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Chapter 1
Mechanisms of Glucocorticoid Response
and Resistance in Lymphoid Malignancies

Lauren K. Meyer and Michelle L. Hermiston

Abstract Glucocorticoids (GC) are an integral component of multi-agent therapy
regimens for a wide variety of lymphoid malignancies due to their potential effects
to induce apoptosis in cells of the lymphoid lineage. Despite their clinical utility, de
novo and acquired resistance to GC is a significant clinical problem that contributes
to inferior outcomes for many of these diseases. This review summarizes what is
currently known about mechanisms of GC resistance in lymphoid malignancies,
with a particular focus on novel therapeutic strategies currently in preclinical or
clinical development that are rationally-designed to overcome GC resistance and
improve clinical outcomes.
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3’UTR 3’ Untranslated Region
B-CLL B-Cell Chronic Lymphocytic Leukemia
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cAMP Cyclic Adenosine Monophosphate
CDK Cyclin Dependent Kinase

ChIP-Seq  Chromatin Immunoprecipitation with Sequencing

CHOP Cyclophosphamide, Adriamycin, Vincristine, and Prednisone
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DEX Dexamethasone
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DLBCL Diffuse Large B-Cell Lymphoma

EFS Event-Free Survival

GC Glucocorticoid(s)

GR Glucocorticoid Receptor

GRE Glucocorticoid Response Element
GST Glutathione S-Transferase

HDAC Histone Deacetylase

HSD Hydroxysteroid Dehydrogenase
LBD Ligand Binding Domain

LOH Loss of Heterozygosity

MAPK Mitogen Activated Protein Kinase
miR MicroRNA

MRD Minimal Residual Disease

NCoR Nuclear Co-Receptor

NHL Non-Hodgkin Lymphoma

NTD N-Terminal Transactivation Domain
PDE Phosphodiesterase

PDX Patient-Derived Xenograft

PGR Prednisone Good Responder
PKA Protein Kinase A

PPR Prednisone Poor Responder

RT-PCR  Real-Time Polymerase Chain Reaction
T-ALL T-Cell Acute Lymphoblastic Leukemia

TCR T-Cell Receptor
WBC White Blood Cell
Introduction

For decades, glucocorticoids (GCs) have been a key component of therapy for the
treatment of lymphoid malignancies and are widely used in both frontline and sal-
vage therapy regimens [1, 2]. In many of these cancers, the response to GC therapy
is a strong prognostic indicator that is related to both overall and event-free survival
(EFS) rates [1, 3, 4]. In particular, patients with acute lymphoblastic leukemia
(ALL) treated on Berlin-Frankfurt-Munster (BFM) protocols can be classified as
having a prednisone good response (PGR) or a prednisone poor response (PPR),
defined based on the response to an upfront 1 week window of monotherapy con-
sisting of the GC prednisone. In early ALL-BFM protocols, patients with a PPR had
significantly inferior outcomes relative to patients with a PGR [1]. These data indi-
cate that therapeutic strategies to overcome GC resistance may significantly improve
patient outcomes. The objective of this review is to highlight key concepts regarding
GC resistance in lymphoid malignancies, with a specific focus on therapeutic strate-
gies designed to overcome GC resistance.
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Mechanism of Glucocorticoid Action

GCs are a class of steroid hormones that bind to the GC receptor (GR). In the
absence of endogenous or exogenous GC ligand, GR is largely retained in the cyto-
plasm through its association with a variety of molecular chaperone proteins,
including HSP70 and HSP9O0 [5]. Upon ligand binding, GR undergoes a conforma-
tional change that promotes translocation of the GC-GR complex to the nucleus,
where it associates with DNA sequences known as GC response elements (GREs).
These GREs function as enhancer elements to modulate the activity of associated
gene promoters, which in turn mediate the activation or repression of target gene
expression (Fig. 1.1) [6]. These effects of GCs are highly tissue-specific due to dif-
ferences in GRE binding patterns and transcriptional activities in different cell
types. Importantly, while GCs exert pro-survival effects in many tissues, they
potently induce cell death in cells of the lymphoid lineage [7], underlying their
importance in the treatment of lymphoid malignancies.

While there is little overall consensus regarding the specific components of the
GR-associated transcriptome that mediate the effects of GCs on lymphoid cells,
many groups have demonstrated that activation of the intrinsic apoptotic pathway is
required for GC-induced cell death [7]. Consistent with this idea, the concept of a
“BCL2 rheostat” has been proposed whereby modulation of both the pro-and anti-
apoptotic components of the intrinsic apoptotic pathway results in an altered
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Fig. 1.1 Mechanisms of GC Action. GCs bind to a cytoplasmic GR (1), which induces transloca-
tion of the GC/GR complex to the nucleus (2). This complex binds to GREs to induce or repress
transcription (3). In cells of the lymphoid lineage, this transcriptional activity alters the expression
of components of the intrinsic apoptotic pathway, resulting in apoptosis (4)
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apoptotic threshold that leads to cell death. Through an analysis of both basal and
GC-induced expression of components of the intrinsic apoptotic pathway in pri-
mary ALL cells, Ploner et al. identified key expression patters that are associated
with GC-induced apoptosis. Specifically, they noted potent induction of the pro-
apoptotic family members BIM and BMF, and demonstrated that loss of expression
of either of these proteins is sufficient to decrease GC sensitivity. Conversely, they
demonstrated that overexpression of anti-apoptotic family members, including
BCL2, BCL-XL, and MCLI, impairs GC-induced apoptosis, an effect that is reversed
upon experimental silencing of these genes [8]. Taken together, these data suggest
that coordinate modulation of both pro-and anti-apoptotic family members contrib-
ute to GC-induced apoptosis. Jing et al. further elucidated the importance of such a
BCL2 rheostat through an analysis of ALL patient derived xenograft (PDXs). Using
chromatin immunoprecipitation with sequencing (ChIP-seq), this group identified a
novel GR binding site within an intronic region of the BIM gene. When this region
was mutated to abolish GR binding, GC-induced upregulation of BIM expression
was lost and GC sensitivity was significantly decreased, providing further evidence
that GR-mediated upregulation of BIM is required for GC sensitivity. Furthermore,
this study elucidated a series of GR-mediated transcriptional events that lead to
downregulation of BCL2 expression, and found that these events were also required
for effective GC-induced apoptosis [9]. Given the importance of the intrinsic apop-
totic pathway in mediating GC sensitivity in lymphoid cells, it is not surprising that
while diverse mechanisms of GC resistance have been elucidated in lymphoid
malignancies, these mechanisms largely converge on a failure to appropriately mod-
ulate the intrinsic apoptotic pathway.

