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Abstract

The cyclic nucleotides cAMP and cGMP are well-characterized second messen-
ger molecules regulating many important intracellular processes, such as differ-
entiation, proliferation, and apoptosis. The latter is a highly regulated process of
programmed cell death wherein several regulatory proteins, like those belonging
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to the Bcl-2 family, are involved. The initiation of apoptosis is regulated by three
different pathways: the intrinsic or mitochondrial, the extrinsic, and the ER
stress pathway. Recently, it has been published that the pyrimidine cyclic
nucleotides cCMP and cUMP also function as second messenger molecules,
and additionally have an effect on apoptosis signaling pathways. cCMP induced
PKA-independent apoptosis via the intrinsic and ER-stress pathway in S49
mouse lymphoma cells, and cCMP as well as cUMP induced apoptosis in
human HEL cells via the intrinsic pathway. However, in human K-562 cells,
which are known to be multidrug-resistant, cCCMP and cUMP had no effect.
Summarized in this chapter are the initiation of apoptosis by cCMP and cUMP
regarding the various apoptotic pathways, the enzymes involved in apoptosis, as
well as the most relevant methods for the detection and examination of apoptosis
and the corresponding signaling pathways.
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1 Introduction

Apoptosis is a cellular mechanism of programmed cell death that is characterized
by membrane blebbing, condensation of the cytoplasm and nucleus, DNA fragmen-
tation, and cell shrinkage. DNA fragmentation results in various DNA strand breaks
and can be analyzed with the TUNEL (TdT-mediated dUTP-biotin nick end
labeling) assay. This assay was formerly considered as the gold standard for the
identification of apoptotic cells (Darzynkiewicz et al. 2008). Understanding the
cellular apoptosis mechanisms can provide the opportunity to treat diseases or to
develop drugs by targeting apoptotic genes and pathways.

The central enzymes involved in apoptosis are caspases (Hengartner 2000).
Generally, three different pathways of apoptosis induction can be distinguished
(Fig. 1):

(1) The extrinsic pathway is activated by death ligands like TNFa or FasL (Fas
ligand) which bind to specific receptors. Afterwards, a so-called death-inducing
signaling complex (DISC) is formed, the initiator caspase 8§ is activated and
triggers apoptosis by cleaving other downstream executioner caspases like
caspase 3 and caspase 7, which can be analyzed by western blotting.

(2) The intrinsic mitochondrial pathway is initiated within the cell by irreparable
genetic damage, severe oxidative stress, hypoxia, or deprivation of survival
factors increasing the mitochondrial permeability caused by the loss of mito-
chondrial membrane potential. This leads to the release of pro-apoptotic
factors, such as cytochrome c, from the mitochondrium into the cytoplasm.
The release of these pro-apoptotic factors can be analyzed by flow cytometry
after intracellular staining with an appropriate antibody, e.g., cytochrome
¢-FITC antibody. Cytochrome c triggers the formation of a complex known
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Fig. 1 Apoptotic pathways: extrinsic, intrinsic and ER stress-activated pathways

as apoptosome which is composed of cytochrome c, APAF-1 (apoptotic prote-
ase activating factor 1), and caspase 9. The apoptosome is able to activate
caspase 3. Several proteins of the Bcl-2 family are important for the regulation
of this pathway. These proteins have a pro- or anti-apoptotic function by
promoting or blocking the mitochondrial release of pro-apoptotic factors
(Martinou and Youle 2011). RNA or protein expression of the Bcl-2 family
members can be analyzed by real-time PCR or western blotting, respectively.

