorylation of
PPARo and PPARYy impairs fatty acid oxidation and enhances lipogenesis, respectively

hepatic lipid homeostasis. The resistance to the development of hepatic steatosis
can be attributed, at least in part, to enhanced hepatic B-oxidation in the livers of
mkp-17- mice suggesting that MKP-1 participates in a MAPK-dependent pathway
that negatively regulates hepatic triglyceride metabolism [45, 52]. The molecular
basis for this effect has been attributed to the observation that MKP-1 negatively
regulates the peroxisome proliferator-activated receptor-alpha (PPARa). It has been
shown that p38 MAPK phosphorylates PPARa, which promotes its sensitivity to
both ligand-induced activation and co-activation by the PPARY transcriptional co-
activator (PGC-1a) [15]. Hepatocytes lacking MKP-1 exhibit increased PPARa-
mediated transcriptional activation basally and in response to agonist, which can be
restored by pharmacological inhibition of p38 MAPK [45]. In addition, a key rate-
limiting enzyme in the fatty acid oxidation pathway, carnitine palmitoyl transferase
I, is increased in the livers of mkp-17~ mice [45]. Collectively, these results demon-
strate that MKP-1 plays an essential role in the dephosphorylation of p38 MAPK to
negatively regulate hepatic triglyceride metabolism (Fig. 12.2).

Since mice deficient in MKP-1 are resistant to the development of hepatic steato-
sis the question of whether MKP-1 is over-expressed in obesity and subsequently
contributes to the development of hepatic steatosis has been examined. Indeed,
MKP-1 expression levels are upregulated in the liver of mice fed either a high-fat or
an atherogenic diet (unpublished observations and [53]). The increased expression
levels of hepatic MKP-1 in obesity have been proposed to promote hepatic steatosis
through a mechanism involving activation of PPARy, which drives lipogenesis [54].
Under lean or non-obese conditions, hepatic PPARy expression in mice is barely
detectable [54]. However, in obesity PPARy1 becomes over-expressed and promotes
the development of hepatic steatosis [S5-57]. PPARY is negatively regulated by phos-
phorylation at Ser112 by either p38 MAPK or JNK [13, 58]. When over-expressed,
MKP-1 enhances the dephosphorylation of PPARy1 at Ser112, by inactivating either
p38 MAPK and/or JNK, resulting in enhanced activation of PPARy1 and its target
genes that promote hepatic lipogenesis. A genome-wide microarray analysis of the
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livers from db/db;mkp-17'"- revealed an enrichment for a subset of highly repressed
PPARYy]1 target genes [52]. The two most highly repressed PPARY1 target genes iden-
tified in db/db:mkp-17- mice were the cell death-inducing DFFA-like effector A
(CIDEA) and CIDEC/fat-specific protein 27 (FSP27) [52]. Notably, FSP27 is required
for the generation of lipid droplets, is over-expressed in obesity, and promotes hepatic
steatosis [57, 59]. In support of this model, it was shown that PPARY1 is hyperphos-
phorylated on Serl12 in hepatocytes-derived from MKP-1-deficient mice; further-
more, hepatocytes derived from mkp-1~"- mice are impaired in PPARy1 activation and
lipid droplet formation when treated with the PPARy1 agonist rosiglitazone [52].
These data argue for a mechanism whereby MKP-1 over-expression promotes the
activation of PPARYy1 leading to the upregulation of FSP27 to induce hepatic steatosis
(Fig. 12.2). Consistent with this model, it has been shown that FSP27 over-expression
is necessary and sufficient for the development of hepatic steatosis [57].

The other interesting observation is that it appears that MKP-1 is required to
maintain PPARY1 in a hypophosphorylated state on Ser112 through dephosphoryla-
tion of either p38 MAPK and/or JNK [52]. This implies that MKP-1 is required for
optimal PPARy1 activation since PPARy1 Ser112 phosphorylation negatively regu-
lates its activity [60]. Therefore, the role of MKP-1 on the actions of the anti-diabetic
thiazolidinedione drugs that target PPARg will be an important avenue to investigate
further. Uncovering new mechanisms by which PPARy1 activation can be modu-
lated may lead to novel therapeutic approaches in the treatment of diabetes.

DUSP6/MKP-3

Recently, it has been proposed that MKP-3 regulates hepatic gluconeogenesis, by
dephosphorylating FOXO1 [43]. This result is particularly surprising given the
highly specific regulatory mechanisms engaged by MKP-3 in the dephosphoryla-
tion of ERK1/2 [34]. MKP-3 expression levels increase dramatically in high fat-diet
fed mice and its levels are upregulated by glucagon. Lean mice over-expressing
MKP-3 in the liver have significantly increased blood glucose levels, whereas mice
with reduced hepatic MKP-3 expression levels have reduced plasma blood glucose.
These observations suggest that MKP-3 promotes hepatic gluconeogenesis. It was
also shown that MKP-3 dephosphorylates FOXO1 on Ser256, and when dephos-
phorylated, FOXO1 translocates to the nucleus to activate the expression of the
gluconeogenic gene program. Although it is clear that MKP-3 can interact with
FOXO1 [44], whether MKP-3 directly dephosphorylates FOXO1 on Ser256 remains
to be formally demonstrated [43, 44]. More recently, it has been shown that MKP-3
expression is extinguished by insulin. MKP-3 degradation is promoted by insulin
through an ERK1/2 feedback pathway wherein ERK1/2 phosphorylates MKP-3 and
targets it for degradation [61]. Over-expression of MKP-3 dephosphorylates both
ERK1/2 and FOXO1, and ERK1/2 phosphorylates FOXO1 [62], raising the ques-
tion as to whether MKP-3 indirectly regulates FOXO1 through ERK1/2 dephos-
phorylation in the control of hepatic gluconeogenesis. Studies utilizing
MKP-3-deficient mice will be valuable in resolving some of these issues.
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DUSP4/MKP-2

Although MKP-2 has a striking degree of structural similarity with MKP-1, it
exhibits a distinct pattern of tissue distribution as compared with MKP-1 [63].
Interestingly, MKP-2 substrate specificity appears at least in vitro to favor
ERK~JNK>p38 MAPK [63]. MKP-2 has been suggested to modulate the tran-
scriptional machinery that regulates gluconeogenic gene expression [64]. The
AMP-activated 5'-kinase (AMPK) suppresses gluconeogenesis when activated
under conditions of low nutrient status. It was shown that AMPK activates the tran-
scription factor Egr-1, which subsequently binds and promotes MKP-2 expression
leading to the dephosphorylation of p38 MAPK [64]. A link between p38 MAPK
and the activation of gluconeogenesis was demonstrated by showing that activating
mutants of p38 MAPK promote the gluconeogenic program by stimulating the
expression of glucose 6-phosphatase and PEPCK. Hence, it appears that MKP-2
dephosphorylates p38 MAPK in response to the activation of AMPK in order to
suppress gluconeogenesis. Additional evidence testing this pathway in mice is still
warranted. Nevertheless, these data raise an intriguing mechanism through which
MKPs can modulate hepatic metabolic function.