Mechanisms of Glucocorticoid Resistance

GR Intrinsic Mechanisms of GC Resistance
NR3C1 Mutations

The GR protein, which is encoded by the NR3C1 gene, is comprised of three major
functional domains: the ligand binding domain (LBD), the DNA biding domain
(DBD), and the N-terminal transactivation domain (NTD), which interacts with the
transcriptional machinery and the transcriptional coregulators to mediate the effects
of GR on gene expression [5]. Mutations in each of these domains have been identi-
fied in the context of familial and sporadic generalized GC resistance, where they
lead to complete or partial insensitivity to target tissues to both endogenous and
exogenous GCs [10]. In addition to generalized GC resistance, localized GC resis-
tance that is attributable to NR3C1 mutations has been reported in a number of dis-
ease contexts, including asthma and autoimmune diseases [11]. Given the precedent
for GC resistance mediated by GR mutations, many groups have hypothesized that
pre-existing mutations in the GR gene, or mutations acquired over the course of GC
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therapy, may contribute to de novo or acquired GC resistance in lymphoid malig-
nancies. Much of this work has focused on CCRF-CEM cells, a cell line model of
human T-cell ALL (T-ALL) that has been studied extensively in the context of GC
sensitivity and resistance. Early studies involving CCRF-CEM identified consider-
able heterogeneity in the clonal composition of the cell line, leading to the subse-
quent isolation and characterization of a number of subclonal cell lines with varying
degrees of GC sensitivity [12]. In an analysis of the parental CCRF-CEM cell line,
a heterozygous mutation has since been identified in the LBD, and functional stud-
ies demonstrated impaired functionality of this mutant allele [13—16]. However, this
same heterozygous mutation has since been identified in both GC sensitive and GC
resistant subclones derived from the parental CCRF-CEM cell line, suggesting that
additional events are required to confer GC resistance. Consistent with this idea, it
has been shown that the GC resistant subclones derived form the GC sensitive
parental cell line express this mutant allele in the absence of a wild-type allele,
resulting in complete impairment of GR activity [13]. Interestingly, this LBD point
mutation was identified in biopsy tissue taken after the initiation of treatment from
the patient from whom CCRF-CEM cells were derived, suggesting that it was
acquired in vivo and was likely selected for over the course of GC treatment [17].
Similar to CCRF-CEM cells, Jurkat cells, another human T-ALL cell line, are
heterozygous for a mutation that impairs GR transcriptional activity. Unlike CCRF-
CEM cells however, Jurkat cells also express low basal levels of GR and fail to induce
expression of GR upon GC exposure, resulting in profound GC resistance [18].
Based on this evidence supporting a role for NR3CI mutations as a cause of GC
resistance in cultured cell lines, multiple groups have conducted studies to determine
whether such mutations cause clinically relevant GC resistance in patients receiving
GC therapy for the treatment of lymphoid malignancies. In an analysis of a panel of
cell lines derived from paired diagnostic and relapsed samples taken from pediatric
patients with ALL, Beesley et al. identified significant variability in GC sensitivity.
Upon sequencing the NR3CI gene in these cell lines, this group identified a number
of polymorphisms, all of which had previously been shown to have a negligible
effect on GC sensitivity [11], but no deleterious mutations. This finding led them to
conclude that NR3CI mutations are not a common mechanism of naturally-acquired
GC resistance [19]. Consistent with these findings, sequencing of NR3C! in a larger
cohort of diagnostic pediatric ALL samples revealed a similar distribution of poly-
morphisms, but these polymorphisms failed to correlate with the clinical response to
prednisone therapy and did not occur at a significantly higher rate than previously
reported in the general population [20], supporting the conclusion that NR3CI muta-
tions are not a common cause of de novo GC resistance. However, there have been a
number of reports demonstrating the presence of deleterious NR3C/ mutations that
are undetectable at diagnosis but are significantly enriched at the time of disease
relapse, suggesting that the acquisition of such mutations may confer acquired GC
resistance [21-23]. Taken together, the existing data suggest that NR3CI mutations
are a relatively minor cause of GC resistance in human lymphoid malignancies, par-
ticularly at the time of diagnosis, but may be more important in the context of
relapsed disease following the selective pressure of exposure to GC therapy.
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Modulation of GR Expression and Function

In addition to GR mutations, expression levels of GR have been evaluated as a poten-
tial biomarker for GC sensitivity and resistance. Using large cohorts of diagnostic
ALL samples, early clinical data suggested that the absolute number of GRs in lym-
phoblasts is positively correlated with the clinical response to GC monotherapy [24],
the likelihood of disease remission [25], and with 5-year EFS rates [26]. More
recently, GR expression has been shown to carry prognostic significance specifically
in the context of pediatric B-cell ALL (B-ALL) harboring the ETV6/RUNX1 fusion
oncogene. In these patients, deletions of NR3C/ resulting in loss of GR protein
expression are associated with increased minimal residual disease (MRD) and with
risk of relapse [27]. Despite these findings, other studies have failed to identify a
clinically meaningful relationship between basal GR expression at diagnosis and the
clinical response to GC therapy. In an analysis of GR protein expression in diagnos-
tic samples taken from patients treated on ALL-BFM protocols, there was no signifi-
cant difference in GR expression between PPR and PGR patient groups [28],
suggesting that basal GR expression may be an unsuitable biomarker for predicting
GC sensitivity. However, it has been shown that in lymphoid cells, exposure to GCs
results in autoinduction of GR expression mediated by a direct transcriptional effect
of GR [29], and multiple studies have demonstrated that expression levels of GR
after autoinduction, rather than basal expression levels, are required for a GC
response and may be a better predictor of GC sensitivity. Using a titratable expres-
sion system in human T-ALL cell line, Ramdas et al. demonstrated that basal levels
of GR may be insufficient to confer GC sensitivity, but that levels comparable to
those achieved following GC exposure and subsequent autoinduction of GR expres-
sion are sufficient to mediate GC-induced apoptosis [30]. Consistent with these data,
a failure to autoinduce GR expression upon GC exposure has been implicated in GC
resistance in Jurkat T-ALL cells [18] and in multiple myeloma cell lines [31].