(3) The third pathway is the intrinsic endoplasmatic reticulum (ER) pathway which
leads to activation of caspase 12. This pathway is triggered by ER stress, e.g.,
by misfolded proteins (Szegezdi et al. 2003). Stimulation with brefeldin A
(BFA), an inhibitor of intracellular protein transport, also induces ER stress.
Thus, incubation of cells with BFA leads to a blockade of protein transport from
the ER to the Golgi complex and an accumulation of proteins in the ER
(Kaufman 1999). A potential cross-talk between the ER-induced apoptosis
and the intrinsic pathway, controlled by Bcl-2 proteins, is under discussion
(Hacki et al. 2000), and a function of several Bcl-2 proteins in ER stress has
been reported as well (Siddiqui et al. 2015).
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Besides apoptosis, other cell death mechanisms exist, namely autophagy and
necrosis. Autophagy is a catabolic degradative process and is often associated with
anti-proliferative mechanisms and physiological processes like differentiation, devel-
opment, and cancer (Reggiori and Klionsky 2002). During autophagy, cytoplasmatic
components are delivered to lysosomes and eliminated. Important enzymes involved
in this process are autophagy-related genes (ATG) and LC3 (light chain 3) A/B
proteins which therefore function as autophagy marker proteins. On the contrary,
cells undergoing programmed necrosis show an increase in cell volume, swelling
of organelles, and disruption of the cell membrane. Intracellular components are
released and an inflammatory response is thereby often induced (Ouyang et al. 2012).

2 Cyclic Nucleotides and Induction of Apoptotic Pathways
via Membrane-Permeant cNMP-Analogs

cNMPs with a free amino group at the nucleobase like cAMP, cGMP, and cCMP
can be dibutyrylated (db-cNMPs). Such analogs are membrane-permeable. Other
cNMPs like cUMP and also cIMP lack a free amino group and dibutyrylated
analogs are therefore not available. Db-cNMPs are intracellularly cleaved by
unspecific esterases or amidases into two metabolites and butyrate (Schwede
et al. 2000). The most prevalent metabolite is the monobutyrylated form of the
cNMP with a remaining butyryl residue at the nucleobase, the other metabolite with
the butyryl residue at the ribose is formed to a much lower extent. Due to these
issues, another group of membrane-permeant analogs has been developed: cNMP
analogs with an acetoxymethyl ester residue at the ribose (c(NMP-AMs). Similar to
db-cNMPs, the acetoxymethyl ester analogs penetrate the membrane, and their
ester residue is intracellularly cleaved by unspecific esterases. But in contrast to the
cleavage products of the db-cNMPs, the only cleavage product of the cNMP-AMs
is the unmodified cNMP (Beckert et al. 2014; Schultz 2003).

3 Function of PKA, cAMP, cGMP, and cUMP in Apoptosis
3.1 PKA in Apoptosis

The best known and extensively investigated cAMP target in eukaryotic cells is
cAMP-dependent protein kinase (PKA) (Francis and Corbin 1999; Taylor et al.
2008). PKA is a tetrameric holoenzyme consisting of two identical regulatory
subunits, each containing two binding sites for cAMP and two catalytic domains
(Taylor et al. 2004). Without binding of cAMP, the enzyme is catalytically
inactive. After activation, the catalytic subunits phosphorylate serine and threonine
residues of specific target proteins, e.g., the transcription factor cyclic cAMP
response element-binding protein (CREB) or the cAMP-responsive element
modulator (CREM), thereby altering gene expression (Mayr and Montminy 2001).
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3.2 cAMP in Apoptosis

cAMP functions both as pro- and anti-apoptotic factor, depending on the condition
of the cells (Insel et al. 2012). In S49 lymphoma cells, cAMP acts as pro-apoptotic
stimulus and operates via PKA to induce a cell cycle arrest in the G, phase and
apoptosis (Yan et al. 2000). S49 cells are of thymic origin; the cells were derived
from lymphoma of oil-treated BALB/c mice and established by van Daalen Wetters
and Coffino (1987). In S49 kin™ cells, mRNA for the catalytic subunits of PKA is
expressed at a normal level, but the catalytic subunit protein is degraded rapidly.
Therefore, the catalytic subunit is not detectable in S49 kin~ cells at the protein
level and, subsequently, the cells have no PKA activity (Orellana and McKnight
1990). As a consequence, S49 kin~ cells are resistant to cAMP-induced apoptosis.
Therefore, S49 cells are a useful tool to study the role of cAMP in apoptosis (Yan
et al. 2000). Under basal conditions, cAMP and cCMP occur but neither cGMP nor
cUMP are detectable in S49 cells (Hartwig et al. 2014).