Regulation of Metabolic Signaling by MKPs
in Skeletal Muscle

Skeletal muscle tissue is a major site for the control of energy balance and a critical
target tissue for insulin-mediated responses. The maintenance of the appropriate
composition of skeletal myofiber composition is considered to be an important
aspect of metabolic homeostasis. Dysfunctional energy metabolism in skeletal mus-
cle has been attributed to the development of insulin resistance and obesity [65].
A clear role for skeletal muscle JNK1 has been shown to promote high-fat diet-
induced insulin resistance [66]. In contrast, a role for p38 MAPK in skeletal muscle
metabolism is somewhat controversial with some reporting a positive and negative
role for p38 MAPK in glucose uptake and metabolism [67]. A role for skeletal
muscle ERK1/2 is also less clear. Given the general level of uncertainty surrounding
the role of the MAPKSs in skeletal muscle metabolism, the influence of the MKPs in
metabolic signaling in this tissue remained equally ambiguous.

DUSPI/MKP-1

MKP-1 is abundantly expressed in skeletal muscle and mice lacking MKP-1 show
enhanced p38 MAPK, JNK, and ERK1/2 activities in this tissue [45]. MKP-1 nega-
tively regulates oxidative phosphorylation as evidenced by increased mitochondrial
oxygen consumption in skeletal muscle isolated from MKP-1-deficient mice [45].
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In addition, the expression of the uncoupling protein-3 (UCP-3), which is an inner
membrane mitochondrial protein involved in oxidative phosphorylation, was ele-
vated in skeletal muscle isolated from MKP-1-deficient mice as compared with
wild-type mice [45]. These observations are consistent with the increase in energy
expenditure in MKP-1-deficient mice. Further, these results implied that MKP-1
regulates mitochondrial function and subsequently myofiber composition through a
MAPK-dependent pathway. It has been suggested that the switch from oxidative to
glycolytic myofibers contributes to obesity, presumably because glycolytic myofi-
bers consume less energy [68]. In mkp-1~"- mice fed a high fat diet oxidative myofi-
ber composition is maintained, whereas wild-type mice exhibit a significant loss of
oxidative myofibers, hence shifting energy balance [48]. High fat diet-feeding
increases the expression of MKP-1 suggesting that it promotes the loss of oxidative
myofiber content, an event that could increase susceptibility to metabolic dysfunc-
tion. Mechanistically, over-expression of MKP-1 was found to inhibit the expres-
sion and activity of PGC-1a, a master regulator of mitochondrial biogenesis and
energy expenditure, by impairing p38 MAPK-mediated PGC-1a phosphorylation,
which reduced both its stability and co-activating activity [48]. Over-expression of
MKP-1 impaired p38 MAPK-mediated PGC-1a phosphorylation at Ser265 and
Thr298 [48], sites that are known to facilitate PGC-1a stability and co-transcriptional
activity [11]. Hence, skeletal muscle MKP-1 coordinates energy sensing by control-
ling the ability of p38 MAPK to modulate mitochondrial function and myofiber
composition through PGC-1a phosphorylation (Fig. 12.3).

Skeletal muscle is a target for adiponectin, which acts through the adiponectin
receptor to promote skeletal muscle oxidative metabolism [69]. Recently, MKP-1
expression in skeletal muscle has been linked to the ability of adiponectin to stimu-
late skeletal muscle oxidative metabolism [70]. Qiao et al. showed that adiponectin
induced p38 MAPK activation even in the absence of either MKK3 or MKKG6; con-
comitantly, adiponectin repressed the expression of MKP-1 in skeletal muscle.
Based upon previous work linking MKP-1 regulation to p38 MAPK phosphorylation
of PGC-1a [48], Qiao et al. demonstrated that the ability of adiponectin to suppress
MKP-1 was required to promote the activation of PGC-1a [70]. These results indi-
cate that MKP-1 plays an important role in how adiponectin mediates oxidative
metabolism in skeletal muscle. In obesity the levels of adiponectin are reduced which
has led to the suggestion that this could promote insulin resistance. Interestingly,
these data are consistent with the observation that in obesity the expression level of
MKP-1 is elevated in skeletal muscle [48]. Hence, increased MKP-1 expression in
skeletal muscle occurs not only through elevated levels of circulating free fatty acids
[48], but also through a reduction in the expression levels of adiponectin. Together,
these effects drive MKP-1 over-expression, which impairs p38 MAPK phosphoryla-
tion and PGC-1a activity. Given that skeletal muscle plays a major role in the devel-
opment of insulin resistance in obesity, further studies employing conditional
deletion of MKP-1 in skeletal muscle would be worthwhile in order to determine the
importance of dysfunctional MKP-1 expression in this tissue in obesity. Nevertheless,
these data provide a new level of understanding on how MKP-1 maintains energy
balance through the control of p38 MAPK activity in skeletal muscle.
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Fig. 12.3 MKP-1 in skeletal muscle metabolism. In skeletal muscle the transcriptional co-
activator, PGC-1a, drives mitochondrial biogenesis. MKP-1 can regulate the ability of p38 MAPK
to phosphorylate and subsequently activate PGC-1a. In obesity, it is proposed that increased
MKP-1 expression levels impair PGC-1a activity leading to reduced mitochondrial function

Regulation of Adipose Metabolic Function by MKPs

Adipose tissue is a dynamic tissue that plays a key role in the maintenance of energy
balance through its ability to secrete a variety of important hormones. An increase
in fat mass as a result of excess nutrition, as seen in obesity, promotes adipocyte
dysfunction leading to the development of insulin resistance. Therefore, under-
standing the mechanisms regulating adipocyte signaling in metabolism is critical.
The MAPKSs have been shown to play an important role in the regulation of adipo-
cyte function [8, 9, 18, 51, 71]. However, it remains poorly understood what the
effects of the MKPs are in adipocytes and whether MKPs in adipose tissue contrib-
ute to the maintenance of metabolic homeostasis.