Several studies have also identified other genetic and epigenetic events that lead
to altered GR expression levels, and may therefore contribute to GC resistance. For
example, loss-of-function mutations in the E3 ubiquitin ligase FBXW?7 have been
associated with a favorable prognosis and an early response to GC therapy in ALL
[32, 33]. A later study demonstrated that FBXW7 mediates the ubiquitination and
subsequent proteasomal degradation of GR, leading to insufficient GR levels to
mediate GC-induced apoptosis. This same study found that inactivation of FBXW7
in an in vitro system was sufficient to restore GR expression and consequently, GC
sensitivity [34]. The NALP3 inflammasome has also been implicated as a modulator
of cellular GR levels. In an analysis of GC resistant primary ALL samples, it was
found that decreased promoter methylation of CASPI and NLRP3 resulted in
increased expression of the NALP3 inflammasome, and that the associated increase
in caspase | activity caused increased cleavage of GR protein, leading to an attenu-
ated GC response mediated by a loss of GR protein expression [35]. Therefore,
while basal GR expression has not proven to be a tractable biomarker with clinical
utility for predicting GC sensitivity, altered levels of GR expression may nonethe-
less contribute to a poor GC response.
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In addition to GR expression levels, post-transcriptional processing of the GR
mRNA results in multiple GR isoforms, which may also play a role in dictating GC
sensitivity. GRa is the most abundant GR isoform and has been shown to mediate
the pro-apoptotic effects of GCs in lymphocytes. Exon 9 of NR3C1 encodes a por-
tion of the LBD, and alternating splicing of this exon distinguishes the GRa isoform
from the GRp isoform [5]. The GRp isoform does not bind GCs and does not have
transcriptional activity, thereby impeding its pro-apoptotic activity [36]. Additionally,
alternative splicing involving the intron between exons 3 and 4 gives rise to the GRy
isoform, which has an altered DBD. Therefore, GRy retains ligand binding capacity
but has limited transcriptional activity [5]. Finally, alternative splicing involving the
LBD results in the production of the GR-A and GR-P isoforms, both of which fail
to bind ligand [5]. As a result of the impaired activity of multiple GR isoforms,
many groups have studied the relationship between GC sensitivity and the relative
expression and distribution of these isoforms in a variety of lymphoid malignancies.
One of the earliest such studies focused on a patient with chronic lymphocytic leu-
kemia (CLL) who was found to have generalized GC resistance. An analysis of the
expression pattern of GR isoforms in cells taken from this patient demonstrated
decreased GRa expression and increased GRp expression, resulting in an altered
ratio between the two isoforms [37]. Given the dominant negative effect of GRp on
GRa, this group concluded that the altered ratio may contribute to the generalized
GC resistance observed in this patient. Consistent with these findings, an analysis of
23 diagnostic ALL samples revealed an inverse correlation between the GRp/GRa
ratio and the number of apoptotic cells following in vitro exposure to prednisolone,
further indicating that high expression of GRf impairs GC sensitivity [38]. Relative
to diagnostic samples, relapsed ALL samples have also been shown to have a
decreased mRNA to protein ratio of GRa [39]. Similarly, GRy expression has been
shown to be increased in PPR patients relative to PGR patients, which is consistent
with the idea that GRy expression might impair the transcriptional activity of GRa,
leading to an inferior GC response [40].

Further regulation of GR activity is mediated by the chaperone protein systems
that interact with GR, the two most important of which are the HSP70 and HSP90
systems. These chaperones assist with maintaining GR in a conformation in which
it is competent for ligand binding and they facilitate the subsequent nuclear translo-
cation of ligand-bound GR [41]. Given the central role of chaperone proteins in
modifying GR activity, several groups have hypothesized that aberrant expression
or activity of these chaperone systems could contribute to GC resistance in lym-
phoid malignancies. However, in an analysis of PPR and PGHR patients treated on
ALL-BFM trials, there was no correlation between in vivo GC sensitivity and
HSP90 expression [42]. In a more in-depth analysis looking at mRNA expression of
key chaperone proteins in GC sensitive versus GC resistant ALL cells, there were
also no meaningful differences in transcript expression [43]. While this finding does
not exclude the possibility that differences in protein expression of these chaperones
may underlie differences in GC sensitivity, these studies suggest that chaperone
proteins likely do not play a significant role in clinical GC resistance in lymphoid
malignancies.
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GR Extrinsic Mechanisms of GC Resistance
Epigenetic Regulation of GR Activity