Incubation of S49 wild-type (wt) cells with db-cAMP or other cAMP-increasing
compounds induces a cell cycle arrest in the G; phase, followed by delayed
cytolysis which finally leads to cell death (Yan et al. 2000). But after incubation
with cAMP analogs or cAMP-increasing stimuli, S49 kin~ cells show neither G,
phase cell cycle arrest, nor mitochondria-dependent apoptosis, nor induction of
PDE or other apoptosis-relevant proteins (Yan et al. 2000).

Surprisingly, apoptosis in S49 wt cells after treatment with cAMP-AM could not
be detected (Wolter et al. 2015). This might be due to fast degradation of cAMP by
phosphodiesterases (PDEs), since co-incubation with inhibitors of phosphodi-
esterases, like IBMX or rolipram, increased apoptosis in these cells. Moreover,
activation of the PKA pathway and induction of apoptosis after treatment with
PDE-resistant and cell-permeable cAMPS-AM analogs (Sp-cAMPS-AM and Sp-8-
Br-cAMPS-AM) occurred in S49 wt cells as well (Wolter et al. 2015).

3.3 cGMP in Apoptosis

The best examined target of cGMP is cGMP-dependent protein kinase (PKG)
(Hofmann 2005). cGMP acts as a pro-apoptotic factor in human breast cancer
cell lines and in human cancer cells in general (Fallahian et al. 2011). However,
stimulation with cGMP and cGMP-AM did not induce apoptosis in S49 wt or S49
kin™ cells (Wolter et al. 2015). This could be due to rapid degradation of cGMP by
PDE:s or effective export via multidrug resistance proteins (MRPs).

Rat neuroblastoma B103 cells were used for a combination treatment for 48 h
with high-concentrated cGMP-AM and cUMP-AM (both 200 pM). Prior to this
treatment, cells were cultivated for 24 h in resting medium (RM), which had previ-
ously been used for studies on cCMP and cUMP generators (Hasan et al. 2014). After
treatment, the cells became necrotic, whereas the individual substances had no effect
and apoptosis could not be detected in B103 cells. However, based on the detection of
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necrotic cells in the described study, it could be possible that cUMP as well as cGMP
induce apoptosis in other cell lines or primary cells.

4 Hitherto Known Targets of cCMP and cUMP

cCMP is a cyclic pyrimidine nucleotide which binds to and activates cAMP-
dependent protein kinase (PKA) and cGMP-dependent protein kinase (PKG)
(Desch et al. 2010; Hammerschmidt et al. 2012; Wolter et al. 2011). cCMP
regulates the function of HCN2 and HCN4 channels (DeBerg et al. 2016; Zong
et al. 2012). So far, only phosphodiesterase (PDE) 7A1 was identified as cCMP-
degrading enzyme (Monzel et al. 2014). Another mechanism for cCMP decrease in
cells is the export via MRP 5 (Laue et al. 2014).

cUMP also activates PKA and PKG (Wolter et al. 2011) and regulates HCN2
and HCN4 channels. cUMP is degraded by PDE3A, 3B, and 9A (Reinecke et al.
2011), and is exported via MRP4 and MRP5 (Laue et al. 2014). Thus, cCMP and
cUMP fulfill prerequisites for a second messenger (Seifert 2015).