DUSPI/MKP-1

In response to high-fat feeding, mice lacking the expression of MKP-1 exhibit a
significant reduction in fat pad mass and enhanced p38 MAPK, JNK, and ERK1/2
activities [45]. Analysis of epididymal fat pads from high-fat diet fed MKP-1-
deficient mice revealed that the reduced fat pad mass was due to smaller adipocytes
[45]. These results tentatively suggested that MKP-1 may be required for the accu-
mulation of lipid in adipocytes. Although these studies found no contribution for
MKP-1 in adipocyte differentiation [45], another study reported a positive role for
MKP-1 in adipocyte differentiation [72].
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Obesity is considered to be a condition of chronic inflammation whereby adipose
tissue becomes infiltrated by macrophages that subsequently promote metabolic
dysfunction. MKP-1 plays a major role in the regulation of macrophage function
and cytokine production [73]. Therefore, whether MKP-1 affects adipose tissue
function in obesity by altering macrophage and/or adipocyte cytokine expression
remains an important question. Insight into the relationship between MKP-1 and
adipocyte function in obesity has been provided by Ito et al., who found that MKP-1
becomes downregulated in differentiated adipocytes undergoing hypertrophy con-
comitant with the upregulation of ERK1/2 and the cytokine monocyte chemoattrac-
tant protein-1 (MCP-1) [74]. MCP-1 expression levels also increased in adipose
tissue in mice very early during the onset of high-fat feeding. The ability of MKP-1
to regulate MCP-1 expression in adipocytes through an ERK1/2-dependent path-
way suggests that macrophage infiltration, which is driven at least in part, by local
MCP-1 can be indirectly modulated by MKP-1. Therefore, MKP-1 may underlie
the progression of the chronic inflammatory state in adipose tissue leading to the
development of insulin resistance.

DUSP9/MKP-4

MKP-4 is a cytoplasmic resident MKP that is in the subclass of MKPs that specifi-
cally dephosphorylate ERK1/2 and it is expressed in white adipose tissue, kidney,
and testis [75]. Interestingly, MKP-4 was identified as a candidate gene in a screen
to identify genes involved in opposing the actions of insulin-mediated suppression
of phosphoenol pyruvate carboxykinase (PEPCK) [76]. The expression levels of
MKP-4 are increased in white adipose tissue of ob/ob, db/db, and in diet-induced
obesity [76]. These findings suggest a potential role for MKP-4 in the development
of insulin resistance and obesity. This notion was supported by the observation that
over-expression of MKP-4 in adipocyte cell lines impaired insulin-mediated glu-
cose uptake [77]. It remains unclear as to how MKP-4 mediates the actions of insu-
lin. MKP-4 is localized to the cytoplasm and it appears to be quite specific to
ERK1/2 suggesting that insulin-dependent targets are likely ERK1/2 substrates.
Further work using MKP-4-deficient mice will be needed in order to gain the full
picture of how MKP-4 regulates insulin-mediated signaling in adipocytes.

Conclusion

Collectively, the studies conducted in our lab [45, 48, 52] imply that inhibition of
MKP-1 may provide a novel therapeutic strategy for the treatment of metabolic
syndrome. Targeted inhibition of hepatic MKP-1 in obese patients using anti-sense
approaches may have therapeutic value in the treatment of hepatic steatosis.
Intuitively, MKP-1 inhibition, resulting in enhanced MAPK signaling, would be
anticipated to be deleterious rather than beneficial in the treatment of metabolic
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disorders. However, it is important to note that MKP-1 inhibition results in the
enhancement of the nuclear-restricted pool of MAPKSs rather than the total cellular
MAPK pool, an important distinction that is likely to be one reason that mkp-1~"-
mice exhibit little apparent phenotype under unchallenged conditions [47]. It still
needs to be determined whether MKP-1 is over-expressed in obesity and type II
diabetes in humans. Provocatively, MKP-1 expression levels in fat are repressed in
humans following bariatric surgery [78], suggesting a correlation between MKP-1
expression and fat mass. It is also unclear which tissue represents the major site
through which MKP-1 influences its effect on metabolism. The involvement of
MKP-1 as well as other MKPs in the hypothalamus as a mechanism for the central
control of energy balance remains an open question. Future work will require meta-
bolic analysis of MKP-1 tissue-specific knockout mice to decipher the contribution
of peripheral and central effects of MKP-1 on metabolism.

With regard to other MKPs, MKP-3 has most recently emerged as a potential
regulator of hepatic gluconeogenesis. The control of FOXO signaling by MKP-3 is
an intriguing mechanism that suggests new modes of MKP regulation in the liver and
possibly other tissues. With the profound selectivity of the MKPs to the MAPKs and
its ability to confer signaling specificity at a variety of different levels, the complex-
ity of the MKP/MAPK network in metabolic signaling is likely to be substantially
more complex than imagined. Future work will continue to lay the foundation for
what is likely to be a wealth of unexplored opportunities for the discovery of novel
therapeutic strategies targeting the MKPs for the treatment of metabolic disease.
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Chapter 13
Glycogen Metabolism and Lafora Disease

Peter J. Roach and Anna A. DePaoli-Roach

Abstract Lafora disease is a juvenile-onset, fatal epilepsy that is characterized by
the formation of Lafora bodies in many tissues, including skeletal muscle, heart,
and neurons. Lafora bodies are insoluble deposits that contain polyglucosan, a
poorly branched form of glycogen, and associated proteins. Evidence is mounting
that Lafora bodies either cause or contribute to the pathology of the disease. It is a
genetic disease caused by mutation in one of two genes, EPM2A and EPM2B, which
encode, respectively, a phosphatase called laforin and an E3 ubiquitin ligase called
malin. Laforin is a phosphatase of the atypical dual specificity phosphatase subfam-
ily that, in vitro and in vivo, removes phosphate monoesters from glycogen. Normal
glycogen contains trace amounts of phosphate introduced as a minor side reaction
by the synthetic enzyme, glycogen synthase. In laforin knockout mice, glycogen
becomes hyperphosphorylated and, as the mice age, acquires structural abnormali-
ties and the tendency to come out of solution, consistent with Lafora body forma-
tion. Mutation of malin or laforin results in similar symptoms in patients and malin
and laforin knockout mice exhibit phenotypic similarity in terms of neurological
defects and abnormal glycogen metabolism, including hyperphosphorylation and
Lafora body formation.
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GAA Lysosomal a-glucosidase and gene