Changes in GR target gene expression require the association of ligand-bound GR
with a GRE [6]. Some of the cell-and tissue-specificity of GCs may be mediated by
differences in chromatin accessibility, as GR binding has been shown to occur pre-
dominantly at accessible chromatin sites [44]. Given the requirement for pre-
existing chromatin accessibility, a number of groups have assessed the role for an
altered epigenetic landscape as a mediator of GC resistance. Chromatin accessibil-
ity is maintained in part through the activity of the SWI/SNF [44], and decreased
expression of core components of this complex correlate with the occurrence of GC
resistance in ALL cells [45]. In an analysis of gene expression and DNA methyla-
tion patterns in matched pairs of pediatric B-ALL samples obtained at the time of
diagnosis and at relapse, Hogan et al. identified a distinct pattern of gene expression
associated with relapse and found that this gene expression pattern co-occurred with
increased promoter methylation [46]. With the addition of the DNA methyltransfer-
ase inhibitor decitabine, this relapse-specific gene expression pattern could be
reverted, allowing for re-expression of hypermethylated genes. Exposure to
decitabine, along with the histone deacetylase (HDAC) inhibitor vorinostat, resulted
in significant potentiation of GC-induced apoptosis [47], suggesting that modifica-
tion of the epigenetic landscape may facilitate GR-mediated changes in gene expres-
sion that lead to apoptosis. Similarly, it was shown that elevated expression of a
number of HDAC genes is common in patients who have a PPR [48]. Consistent
with these findings, Jones et al. reported a high frequency of deletions of TBLIXRI,
a component of the nuclear receptor corepressor (NCoR) complex, in patients with
B-ALL. These deletions stabilize NCoR, which represses GR activity by decreasing
its recruitment to target gene loci and by recruiting HDAC3 to further promote inhi-
bition of target gene expression. Treating these cells with an HDAC inhibitor was
sufficient to restore GC sensitivity [49] Collectively, these data suggest that GC
sensitivity is mediated in part by a permissive epigenetic landscape, and that the use
of epigenetic modulators may represent a therapeutic strategy to enhance GC sensi-
tivity in lymphoid malignancies that are associated with an altered epigenetic
landscape.

Signal Transduction

Dysregulated signal transduction is a hallmark feature of many lymphoid malignan-
cies including T-ALL [50], B-ALL [51], and non-Hodgkin lymphoma (NHL) [52].
Importantly, the downstream effectors of these signal transduction pathways exhibit
known cross-talk with GR signaling and transcriptional activity [53]. As a result of
these interactions, aberrant regulation of these signal transduction pathways is an
important cause of GC resistance in lymphoid malignancies and significant
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attention has been devoted to the use of targeted signal transduction inhibitors as a
strategy to overcome GC resistance.

Cyclic Adenosine Monophosphate (cAMP) Signaling

cAMP is a second messenger molecule that initiates signaling cascades responsible
for mediating a variety of immune cell functions. cAMP is generated through the
catalytic activity of adenylate cyclases and is degraded by a family of enzymes
called phosphodiesterases (PDEs) [54]. It has long been known that in addition to
GCs, activation of cAMP decreases lymphoid cell proliferation and induces apopto-
sis [55]. Furthermore, it has been shown in T-cell lines that stimulation of cAMP
signaling has a synergistic effect to induce cell death when combined with the GC
dexamethasone (DEX) [56], and that cAMP and GCs likely converge to promote the
upregulation of BIM expression [57, 58], thereby facilitating the induction of apop-
tosis. Given the pro-apoptotic effects of cAMP and the effects of PDEs to decrease
the cellular pool of cAMP, significant attention has been devoted to the development
of PDE inhibitors [59], and a number of groups have evaluated the efficacy of PDE
inhibitors as a means of overcoming GC resistance in lymphoid malignancies. In
the CCRF-CEM cell line, both a non-specific PDE inhibitor and rolipram, a PDE4-
specific inhibitor, significantly potentiated DEX-induced apoptosis [60]. In primary
CLL cells, rolipram synergized with GCs to induce apoptosis, and this effect was
associated with increased GR-mediated transcriptional activity [61]. Furthermore,
in these same cells, it was found that rolipram exposure resulted in an increase in
both transcript and protein expression of GRa [62]. In patients, PDE4 overexpres-
sion has been observed in a cohort of primary diffuse large B-cell lymphoma
(DLBCL) samples. Consistent with the data in leukemia cell lines, inhibition of
PDE4 in DLBCL cells was sufficient to restore GC sensitivity [63]. Finally, in a
large-scale gene expression analysis of primary DLBCL samples obtained from
patients who received treatment with cyclophosphamide, adriamycin, vincristine,
and prednisone (CHOP), elevation of PDE4 expression was enriched in patients
with fatal or refractory disease relative to patients who were cured with CHOP
therapy [64]. Taken together, these data suggest that alterations in cAMP pathway
signaling may contribute to GC resistance in lymphoid malignancies and that thera-
peutic targeting of this pathway may have clinical utility.

Mitogen Activated Protein Kinase (MAPK) Signaling

The three best studied MAPKs are p38, ERK, and JNK, all of which become acti-
vated downstream of a signaling cascade induced by cellular exposure to mito-
genic stimuli [65]. Each of these MAPKs has been shown to modulate GC
sensitivity, resulting in a considerable number of studies devoted to investigating
the therapeutic potential of MAPK pathway signaling modulators as a means of
enhancing GC sensitivity. In GC resistant clones derived from the parental CCRF-
CEM cells, inhibition of p38 MAPK decreased DEX sensitivity, while inhibition
of ERK activity increased sensitivity. These data implicate p38 as a positive regula-
tor of GC activity and ERK as a negative regulator of GC activity [66], suggesting
that distinct arms of the MAPK signaling cascade interact differently with the GR
pathway. Consistent with these findings, it has been shown that exposing
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CCRF-CEM cells to DEX results in increased phosphorylation and activation of
p38, one substrate of which is GR itself. Specifically, this study demonstrated that
p38 mediates Ser-211 phosphorylation of GR [67], which has been shown to
increase the transcriptional activity of GR [5], thereby providing a mechanistic
explanation for the positive effect of p38 activity on GC sensitivity. Another study
demonstrated that inhibition of p38 in CCRF-CEM cells resulted in decreased
induction of BIM expression upon DEX exposure, leading to an attenuated apop-
totic response and suggesting that p38 might further contribute to GC sensitivity by
enabling the upregulation of BIM expression [68].