The MRP inhibitor probenecid (Feller et al. 1995) can be used to investigate the
role of MRPs in the apoptosis resistance of cancer cells. In HEL cells, which were
established from a patient with erythroleukemia (Martin and Papayannopoulou
1982), the apoptosis-inducing effect of cUMP-AM could be enhanced after
pretreatment with probenecid (Fig. 2). In K-562 cells, which were obtained from a

HEL K-562
$$3$
n.s. f 1 $3$$
100 early apoptotic - 100 - early apoptotic 8389
- late apoptotic /  xkxx T - — ate apoptotic / I 1 i
é 80 necrotic é 80 A necrotic s
o T T o .
Tg 60 A . E 60 -
2 ]
S 40 - S 40 -
2 T 2
=] o
2 201 T S 20 1 *x **
e I - -
0- 0- — o
> ¢ >
& qu@ s ‘2§ Q'@ Q?‘& stx‘ & QQ.()@ » Q'vé Q*‘S Q‘@ Q'v@
O >
(¢ QO oo@ . oo@ &Q . &é (9 Q0 ooé gc'é &@ 00@
x x
Ng NZ Q NZ
O O O O
& & & &

Fig. 2 Apoptosis induction after pretreatment with probenecid (PROB) in HEL and K-562 cells.
1 x 10° cells were treated with 150 pM cCMP-AM, 50 pM PO4-AM3, and 5 pM BFA for 24 h and
48 h, respectively. Apoptosis was measured by flow cytometry with a MACSQuant Analyzer.
Shown are data as means & SD. Data were analyzed by one-way ANOVA followed by Dunnett’s
test (FFH/####/$$SS, p < 0.0001; n.s., not significant, p > 0.05; n = 4). Data were adapted from
Dittmar et al. (2016)
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patient with chronic myelogenous leukemia (Lozzio and Lozzio 1975), pretreatment
with probenecid resulted in apoptosis induction by cCMP-AM and cUMP-AM,
whereas apoptosis was not induced without probenecid (Fig. 2) (Dittmar et al. 2016).

5 cCMP in Cell Proliferation and Apoptosis

First hints for a possible role of cCMP in the mechanism of cell proliferation arose
from early experiments with mouse lymphocytic leukemia cells derived from
ascetic fluid (L-1210 cells). In these experiments, performed by Bloch in 1974,
cCMP enhanced cell proliferation in a dose-specific manner. A significant increase
in cell proliferation was already obtained at 10 uM cCMP (Bloch 1974; Bloch et al.
1974). To determine the cell number, Bloch used the trypan blue exclusion method,
which is a relatively simple method. Another method to determine cell proliferation
is the incorporation of H- or MC-thymidine (Adams 1980) or BrdU (Rothaeusler
and Baumgarth 2007).

In contrast to the observations by Bloch et al. (Bloch 1974; Bloch et al. 1974),
c¢CMP had no pro-proliferative effect, but inhibited cell proliferation and induced
apoptosis in S49 wt and S49 kin~ cells (Wolter et al. 2015). Using S49 cells as a
model system, hitherto known target proteins of cCMP like PKA, PKG, Epac, and
HCN channels can be excluded in the apoptosis-inducing mechanism. These
proteins could be excluded by real-time PCR, since mRNA of PKG, HCN2, and
HCN4 channels was not expressed in S49 wt and S49 kin™ cells. Furthermore,
stimulation of S49 cells with Epac-activating compounds did not alter cell prolifer-
ation (Wolter et al. 2015).

In S49 cells, cCMP induced apoptosis via the intrinsic apoptotic pathway and also
via the ER stress pathway, whereas the extrinsic pathway was not involved. Induction
of apoptosis was specific for cCMP-AM, because cAMP-AM, cGMP-AM, and
cUMP-AM failed to activate apoptotic pathways in both S49 cell lines. Moreover,
unmodified cCMP or other tested unmodified cNMPs (cAMP, cGMP, and cUMP)
failed to induce apoptosis in S49 cells as well. These results indicate that extracellular
effects like binding of cCMP to specific membrane receptors are not involved in the
apoptosis-inducing mechanism of cCMP in S49 cells (Wolter et al. 2015).