GABARAP Gamma aminobutyric acid receptor-associated protein

GABARAPL1 GABARAP-like 1

GL Product of PPPIR3B gene

GSD Glycogen storage disease

GSK-3 Glycogen synthase kinase 3

mTOR Mammalian target of rapamycin

PAS Periodic acid-Schiff

PTEN Phosphatase and tensin homolog

PTG Protein targeting-to-glycogen product of the PPPIR3C gene

R6 Product of the PPPIR3D gene

SEX4 Starch excess 4

Stbd1 Starch-binding domain-containing protein 1 also called genetho-
nin 1

Introduction

Tyrosine phosphorylation of proteins is intimately linked to cell signaling pathways
and thus it is not surprising that protein tyrosine phosphatases (PTPs) have an
important impact on metabolism, as described in other chapters of this monograph.
Many receptors and downstream signaling proteins are dephosphorylated by PTPs.
Even a phosphatase like PTEN, which has small molecule substrates, appears to
function by modulating signaling [1]. In contrast, the phosphatase featured in this
chapter, laforin, appears to have a more direct linkage to metabolism: the highly
specialized metabolism of the phosphate in the carbohydrate storage reserve,
glycogen.

Lafora disease, first described a century ago by Dr. Gonzago Lafora [2], is a rare,
autosomal recessive, genetic form of epilepsy that is usually diagnosed in the sec-
ond decade of life following an acute epileptic incident. It is a progressive myoclo-
nus epilepsy for which there is no cure and no effective treatment; afflicted
individuals undergo continued neurological deterioration, normally succumbing
within 10 years of onset [3-7]. It is a tragic disease claiming the lives of young
people just as they should start the trajectory to adulthood. A consistent feature of
Lafora disease is the presence of Lafora bodies, described initially by Lafora him-
self. These are deposits identified microscopically in many tissues, including neu-
rons, muscle, heart, and skin [2, 8]. The initial assumption was that the Lafora
bodies, presumably in neurons in the brain, caused cell death and hence the disease.
Lafora bodies characteristically contain polyglucosan, a term used to describe a
glycogen-like polymer that is less branched and less soluble than glycogen, resem-
bling more the amylopectin of plant starch [9, 10]. Recent reviews have addressed
the function of laforin [11] and malin, the other main Lafora disease protein [12].
The focus of this chapter will be on the role of glycogen and abnormal glycogen
metabolism in Lafora disease.
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Glycogen Metabolism

Glycogen, like amylopectin, is a branched polymer of glucose that serves as a stor-
age form of glucose in many species and in various tissues of higher eukaryotes (see
[13] for a recent review). The main deposits of mammalian glycogen, in absolute
amount, are in liver and skeletal muscle but glycogen accumulates also in heart,
kidney, and brain, and many cell types have the machinery to synthesize glycogen.
De novo glycogen synthesis begins with a specialized initiation step mediated by
the self-glucosylating protein glycogenin [14-16]. Glycogen synthase then cata-
lyzes formation of the main polymerizing a-1,4-glycosidic linkages and the branch-
points are introduced as a-1,6-glycosidic linkages created by the branching enzyme
([13]; see Fig. 13.1). Two processes lead to glycogen breakdown. In one pathway,
glycogen is degraded in the cytosol by the actions of glycogen phosphorylase,
which catalyzes the phosphorolysis of the nonreducing ends of the outer chains to
release glucose-1-P, and the debranching enzyme (AGL) which is ultimately respon-
sible for the hydrolysis of the a-1,6-glycosidic linkages to yield glucose. In the
second pathway, glycogen is hydrolyzed to glucose in lysosomes by an a-glucosidase

polyglucosan / bodies

GS Lafora
UDP-Gle . = gg <=°°°" Malin

lysosome

Fig. 13.1 Glycogen metabolism. The lower portion of the figure shows normal glycogen metabo-
lism. The bulk synthesis of glycogen is mediated by glycogen synthase (GS) and the branching
enzyme (BE). Cytosolic degradation of glycogen is catalyzed by the actions of glycogen phos-
phorylase (GP) and the debranching enzyme (DBE). Glycogen can also be degraded by transfer to
the lysosome where an a-glucosidase (GAA) breaks it down to glucose. The upper portion of the
figure depicts the anomalous glycogen metabolism associated with the formation of polyglucosan,
poorly branched glycogen, and ultimately insoluble Lafora bodies. Malin and laforin, whose
defects are implicated in Lafora disease, affect glycogen metabolism by various potential mecha-
nisms discussed in this chapter. Possible links to glycogen metabolism include involvement in
cytosolic biosynthesis, in cytosolic degradation, and in the lysosomal disposal pathway. Modified
from Arch Biochem Biophys, 457, Wang et al., Glycogen metabolism in tissues from a mouse
model of Lafora disease, pp. 264-9, Copyright (2007), with permission from Elsevier
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(GAA, acid maltase). The importance of the lysosomal pathway is emphasized by
the severity of the most extreme forms of Pompe disease (GSD II) in which the
GAA gene is mutated [17]. In the classic form of infantile onset Pompe disease,
death usually occurs within the first year primarily due to cardiac dysfunction.

The mechanism by which glycogen is delivered to the lysosome is not under-
stood in detail, but it is likely that autophagy or an autophagy-like process is
involved. Autophagy describes a family of pathways by which intracellular material
is engulfed by membranes to form vesicles or autophagosomes that are transferred
to the lysosome, in response to a variety of signals, including nutritional deprivation
[18-22]. Evidence supporting involvement of an autophagic process in vesicular
trafficking of glycogen comes from the work of Raben and Plotz [23] on a mouse
model of Pompe disease in which, besides the expected over-accumulation of gly-
cogen in lysosomes of skeletal muscle, there was a massive increase in glycogen-
laden autophagosomes termed “autophagic build-up.” In its early conception,
autophagy was considered to be mainly a mechanism for the random recycling of
cellular components, allowing for retrieval of building block molecules like amino
acids and providing additional sources for metabolic energy production. Furthermore,
autophagy would be a means to dispose of damaged molecules or organelles. The
current, and still evolving, view of autophagy is more complex and, while not dis-
counting a role for the random, housekeeping disposal of cellular content, also
embraces the existence of more specific processes directed at particular classes of
molecules or organelles, processes that can be subject to individual regulation [24,
25]. Formation of autophagosomes, the vesicles surrounded by a double membrane
that will ultimately deliver their contents to the lysosome, is a complicated process
that has commanded intense investigation [18-22]. Many advances were made from
the study of the budding yeast Saccharomyces cerevisiae. In yeast, Atg8 plays a
central role in autophagosome creation and its lipidation is often monitored as an
index of autophagic activity. In addition, Atg8 interacts with cargo-specifying pro-
teins, thus providing a mechanism for more specialized autophagic pathways [24,
25]. Mammals contain multiple Atg8-related genes [26, 27], potentially allowing
for a more diverse array of autophagic pathways as compared with yeast. The best-
studied mammalian Atg8-family member is LC3.