Other studies have focused on elucidating the molecular basis for the inhibitory
effect of ERK signaling on GC sensitivity. Importantly, ERK has been shown to
phosphorylate BIM, preventing it from interacting with other members of the intrin-
sic apoptotic pathway to induce apoptosis [69]. To determine whether this mecha-
nism contributes to ERK-mediated GC resistance, Rambal et al. demonstrated in
ALL cell lines and primary patient samples a synergistic interaction between a
MEK inhibitor and DEX, with simultaneous exposure to both agents resulting in
increased BIM expression due to a reduction in ERK-mediated BIM phosphoryla-
tion [70]. In addition to ERK, JNK activation has previously been implicated as a
negative regulator of GC sensitivity. In contrast to p38, JNK is known to catalyze an
inhibitory phosphorylation of GR, resulting in decreased transcriptional activity
[71]. Jones et al. further established the role of ERK and JNK as negative regulators
of GC sensitivity through an shRNA screen designed to identify genes that modify
prednisolone sensitivity in B-ALL cell lines. Interestingly, this screen identified
MEK?2, which activates ERK, and MEK4, which activates JNK, as important candi-
date GC resistance genes. Through a variety of functional studies, the authors dem-
onstrated that loss of MEK?2 expression induced generalized chemosensitivity,
including to GCs, through a p53-dependent mechanism and that loss of MEK4
increased expression of GR, leading to improved GC sensitivity. Furthermore, they
demonstrated the clinical relevance of these findings by assessing ERK activity in
paired diagnostic and relapse samples from patients with B-ALL and found
increased levels of phosphorylated ERK in the relapsed samples [72], consistent
with the idea that aberrant activation of ERK signaling may contribute to GC resis-
tance. Given the large number of past and current clinical trials conducted in a wide
variety of malignancies [73], the addition of small molecules that modulate MAPK
pathway activity may be a feasible strategy for overcoming GC resistance in some
lymphoid malignancies.

PIBK/AKT/mTOR Signaling

The PI3K/AKT/mTOR pathway is another signal transduction pathway that is com-
monly dysregulated in lymphoid malignancies and represents a potential therapeu-
tic target for strategies aimed at overcoming GC resistance. In a recent study
involving a large cohort of pediatric T-ALL samples, AKT] and PTEN mutations
were two of only a handful of genetic lesions that had a univariable association with
relapse [50], suggesting that mutational activation of this pathway may play a role
in therapy resistance, including to GCs. In another analysis of primary B-ALL
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samples, patients with increased phosphorylated AKT at diagnosis had a significantly
inferior response to steroid-containing induction therapy and had decreased overall
and relapse-free survival [74]. These studies provide correlative evidence for the
role of aberrant PI3K/AKT/mTOR pathway activity in GC resistance. To more
directly assess a mechanistic basis for this relationship, Piovan et al. demonstrated
using co-immunoprecipitation that AKT1 binds to and phosphorylates GR on Ser-
134, a phosphorylation event that impairs nuclear translocation of ligand-activated
GR. Using the PTEN-null CCRF-CEM cell line, the authors demonstrated through
both in vitro and in vivo studies that combined treatment with GCs and the AKT
inhibitor MK2206 is sufficient to reverse GC resistance [75]. One class of proteins
that has been found to cooperate with AKT to modulate GC activity is the 14-3-3
class of phospho-serine/threonine binding proteins, which regulate the subcellular
localization of proteins with phosphorylated serine or threonine residues, including
phosphorylated GR [76]. Consistent with this function, the 14-3-3c protein inter-
acts with GR upon AKT1-mediated Ser-134 phosphorylation, resulting in impaired
nuclear translocation of ligand-bound GR and leading to reduced transcriptional
activity in the presence of GCs [76, 77]. Similarly, it has been shown that more
proximal inhibition of this pathway with a PI3K inhibitor results in synergy when
combined with GCs, both in vitro and in an in vivo xenograft model [78]. In B-ALL
cell lines and primary diagnostic patient samples, PI3K inhibition augmented
nuclear translocation of ligand-activated GR through a reduction in Ser-134 phos-
phorylation [79], further confirming the effect of aberrant PI3K/AKT pathway inhi-
bition to promote cytoplasmic retention of GR and prevent transcriptional
activation.

One important downstream effector of PI3K/AKT pathway activation is mTOR
[80], and many groups have studied the role of aberrant mTOR activation as a medi-
ator of GC resistance in lymphoid malignancies. Using a chemical genomics
approach, Wei et al. compared a large number of drug-associated gene expression
profiles with the gene expression signature of GC sensitive and resistant ALL cells.
Through this analysis, they determined that the changes in gene expression associ-
ated with exposure to the mTOR inhibitor rapamycin matched that associated with
GC sensitive cells, suggesting that rapamycin may show efficacy by altering the
gene expression pattern in GC resistant cells to better mimic that of GC sensitive
cells. They further demonstrated that exposure to rapamycin sensitized cells to GCs
through a mechanism involving downregulation of expression of the anti-apoptotic
protein MCL1 [81]. Similarly, Gu et al. demonstrated a synergistic relationship
between rapamycin and DEX in a panel of T-ALL cells, and further elucidated the
mechanistic basis for this interaction by identifying a synergistic induction of
expression of the pro-apoptotic BAX and BIM proteins in conjunction with
downregulation of MCL1 [82]. In addition, it has been shown that simultaneous
exposure to an mTOR inhibitor and GCs results in a synergistic induction of the
cyclin-dependent kinase (CDK) inhibitor proteins p21 and p27 [82, 83], suggesting
that mTOR inhibitors and GCs converge both to induce cell cycle arrest and acti-
vation of the intrinsic apoptotic pathway. This effect was further demonstrated
in vivo using PDXs derived from primary patient T- and B-ALL samples, and the
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combinatorial effect of mTOR inhibition and GCs was found to be particularly
effective in T-ALL samples with loss of PTEN expression [84], providing further
evidence that aberrant regulation of upstream PI3K/AKT pathway activity results in
altered mTOR activity that can be targeted therapeutically to augment the GC
response. Finally, given the direct effects of both AKT and mTOR on GC sensitivity,
several groups have investigated the efficacy of the dual PI3K and mTOR inhibitor
BEZ235, reasoning that dual inhibition at two critical points in this pathway may
have a more profound effect to induce GC sensitivity. Indeed, in ALL cell lines and
primary patient samples both in vitro and in vivo, synergy has been demonstrated
between BEZ235 and DEX [85, 86], suggesting that multiple nodes within this
pathway are viable therapeutic targets for augmenting GC sensitivity.