In HEL cells, cCMP induced apoptosis also via the intrinsic apoptotic pathway.
In contrast to S49 cells, induction of apoptosis was not specific for cCMP-AM,
since cAMP-AM, cGMP-AM, and cUMP-AM activated the apoptotic pathway as
well. Similar to S49 cells, unmodified cNMPs failed to induce apoptosis in HEL
cells (Dittmar et al. 2016).

Recently, activation of the p44/p42 MAPK pathway by db-cCMP in mouse
tissue lysates has been reported (Wolfertstetter et al. 2015). In contrast, activation
of this pathway by cCMP-AM or db-cCMP in S49 cells was not detected. These
differences could point to a cell type-specific activation pattern for cCMP, compa-
rable to cAMP (Insel et al. 2012).

cCMP-induced apoptosis in S49 and HEL cells is caspase-dependent because the
apoptotic mechanism was partly inhibited by the pan-caspase inhibitor Z-VAD-
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FMK (Dittmar et al. 2016; Wolter et al. 2015). Since caspases are the relevant
enzymes in apoptosis, the various mechanisms can be distinguished by their
characteristic activated and cleaved caspases (Hengartner 2000). Caspases
activated by cCMP were identified by western blot analysis for S49 cells (Fig. 3)
(Wolter et al. 2015) and by a fluorometric caspase 3 activation assay for HEL cells
(Fig. 4).

Furthermore, intracellular cCMP also activated caspases 9 and 12 in S49 cells
(Wolter et al. 2015). Caspase 12 is involved in the ER stress apoptotic pathway
(Nakagawa et al. 2000). The extrinsic apoptotic pathway is not involved in cCMP-
promoted apoptosis, since activation of caspase 8 was not detected after cCCMP-AM
treatment. BFA activates the ER stress apoptotic pathway and was therefore used as
a negative control in the caspase 8§ activation assay (Kaufman 1999), whereas a
combination of cycloheximide and tumor necrosis factor (TNF) a was used as
positive control (Fig. 5).

The involvement of the mitochondria-dependent apoptosis pathway was
investigated by the depolarization of the mitochondrial membrane potential (Ay)
in HEL cells after treatment with cCMP-AM (Fig. 6) (Dittmar et al. 2016).
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Fig. 3 Activation of the executioner caspase 3 after cCCMP-AM treatment in S49 wt and S49 kin™~
cells. 1 x 10° cells were treated with 150 pM cCMP-AM and 50 pM PO4-AM; for 20 h.
Expressions of caspase 3 and cleaved caspase 3 were analyzed using western blotting. Data
were adapted from Wolter et al. (2015)
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Fig. 4 Activation of the executioner caspase 3 after cCCMP-AM and cUMP-AM treatment in HEL
cells. 8 x 10° cells were treated with 150 pM cCMP-AM, 50 pM PO,-AM;, and 5 pM BFA for
20 h. Caspase 3 activity was measured at 400 nm excitation and 505 nm emission in a fluorometer.
Shown are data as means £ SD. Data were analyzed by one-way ANOVA followed by Dunnett’s
test (¥**p < 0.001; ****p < 0.0001; n = 5). Data were adapted from Dittmar et al. (2016)
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Fig. 5 No activation of caspase 8 after cCCMP-AM treatment in S49 wt and S49 kin™ cells. 1 x 10°
cells were treated with 150 pM cCMP-AM, 50 uM PO,4-AM3;, and 4 pM BFA for 20 h. As a positive
control, cells were also incubated with a combination of 100 ng/ml cyclohexemide and 1 ng/ml
TNFo pM for 4 h. Caspase 8 activity was measured at 400 nm excitation and 505 nm emission in a
fluorometer. Shown are data as means + SD. Data were analyzed by one-way ANOVA followed by
Dunnett’s test (***p < 0.001; n = 5). Data were adapted from Wolter et al. (2015)
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Fig. 6 Loss of mitochondrial membrane potential after cCCMP-AM treatment in HEL cells. 6 x 10°
cells were treated with 150 pM cCMP-AM, 50 puM PO,4-AM3, and 5 pM BFA for 24 h. Mitochondrial
membrane potential was analyzed by flow cytometry. Shown are data as means + SD. Data were
analyzed by one-way ANOVA followed by Dunnett’s test (¥***p < 0.001; ****¥p < 0.0001; n = 3).
Data were adapted from Dittmar et al. (2016)