We recently reported on a protein, starch-binding domain-containing protein 1
(Stbd1 or genethonin 1) [28] that consists of a highly conserved N-terminal hydro-
phobic segment and a C-terminal carbohydrate-binding module (CBM) of the
CBM20 family [29], which is shared by laforin and the B-subunit of AMP-activated
protein kinase (AMPK). Stbd1 binds glycogen and amylopectin in vitro and, when
over-expressed in cultured cells, co-localizes with glycogen in large perinuclear
structures. Deletion of the N-terminus eliminates the perinuclear localization and
disabling the CBM20 eliminates the appearance of glycogen in the perinuclear
structures [28]. The hypothesis is that Stbd1 may be involved in anchoring glycogen
to membranes and may in some way participate in the trafficking of glycogen to the
lysosome. Furthermore, Stbdl interacts with GABARAP and GABARAPLI, two
members of the ATG8/LC3 family of autophagy proteins that might also contribute
to the process. A specific Atg8 interacting motif (AIM) was identified in Stbd1 [30].
Stbd1 binds more tightly to amylopectin or glycogen purified from laforin knockout
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mice, both poorly branched and phosphorylated (see below), than it binds to normal
glycogen. One possibility, therefore, is that Stbd1 serves to preferentially aid dis-
posal of abnormally structured glycogen as a kind of quality control. Whether this
potentially glycogen-specific pathway, dubbed glycophagy [30], operates in vivo
will require further exploration. Even if this mechanism does occur, it does not pre-
clude the existence of other autophagic pathways by which glycogen is transferred
to lysosomes in response to other stimuli, such as starvation for example.

Diseases of Glycogen Metabolism

Several inheritable glycogen storage diseases (GSDs) or glycogenoses have been
identified [31-33]. Some arise from direct genetic defects in the enzymes of glyco-
gen metabolism whereas others are indirect, due to perturbations of intermediary
metabolism in which abnormal glycogen metabolism is one of the sequelae. In a
genome-wide survey of the S. cerevisiae deletion series, 12.4 % of 4,600 strains
analyzed had altered glycogen accumulation [34] underscoring how responsive gly-
cogen stores can be to functionally distal processes. Though coverage of the mouse
genome is much more limited, a surprising number of genetically modified mice
have altered glycogen accumulation even when none of the glycogen metabolizing
enzymes are targeted. Some human GSDs, like Lafora disease, result in the forma-
tion of poorly branched glycogen. For example, GSD IV, which includes Andersen
disease and Adult Polyglucosan Body Disease, is caused by mutations in the branch-
ing enzyme and, although the disease presents with a largely unexplained diversity
in terms of severity and tissue involvement, the predictable formation of poorly
branched glycogen or polyglucosan is a common feature [35, 36]. In GSD VII,
Tarui disease, a genetic defect in phosphofructokinase [32, 37] blocks glycolysis
and leads to a back-up of glycolytic intermediates, including glucose-6-P, a potent
activator of glycogen synthase. Activation of glycogen synthase together with the
mass action effect of increased levels of precursors could then account for both
over-accumulation of glycogen as well as the formation of polyglucosan. In both of
these human disorders, the altered branching pattern of the abnormal glycogen can
be explained by an imbalance between glycogen elongation via glycogen synthase
and branching mediated by the branching enzyme. A similar scenario is observed in
polysaccharide storage myopathy (PSSM), an often serious genetic condition in
horses, which is also linked to the formation of polyglucosan [38]. A gain-of-
function mutation in glycogen synthase was identified as a frequent cause of the
disorder, providing yet another mechanism for disturbing the balance between elon-
gation and branching during glycogen synthesis. A related example comes from the
study of transgenic mice engineered to over-express a hyperactive mutated form of
glycogen synthase in skeletal muscle [39]. One line of these mice, GSL30, has mas-
sive over-accumulation of muscle glycogen that is less branched [40] and which
histochemically can resemble Lafora bodies [41]. The mice displayed no obvious
muscle dysfunction and even had normal capacity for exhaustive exercise [42].
From these studies of polyglucosan formation, two important points emerge: (1) the
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pathology associated with polyglucosan accumulation is quite variable, suggesting
that not all polyglucosan is equal, and (2) it is clear that an imbalance between elon-
gation and branching can result in poorly branched glycogen.

Mechanistic Basis of Lafora Disease

The modern era of Lafora research began in the late 1990s when the first causative
gene, EPM2A, was identified [43, 44]. Not long thereafter, a second gene EPM2B
(also called NHLRC1) was found [45] and most Lafora cases can be attributed to
mutations in these two genes [3—7]. The genes encode, respectively, laforin and
malin. Laforin, based on primary structure, belongs to the dual specificity protein
phosphatase (DSP) family and also contains a predicted CBM20 CBM [43]. Malin,
based on its sequence, contains a ring finger domain characteristic of E3 ubiquitin
ligases [45]. In Lafora patients, the presentation and symptoms are very similar
whether mutation occurs in EPM2A or EPM2B. A recent neurological and behav-
ioral study indicated very similar, though not identical, results for Epm2a~" and
Epm2b™~ mice, which in general mimicked what is seen in patients [46]. However,
there has been a suggestion that malin mutations may lead to a later onset and
slower progression of the disease [47].