JAK/STAT Signaling

The JAK/STAT signaling pathway is the critical effector pathway of cytokine recep-
tor signaling, which plays a crucial role in mediating survival, proliferation, and
differentiation of lymphoid cells [87]. Not surprisingly, aberrant activation of this
pathway is common in lymphoid malignancies [50, 88], and significant attention
has been devoted to assessing the role of JAK/STAT pathway inhibition as a novel
treatment modality. Activation of cytokine receptors recruits JAK proteins to intra-
cellular domains of cytokine receptors, and these activated JAK proteins recruit and
phosphorylate STAT proteins, which translocate to the nucleus and function as tran-
scription factors [87]. Interestingly, GR and one of these STAT proteins, STATS,
have been shown to physically interact at certain genomic loci. Specifically, STATS5
is known to inhibit the action of GR on GR target genes [89]. Consistent with this
inhibitory role of JAK/STAT signaling on GR activity, inhibition of this pathway
has been shown to overcome GC resistance in a number of lymphoid malignancies.
In Philadelphia chromosome-like B-ALL, which is associated with aberrant JAK/
STAT pathway activation, the combination of a JAK2 specific inhibitor and DEX
demonstrated in vitro synergy and showed improved survival in an in vivo xenograft
model [90]. Similarly, in primary diagnostic T-ALL samples, exposure to the cyto-
kine interleukin-7 resulted in increased JAK/STAT pathway activity that induced
GC resistance and could be overcome with the addition of the JAK1/2 inhibitor
ruxolitinib [91]. Finally, in CLL cells, GC resistance was found to be associated
with autocrine activation of another STAT protein, STAT3, and inhibition of STAT3
activation with ruxolitinib resulted in increased sensitivity to DEX in vitro [92].

NOTCH Signaling

NOTCH receptors are transmembrane receptors that, upon ligand binding, undergo
a series of cleavage events to release the activated intracellular component of
NOTCH from the membrane, allowing it to translocate to the nucleus and function
as a transcription factor. The y-secretase complex mediates the final step in this
processing [93]. Due to the important role of NOTCH signaling in the pathogenesis
of T-cell malignancies, inhibitors of this y-secretase complex have been evaluated as
potential therapeutic agents for the treatment of these diseases in combination with
GCs. Specifically, in T-ALL cell lines, y-secretase inhibitors have been shown to
sensitize cells to the cytotoxic effects of DEX [94]. Several groups have



1 Mechanisms of Glucocorticoid Response and Resistance in Lymphoid Malignancies 13

demonstrated that the combination of y-secretase inhibitors and GCs facilitates
autoinduction of GR and potentiates the induction of BIM expression, leading to
increased cell death in both in vitro and in vivo model systems [95, 96]. Despite
these promising preclinical findings, the clinical utility of y-secretase inhibitors has
been limited by severe gastrointestinal toxicity [97]. However, in an elegant study
conducted in a T-ALL xenograft model, it was shown that simultaneous exposure to
a y-secretase inhibitor and DEX not only overcame GC resistance, but also attenu-
ated the toxicities associated with the y-secretase inhibitor [95], suggesting that the
combination of y-secretase inhibitors and GCs may be a viable therapeutic strategy
to enhance GC sensitivity. Finally, at least one study has evaluated the efficacy of an
anti-NOTCHI monoclonal antibody in a T-ALL PDX model and demonstrated
potentiation of GC activity when given in combination [98].

Src Family Kinase Signaling

In T-cells, the Src family kinases Lck and Fyn mediate critical signal transduction
events downstream of the T-cell receptor (TCR) [99]. Through the use of reverse-
phase protein arrays applied to PPR and PGR T-ALL samples, Lck was found to be
aberrantly activated in PPR patients relative to PGR patients [100]. Consistent with
these findings, inhibition of Lck with the Src family kinase inhibitor dasatinib has
demonstrated in vitro efficacy to enhance GC sensitivity [101] and has been shown
to impair the engraftment of T-ALL cells in vivo relative to treatment with either
agent alone [100].

Metabolism

In addition to studies demonstrating the importance of GR expression levels as a
mediator of GC sensitivity, many groups have demonstrated that metabolic pro-
cesses that limit the availability of GC ligand can similarly contribute to GC resis-
tance. In normal physiology, the 11p-hydroxysteroid dehydrogenase (HSD) class of
enzymes mediates the conversion between cortisol, the active endogenous hormone,
and cortisone, the inert form of the hormone. Specifically, 113-HSD1 regenerates
cortisol from cortisone while 11B-HSD2 inactivates cortisol [102]. In an analysis of
primary patient ALL samples, basal 113-HSDI expression was found to be higher
in GC sensitive samples relative to GC resistant samples. Furthermore, 11p-HSD1
expression was upregulated in response to DEX exposure specifically in the GC
sensitive samples but not in the GC resistant samples, suggesting that 11-HSD1
may participate in a GC-regulated feedback loop to maintain the availability of
ligand for GR binding [103]. The same group similarly analyzed 11p-HSD2 expres-
sion in the GC resistant T-ALL cell line MOLT4F and the GC sensitive CCRF-CEM
cell line and demonstrated that 11p-HSD2 expression was higher in the setting of
GC resistance. They further demonstrated that pharmacologic inhibition of 11p-
HSD2 was sufficient to potentiate GC-induced apoptosis [104]. Consistent with
these findings, 11p-HSD2 expression was compared between GC resistant T-ALL
cell lines, GC sensitive NHL cell lines, and normal peripheral T-cells. In the GC
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resistant cell lines, 11B-HSD2 expression was found to be significantly elevated
relative to the GC sensitive cell lines or normal T-cells [105]. To determine how
11B-HSD2 is dynamically regulated in the presence of GCs, transcript and protein
expression as well as enzymatic activity were assessed in the GC sensitive CEM-C7
cell line after exposure to DEX. This analysis demonstrated a reduction in expres-
sion and enzymatic activity upon DEX exposure, suggesting that, in contrast to
11B-HSD1, GC-induced downregulation of 11p-HSD2 may be important for main-
taining GC sensitivity [106].