Not surprisingly, a primary goal of Lafora research since identification of the two
main causative genes has been to define the functions of laforin and malin with the
hope of understanding the molecular basis for the disease and how EPM2A or
EPM?2B mutations lead to such similar phenotypes. Knowledge of function might
also suggest possible sites of therapeutic intervention. Because of the association of
Lafora bodies with the disease, one obvious line of investigation has been to assess
whether laforin and malin are involved in glycogen metabolism. Possible sites of
action, as laid out in a 2007 paper [48], were (1) cytosolic glycogen metabolism,
notably the biosynthetic pathway and (2) the transfer of glycogen and/or polygluco-
san to the lysosome (Fig. 13.1). Does laforin and/or malin affect the ratio of elongat-
ing to branching activity during glycogen synthesis, the “imbalance hypothesis” as
discussed above? Or do these proteins influence how glycogen is trafficked to the
lysosome by autophagy or some autophagy-related pathway? Or is some other
aspect of glycogen metabolism affected?

Laforin

Laforin is unique among mammalian phosphatases in harboring a CBM of the
CBM20 subfamily in the same polypeptide as the phosphatase domain; all other
protein phosphatases that associate with glycogen, such as the glycogen-associated
type 1 phosphatases (PP1G), appear to achieve polysaccharide binding via a separate
glycogen-binding subunit ([49]; Fig. 13.2). There is evidence from in vitro [50, 51]
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Fig. 13.2 Recruitment of phosphatase activity to glycogen. The figure illustrates different molec-
ular strategies for the recruitment of phosphatase activity to a glycogen particle. The glycogen-
associated type 1 phosphatases (PP1G) utilize a glycogen targeting subunit, PPP1R3, of which
seven are known to bind to glycogen via a carbohydrate-binding module (CBM) of the CBM21
subfamily and to bind to the phosphatase catalytic subunit, PP1c, via interactions that include an
“RVxF” motif. In laforin, the CBM, in this case of the CBM20 subfamily, is housed in the same
polypeptide as the dual specificity phosphatase domain (DSP). The plant phosphatase SEX4 uses
a similar strategy for its association with amylopectin. Shown also is Stbd1, a glycogen-binding
protein that has a similar CBM as laforin that may locate glycogen close to membranes via its
N-terminal hydrophobic region (¢). Malin, the other Lafora disease protein, may also be recruited
to glycogen by interaction with malin. tCP chloroplast targeting peptide

and cellular [50] experiments that laforin does bind to glycogen and interacts more
strongly with poorly branched polysaccharides such as amylopectin [51-53]. In sub-
cellular fractionation of glycogen, laforin tracks with the polysaccharide. Disease-
related mutations of laforin include many that are clearly loss-of-function mutations
that lead to truncations or loss of phosphatase activity [44, 54]. However, some are
in the CBM20 domain and one, W32G, has been shown biochemically to disable
glycogen binding [50, 51, 53].

The other conserved domain in laforin is predicted to be a dual specificity protein
phosphatase, more specifically one in the atypical DSP subfamily [55]. Indeed, ini-
tial study of laforin established that in vitro it could dephosphorylate Ser, Thr, and
Tyr phosphates in model protein substrates [56]. Searches for physiological protein
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substrates of laforin, however, have not been successful. A potential protein
substrate, GSK-3, has emerged [57, 58], but this has proven controversial. The
hypothesis is that dephosphorylation of the inhibitory N-terminal site in GSK-3
would activate GSK-3, thereby leading to increased phosphorylation and decreased
activity of glycogen synthase. Lack of laforin could thus inappropriately activate
glycogen synthase and, via the imbalance hypothesis, result in poorly branched gly-
cogen. Several studies, however, found no evidence for dephosphorylation of
GSK-3 (or glycogen synthase) by laforin, whether in vitro, in cultured cell systems,
or in Epm2a~- mice [48, 59, 60].

Laforin as a Glycogen Phosphatase

A rather different role for laforin was suggested by the study of Worby et al. [59]
who showed that laforin, in vitro, could remove phosphate esterified to amylopectin.
Both amylopectin [61] and glycogen [60, 62, 63] have been reported to contain
small amounts of phosphate esters. In amylopectin, the phosphate is present as C3
and C6 phosphomonoesters of glucose [61] and in mammalian glycogen as C2 and
C3 phosphomonoesters of glucose [64]. Tagliabracci et al. [60] went on to demon-
strate that laforin could also dephosphorylate glycogen. The W32G disease mutation
in the CBM20 domain, noted above, eliminated the ability of laforin to dephos-
phorylate glycogen without abolishing activity towards p-nitrophenylphosphate,
PNPP, a frequently used generic phosphatase substrate. Since the W32G mutation
causes Lafora disease, one could postulate that glycogen dephosphorylation is
important in vivo. Further evidence that the glycogen phosphatase activity of laforin
is physiologically relevant came from the observation that glycogen isolated from
Epm?2a knockout mice had elevated levels of covalent phosphate [60, 65]. Thus, the
hypothesis emerged that the function of laforin might be to dephosphorylate glyco-
gen. Interestingly, other atypical DSPs, such as PTEN and myotubularins, also have
non-proteinaceous substrates [1]. In the plant kingdom, the SEX4 phosphatase,
another atypical DSP family member, is responsible for the dephosphorylation of
amylopectin [66, 67]. Like laforin, it contains a CBM domain, in this case of the
CBM48 family and located at the C-terminus (Fig. 13.2).

Analysis of glycogen purified from young, 3-month-old Epm2a knockout mice
revealed that, while covalent phosphate increased ~4-fold, it was associated with only
modest changes in glycogen properties, including solubility, degree of branching, and
appearance when analyzed by electron microscopy [65]. Mice of this age are begin-
ning to show the appearance of Lafora bodies in various tissues, including muscle.
When similar analyses were applied to glycogen from 9- to 12-month-old mice,
major differences were noted. First, glycogen phosphorylation was further increased
to ~6-fold and total glycogen levels were about threefold greater than in wild-type
littermates. The abundance of Lafora bodies was also greatly increased and their
polyglucosan likely contributed much more to the bulk properties of the purified gly-
cogen. The typical rosette-like appearance of glycogen particles was not evident and
larger, amorphous conglomerates were visible. The polysaccharide was much less
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soluble in water and its branching frequency was significantly reduced. This chemical
progression parallels the development of Lafora bodies and the disease symptoms.

A question that follows is how the small amount of phosphate in glycogen, one
phosphate per 1,500 glucose residues in mouse skeletal muscle, could lead to such a
major disruption in overall structure. The structure of glycogen is not amenable to
traditional three-dimensional determination because of its polydisperse nature.
However, there is considerable evidence that polyglucose forms helices in both amy-
lopectin and glycogen. The structure of a 26-residue cycloamylose has been solved
by X-ray crystallography [68], and it shows two anti-parallel polyglucose helices.
Although this structure is unnaturally constrained by virtue of being cyclic, it likely
has many features of polyglucose helices in polysaccharides and in particular indi-
cates a rich network of intra-helix hydrogen bonds. It is easy to see how the introduc-
tion of phosphate at C2 or C3 on glucose would destabilize and disrupt the helix. In
this way, one can rationalize how a relatively small number of extra phosphates
could have wider impact on the structure and properties of a glycogen molecule, and
how increased phosphate content could underlie the pathology of Lafora disease.

Less clear is the reason for the decrease in branching frequency associated with
the polyglucosan of Lafora bodies. In the laforin knockout mice, a significant pro-
portion of glycogen and glycogen synthase is associated with the pellet obtained by
low speed centrifugation and the overall level of glycogen synthase protein is sig-
nificantly increased in the older mice [65]. Presumably malin is present in these
mice (see discussion of malin function below). One might therefore invoke the
imbalance hypothesis discussed above. Inconsistent with this idea, though, is the
fact that the glycogen synthase associated with glycogen in the low speed pellet
from knockout animals had low enzymatic activity, even when measured in the
presence of its activator glucose-6-P. The branching enzyme levels were not sub-
stantially altered by the absence of laforin so that there was no shift towards
increased elongating vs. branching activity. We therefore do not believe that forma-
tion of polyglucosan associated with the lack of laforin activity can be attributed to
the imbalance hypothesis. The reason for decreased branching remains unresolved.
One possibility is that the disruption of glycogen structure elicited by the covalent
attachment of phosphate, whether at a local or a global level, has an impact on the
degradation mediated by phosphorylase and/or debranching enzyme, resulting in
longer average chain lengths. Another possibility is that lysosomal disposal of
poorly branched glycogen is impaired, either by overwhelming the capacity of the
pathway or because of a positive role for laforin in that process.

Origin and Function of Glycogen Phosphate:
Is Laforin a ‘“Damage Control” Enzyme?

In plants, phosphate in amylopectin is introduced through the action of two enzymes,
glucan water dikinase (GWD) and phosphoglucan water dikinase (PWD), and has its
origin as the B-phosphate of the ATP substrate [69]. The role of amylopectin phos-
phorylation seems to be disruption of the semi-crystalline, helical regions of the
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polysaccharide so that degradative enzymes can access cleavage sites. The plant
enzyme SEX4 [66, 67], which like laforin contains a DSP domain and a CBM, would
then dephosphorylate the resulting phospho-oligosaccharides [10, 70]. Bioinformatic
analyses of mammalian genomes do not identify any enzymes comparable to the
plant GWD and PWD nor do simple biochemical assays reveal such activities. The
best evidence to date for the origin of the phosphate in mammalian glycogen comes
from the work of Tagliabracci et al. [64] who demonstrated that the biosynthetic
enzyme glycogen synthase can infrequently, once in every ~10,000 catalytic cycles,
transfer the B-phosphate of its substrate UDP-glucose into glycogen. In other words,
rather than attaching a glucose moiety to the nonreducing end of a growing chain,
glycogen synthase occasionally adds a glucose phosphate. A mechanism was pro-
posed whereby the reaction could progress through the formation of a C1-C2 or a
C1-C3 cyclic phosphodiester of glucose that results in the addition of a C2- or
C3-glucose phosphate. Whereas a reasonable evolved purpose can be assigned to
starch phosphorylation, the biological rationale for glycogen phosphorylation is not
obvious. Glycogen phosphorylation occurs in nature and in mouse muscle remains at
a constant basal level between 3 and 12 months of age [65]. One might argue that
glycogen phosphate might have some as yet unappreciated biological function.
However, if the origin of the phosphate is indeed from the action of the normal bio-
synthetic enzyme glycogen synthase, glycogen phosphorylation may be classifiable
as a catalytic error [71]. It is not uncommon, even among enzymes that have evolved
to mediate very specific reactions, for there to be minor side reactions. In many
instances, the generation of trace amounts of a soluble side product will be innocu-
ous. In the case of longer-lived molecules, like polymers, the results of such side
reactions can be more persistent. For example, glycogen molecules can undergo mul-
tiple cycles of expansion and contraction in response to metabolic conditions, and
any blemishes in structure can be perpetuated in the absence of a repair mechanism.
Perhaps the best example of the significance of errors in polymers is that of DNA
synthesis where erroneous copying of a DNA template could potentially have endur-
ing and devastating consequences. Therefore, elaborate and evolutionarily expensive
mechanisms have evolved to improve the fidelity of DNA synthesis and to enable its
repair. Viewed in this way, laforin might be considered a “repair” or “damage con-
trol” enzyme, whose function is to curtail glycogen phosphorylation and maintain it
within tolerable levels that are not excessively disruptive of glycogen structure.

Is Lafora Disease a Glycogenosis?

Lafora disease is characterized by the accumulation of Lafora bodies in multiple
tissues, including the brain where their disruption of nerve function could provide a
tangible connection with the neurological aspects of the disease. Still, the question
can be asked whether abnormal glycogen and/or Lafora bodies actually cause Lafora
disease or are simply a non-pathological consequence of the genetic defects [4, 72].
Some arguments center around the timing and location of the development of Lafora
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bodies as compared to the onset of symptoms. For example, in the initial character-
ization of Epm2a~- mice [73], it was reported that neuron degeneration was detected
around 2 months of age when Lafora bodies just began to appear. Basically, one idea
is that genetic defects in laforin or malin could trigger some primary neural dysfunc-
tion and that the aberrant glycogen metabolism is secondary and not causative of the
disease. Several considerations, however, link the disease to glycogen.

First, as for any genetic disease, it is necessary to view the molecular defect(s) in
relation to the onset of the disease. In traditional glycogenoses, including Andersen
and Pompe diseases, gross impairments in basic glycogen metabolism exist from an
early developmental stage and yet, even when there is early lethality, the over-
accumulation of glycogen can long precede organ damage and malfunction. In
Lafora disease, the metabolic deficiency is more subtle and in mice the time frame
for detection of any abnormal glycogen is measured in months. Substantially ele-
vated glycogen phosphorylation in mouse muscle is apparent at 3 months, well
before clear changes in glycogen total level or branching have developed, even
though Lafora bodies have begun to appear. The relationship between the abun-
dance of Lafora bodies in tissues and biochemically detectable differences in glyco-
gen in Epm2a™ mice is complex. Recall that a Lafora body, as defined
histochemically, even when small, still represents a conglomerate of individual gly-
cogen molecules and hence a relatively late stage in the derangement of glycogen
metabolism (Fig. 13.3). Another point is that the formation of abnormal glycogen
molecules almost certainly has a stochastic element so that the bulk properties of
tissue glycogen need not reflect the anomalies possible in individual molecules
resulting in Lafora bodies. The presence of excess phosphate in a glycogen mole-
cule might favor further perturbations in metabolism and structure, putting a subset
of molecules on the “fast-track” for becoming part of Lafora bodies. Only in the
later stages, as in the 12-month-old Epm2a™- mice where some 75 % of muscle
glycogen can be harvested by low speed centrifugation, do the bulk properties of the
glycogen transition to those characteristic of Lafora bodies.