In addition to HSDs, glutathione S-transferases (GSTs) are a class of enzymes
involved in the metabolism of a wide variety of drugs, including steroids [107]. In
an analysis of PGR and PPR patient samples from children treated on an ALL-BFM
protocol, deletion of the GST family member GSTT/ was enriched in the PPR
patient group and was associated with an increased risk of relapse [108]. These data
suggest that genetic lesions involving GST genes might contribute to differences in
clinical GC response, though further studies are needed to determine whether aber-
rant GST activity plays a significant role in altering the availability of GC ligand
and whether this contributes to GC resistance.

While metabolism of GCs themselves may play a role in modulating GC sensi-
tivity, GC resistance has also been attributed to the aberrant activity of key bioener-
getic metabolic pathways. Specifically, it has been shown in both ALL cell lines and
in primary patient ALL samples that GC resistance is associated with increased
rates of glycolysis, oxidative phosphorylation, and cholesterol biosynthesis. In a
gene expression profiling study using ALL cell lines, pathways involved in these
metabolic processes emerged as the top biological pathways associated with GC
resistance. Furthermore, when these gene sets were studied in the context of pri-
mary patient samples, enrichment for these gene sets was a strong predictor of
relapse [109], suggesting that activation of these bioenergetic pathways may pro-
mote chemoresistance. The same group went on to demonstrate that inhibition of
glycolysis, oxidative phosphorylation, or cholesterol biosynthesis was sufficient to
sensitize GC resistant T-ALL cells to GCs [110], further supporting the idea that
aberrant activation of cellular metabolic processes may confer GC resistance.

Based on these findings, significant attention has been devoted to studying the
role of glucose metabolism as a modulator of GC sensitivity. In an analysis of a
large cohort of primary B-ALL samples with varying degrees of in vitro predniso-
lone sensitivity, genes associated with carbohydrate metabolism were found to be
differentially expressed between GC sensitive and GC resistant samples [111].
Furthermore, in ALL cell lines and primary patient samples, prednisolone resistance
was found to correlate with increased glucose consumption, and inhibition of gly-
colysis with the metabolite 2-deoxy-D-glucose (2-DG) sensitized cells to GCs, sup-
porting the idea that excessive metabolic activity may impair GC-induced apoptosis
[112]. To further assess the relationship between glucose consumption and GC sen-
sitivity, GC sensitive ALL cell lines and primary patient samples were exposed to
DEX, which was found to inhibit glycolysis, leading to decreased glucose con-
sumption that was mediated by a reduction in the expression of the glucose trans-
porter GLUT1. This group went on to demonstrate that culturing cells in low glucose
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conditions resulted in increased DEX-induced apoptosis [113]. Taken together,
these data suggest that a reduction in glucose metabolism may be required for opti-
mal GC-induced apoptosis. Consistent with this idea, it was shown that in predniso-
lone sensitive primary B-ALL samples, MCL1 expression decreased upon exposure
to prednisolone, while it did not decrease in prednisolone resistant samples. Genetic
silencing of MCL1 was found to be associated with an increase in glucose con-
sumption, and simultaneous inhibition of glycolysis and silencing of MCL1 resulted
in further sensitization to prednisolone [114]. The importance of excessive glucose
metabolism as a mediator of GC resistance has also been studied in the context of
NHL cell lines and primary patient samples. In these cells, inhibition of glycolysis
was found to synergize with methylprednisolone to induce cell cycle arrest and
apoptosis [115]. Providing a genetic explanation for the relationship between altered
glucose metabolism and GC sensitivity, Chan et al. recently performed ChIP-seq to
assess the binding pattern of transcription factors that are commonly inactivated in
B-ALL, including PAXS5 and IKZF1. They demonstrated that in B-ALL, these tran-
scription factors are recruited to genetic loci that encode positive and negative regu-
lators of glucose uptake. Re-expression of PAXS and IKZF1 in B-ALL cells resulted
in decreased glucose uptake and was sufficient to overcome prednisolone resistance
[116]. The authors speculated that the hypermetabolic state associated with the
deletion of these transcription factors facilitates leukemogenesis and simultane-
ously facilitates resistance to GC therapy.

In addition to glucose metabolism, aberrant lipid metabolism has also been
shown to contribute to GC resistance. Specifically, lymphoid cells have been
shown to have a unique dependency on exogenously synthesized cholesterol, and
similar to glycolysis, GCs may exert their pro-apoptotic effects in part through
inhibiting this cholesterol synthesis pathway. Indeed, in GC sensitive CEM-C7
cells, DEX was found to inhibit cholesterol synthesis, while this did not occur
effectively in GC resistant CEM-C1 cells. Furthermore, exposure of CEM-C7
cells to exogenous cholesterol decreased DEX sensitivity, suggesting that DEX
resistance may be mediated in part by increased cholesterol metabolism [117].
Further supporting these data, T-ALL PDXs treated with a GC-containing four-
drug induction regimen that acquired in vivo drug resistance were found to have
altered cholesterol metabolism. In these samples, exposure to DEX and simvas-
tatin, an inhibitor of cholesterol biosynthesis, demonstrated ex vivo synergy
[118]. These data suggest that additional preclinical studies may be warranted to
evaluate the use of drugs that modulate bioenergetic pathways as a means of
overcoming GC resistance.

MicroRNAs

MicroRNAs (miRNAs) are short non-coding RNAs that are most commonly con-
tained within introns. Once transcribed, they bind to complementary sequences
within the 3° untranslated region (3°’UTR) of target gene mRNAs. Through this
activity, miRNAs function primarily as negative regulators of translation, though
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they may have other repressive and activating roles [119]. Dysfunctional expression
of miRNAs is a common feature of many cancers, including hematologic malignan-
cies. In ALL samples, a miRNA microarray analysis of paired diagnostic and relapse
samples identified a distinct miRNA profile in the relapse samples relative to the
diagnostic samples [120]. Similarly, in a study involving miRNA sequencing of
samples from patients with Burkitt lymphoma, DLBCL, and follicular lymphoma,
many miRNAs were found to be aberrantly expressed in lymphoma cells relative to
normal lymphoid cells. Functionally, these miRNAs were found to be associated
with altered regulation of key signal transduction pathways, including the Ras/
MAPK and PI3K/AKT signaling pathways, suggesting that these miRNAs may
play a role both in lymphomagenesis and in chemoresistance, including GC resis-
tance [121].