Glycogen over-accumulation in the brain has been noted as contributing to neu-
ral defects in glycogenoses such as Adult Polyglucosan Body Disease. Recently,
Duran et al. [74] reported an elegant study in which an activated form of muscle
glycogen synthase, achieved by mutating all nine phosphorylated Ser residues to
Ala, was expressed in neurons of flies or mice. The resulting over-accumulation of
glycogen in neurons led to neuronal loss and neurological defects. Two main lines
of reasoning support the idea that glycogen contributes to the pathology of Lafora
disease. First, studies of laforin function and properties, both in vitro and in mice,
argue strongly that laforin has evolved to act physiologically as a glycogen phos-
phatase. It is hard to overlook laforin’s uniqueness as the only phosphatase known
to bind directly to glycogen and the fact that defects in glycogen phosphorylation
and structure accrue in vivo from its absence. Secondly, genetic reduction of glyco-
gen levels in mice lacking a functional laforin gene alleviates both the formation of
Lafora bodies and the onset of neurological symptoms. The type 1 phosphatase
glycogen targeting subunit PTG is widely expressed and its disruption in mice
causes decreased glycogen accumulation in several tissues including brain [75].
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Fig. 13.3 Formation of polyglucosan and Lafora bodies. The intent of the figure is to emphasis the
transition from the normal metabolism of soluble glycogen to the gradual and irreversible forma-
tion of the poorly structured glycogen characteristic of Lafora disease. Some of the general ideas
would of course be relevant to other glycogenoses in which insoluble glycogen accumulates. In
Lafora disease, the defects in glycogen structure seem to be related to glycogen phosphorylation
which is opposed by the actions of laforin (LF) and malin. Poorly branched, hyperphosphorylated
glycogen, which is less soluble, ultimately can no longer undergo degradation by the usual path-
ways, resulting in the sequestration of metabolic proteins like glycogen synthase (GS), phosphory-
lase (GP), and laforin, in metabolically inert deposits. In sensitive cells like neurons, dysfunction
and cell death lead to the onset of disease. Glc-1-P glucose-1-P, Glc glucose, BE branching
enzyme, DBE debranching enzyme or AGL, GAA lysosomal a-glucosidase

Turnbull et al. [76] described how deletion of the PTG gene in an Epm2a™ back-
ground returned the elevated muscle glycogen levels of 12-month-old Epm2a~-
mice to wild-type values while substantially suppressing the formation of Lafora
bodies. Concomitantly, neurological deficits observed in the laforin knockout mice
were eliminated in the double knockout animals. This result makes a powerful argu-
ment that the pathology associated with the lack of laforin function is indeed linked
to abnormal glycogen if not the formation of Lafora bodies. The only other explana-
tion would require that laforin and PTG, both proteins with evolved glycogen-
binding domains, collaborate in some function unrelated to glycogen metabolism.
Interestingly, a Lafora patient with an EPM2B mutation was found who also carried
a mutation in the PTG gene that in tissue culture led to decreased glycogen levels
[77]. This patient exhibited a milder form of the disease, consistent with the results
obtained with the Epm2a™~ PTG~ double knockout mice.

The arguments outlined above lead us to the conclusion that laforin functions
physiologically as a glycogen phosphatase, that the absence of laforin activity leads
to aberrant glycogen whose presence correlates with neurological dysfunction, and
that Lafora disease is, in essence, a form of glycogenosis.
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Does Laforin Have Additional Functions?

Even if laforin has evolved to serve as a glycogen phosphatase, could it have other
roles? The answer is, of course, yes. There is a growing list of proteins with true
secondary or “moonlighting” activities [78]. More common, however, is the exis-
tence of truly multifunctional proteins, whose activity or other function can be
applied in multiple contexts. Prime examples are protein kinases, protein phospha-
tases, and ubiquitin ligases that can exist in multiple complexes with distinct func-
tions. Substrate selectivity is achieved in part through the catalytic site itself, but
with additional specificity frequently imparted by the other associated proteins. In
this way, a single protein can be involved in diverse cellular processes via its partici-
pation in distinct protein complexes that can have their own individual regulatory
inputs. The type 1 protein phosphatase family, already discussed, is an excellent
example in which one of three very similar catalytic subunits partners with over 200
ancillary subunits to serve a myriad of distinguishable functions [79]. Proteins can
also serve in multiple functionally distinct complexes by virtue of their protein-
protein interactions, their ability to act as “scaffolds,” and by this mechanism also
participate in diverse cellular processes without contributing enzymatic activity.
Could laforin’s contribution to Lafora disease, therefore, arise from some such
function separate from its role as a glycogen phosphatase?

One recent suggestion for an additional laforin function, based mainly on analy-
sis of Epm2a™ mice, was that laforin can down-regulate insulin signaling; thus, in
its absence, glycogen synthesis might be enhanced due to increased insulin signal-
ing [80]. A second, independent study of these mice and genetically matched wild-
type controls, however, found no such alterations in insulin sensitivity [81] and a
physiologically relevant role in insulin signaling is, in our opinion, unlikely. Several
potential laforin-interacting proteins have been described, as is summarized by
Gentry et al. [11]. Of these candidates (malin, PTG, GL, R6, glycogen synthase,
GSK-3, and AMPK B-subunit), most are known or possible glycogen-binding pro-
teins in their own right. Almost all were identified by yeast two-hybrid screening
and/or immunoprecipitation from cultured cells over-expressing the various pro-
teins. An ongoing and nagging worry in assessing interactions among glycogen-
associating proteins is possible interference by glycogen itself acting as a molecular
bridge. Typical yeast two-hybrid reporter strains produce glycogen and the presence
of trace amounts of glycogen in the nucleus is difficult to exclude with ab