MiR-17

In B-ALL cell lines, DEX exposure downregulated expression of miR-17 in GC
sensitive but not in GC resistant cells. ChIP-seq analysis demonstrated that this is
mediated by direct GR binding to the miR-17 locus specifically in GC sensitive
cells. Functionally, miR-17 was found to target the BIM transcript for silencing, and
pharmacologic inhibition of miR-17 increased DEX sensitivity with an associated
increase in BIM expression [122].

MiR-100/99a

The miRNA species miR-100/99a has also been implicated in GC resistance and is
known to be downregulated in samples from ALL patients with clinically high risk
features. Specifically, low expression has been associated with inferior leukemia-
free and overall survival [123]. In cell lines, ectopic expression of miR-100/99a
promoted DEX-induced apoptosis through a reduction in expression of the miR-
100/99a target FKBP51. The reduction in FKBP51 expression was associated with
increased nuclear localization of ligand-bound GR and decreased expression of
mTOR, subsequently leading to a reduction in MCL1 expression which further
potentiated apoptosis [123].

MiR-124

The role of MiR-124 as a mediator of GC resistance was first appreciated in the
context of sepsis, where it was found that miR-24 represses the GRa transcript
[124], suggesting that its overexpression might mediate GC resistance by decreas-
ing the availability of GR protein for ligand binding. Indeed, miR-124 expression
was found to be increased in prednisolone resistant ALL cell lines and in PPR
patient samples and overexpression of miR-124 in ALL cells was associated with a
reduction in GR protein expression [125]. However, at least one study has suggested
the opposite effect of miR-124 in GC sensitivity. In DLBCL cells, miR-124 expres-
sion was found to decrease expression of PDE4B, thereby relieving the inhibitory
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effect on cAMP signaling and increasing GC sensitivity [126]. Further studies are
therefore needed to elucidate the role of miR-124 in modulating GC sensitivity in
distinct lymphoid malignancies.

MiR-128b and miR-221

In MLL-AF4 ALL, miR-128b and miR-221 were found to be downregulated rela-
tive to other types of ALL. Overexpression of these miRNAs in MLL-AF4 ALL cell
lines resulted in increased sensitivity to GCs, which was accompanied by down-
regulation of MLL, AF4, and their associated fusion genes [127]. Further implicat-
ing low miR-128b as a mediator of GC resistance in MLL-AF4 ALL, miR-128b
mutations found in both cell lines and primary patient samples were shown to impair
the appropriate processing of miR-128b. This resulted in GC resistance mediated by
a failure to downregulate the expression of fusion oncogenes involving MLL and
AF4, though the mechanisms by which MLL and AF4 themselves contribute to GC
resistance are currently unknown [128].

MiR-142-3p

MiR-142-3p was initially shown in T-regulatory cells to target adenylyl cyclase 9
mRNA for silencing, resulting in a reduction in the cellular pool of cAMP due to the
loss of adenylyl cyclase enzymatic activity [129]. Elevated expression of miR-
142-3p in primary T-ALL samples was found to be associated with an increased risk
of relapse and decreased leukemia-free survival relative to patients with lower miR-
142-3p expression. Consistent with its known effects on the adenylyl cyclase 9 tran-
script, high miR-142-3p expression was associated with increased cAMP pathway
activity. Furthermore, miR-142-3p was found to target the GRa transcript for
repression via direct binding to the 3’UTR. In this context, inhibition of miR-142-3p
overcame GC resistance both by facilitating an increase in cAMP pathway activity
and an increase in GRa expression [130].

MiR-182

In an analysis of a variety of murine and human malignant lymphoid cell lines, miR-
182 expression was higher in GC resistant cells relative to GC sensitive cells, and
high expression was associated with decreased FOXO3A expression. One impor-
tant downstream target of FOXO3A is BIM, and high expression of miR-182 was
also associated with a reduction in BIM expression. Consistent with this activity,
overexpression of miR-182 restored BIM expression, thereby overcoming GC resis-
tance [131].

MiR-185-5p

Finally, miR-185-5p was found to be overexpressed in GC sensitive ALL cell lines.
One target of miR-185-5p is the mTORC2 mRNA. Forced overexpression of miR-
185-5p in GC resistant ALL cells restored GC sensitivity with a concomitant reduc-
tion in mTORC?2 activity [132].
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Conclusion

Given the pleiotropic effects of GCs and the innumerable interactions between GR
and a wide variety of cellular processes, it is not surprising that the mechanisms of GC
resistance are complex and that our understanding of these mechanisms is constantly
evolving (Fig. 1.2). However, despite a well-justified concern for GC resistance and
its associated clinical implications, GCs are profoundly efficacious in the treatment of
lymphoid malignancies and will undoubtedly remain an integral component of ther-
apy. Therefore, there is an urgent need to translate the findings from the numerous
preclinical and clinical studies highlighted in this review into standard clinical prac-
tice for the treatment of these diseases. With the application of large-scale sequencing
and epigenetic profiling technologies, the development of small molecule and bio-
logic therapeutics, and increasing access to patient-derived tissue samples, there is
significant potential for the elucidation of additional causes of GC resistance and the
identification and implementation of novel therapeutic strategies to overcome them.
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Fig. 1.2 Mechanisms of GC Resistance. GC resistance may arise due to processes that impact any
component of normal GR signaling, including the availability of GC ligand or GR (A), nuclear
translocation of the activated GC/GR complex (B), transcriptional activity of ligand-bound (C), or
the induction of apoptosis (D)
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