Caspase 9 is an initiator caspase of the intrinsic apoptotic pathway (Elmore
2007). The importance of this pathway for cAMP-induced apoptosis in S49 wt cells
and the release of cytochrome ¢ were shown by Zhang et al. (2008). cCMP also
induced cytochrome c release in these cells, as shown by flow cytometry analysis
with a specific antibody (Fig. 7). Surprisingly, cytochrome c release was also
detected in S49 kin~ cells, but to a lesser extent (Fig. 7). PKA activity is not
absolutely required for cytochrome c release, but could be responsible for the
stronger release of cytochrome ¢ by cCMP in S49 wt cells, since S49 kin™ cells
lack PKA (Orellana and McKnight 1990).
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Fig. 7 Cytochrome c release after cCCMP-AM treatment. 5 x 10> cells were treated with 50 pM
PO4-AM3, 150 pM ¢cCMP-AM and 0.05 pM staurosporine for 24 h. After fixation, the S49 wt and
S49 kin~ cells were stained with an anti-cytochrome c-FITC antibody and analyzed by flow
cytometry. Shown are the SSC-A (side scatter-area) and the FITC signal of representative dot
blots. Data were adapted from Wolter et al. (2015)

Table 1 cCMP-AM induces apoptosis in several cell lines: analyzed by flow cytometry

Cell line Species Tissue Description

S49? Mouse Thymocyte T-lymphoma

Jurkat Human T-lymphocyte Acute T-cell leukemia

MOLT-3 Human T-cell Acute lymphoblastic leukemia (ALL)
U937 Human Lung Histiocytic lymphoma

Hut Human T-lymphocyte T-cell lymphoma

PLB-985 Human Promyeloblast Acute myeloid leukemia (AML)
HEL 92.1.7° Human Blood Erythroleukemia

1 x 10° cells/ml were treated with 100 pM cCMP-AM and 33 pM PO,-AM; as control in a volume
of 2 ml for 48 h. The cells were sedimented by centrifugation, stained with annexin V-APC/PI, and
analyzed by flow cytometry with a MAQS Quant Analyzer (Miltenyi Biotech, Bergisch Gladbach,
Germany)

“Published in Wolter et al. (2015)

°Dittmar et al. (2016). All other results are unpublished data

Additional cell lines from human, mouse, rat, and insect species were treated
with cCMP-AM and analyzed by flow cytometry. PO,-AM; was used as a control
for the acetoxymethyl residue. Thus, cell lines that are resistant to cCMP-AM
treatment and cell lines that become apoptotic due to treatment with cCMP-AM
were identified (summarized in Tables 1 and 2).

Comparative analysis of these results could help to identify hitherto unknown
cCMP target protein molecules. In addition, highly active PDEs and/or MRPs could
account for the apoptosis resistance of certain cell lines.



cCMP and cUMP in Apoptosis: Concepts and Methods 35

Table 2 Cell lines resistant to cCMP-AM-induced apoptosis: analyzed by flow cytometry

Cell line | Species Tissue Description
K-562% Human Blood Chronic myelogenous leukemia (blasts)
HEK?293 | Human Kidney Embryonic, epithelial
B103 Rat Brain Neuroblastoma
St9 Insect (Spodoptera Ovarian
frugiperda)
EL4 Mouse T-lymphocyte Ascites lymphoma lymphoblast
LBRM Mouse T-lymphocyte Lymphoma lymphoblast

1 x 10° cells/ml were treated with 100 uM cCMP-AM and 33 pM PO,-AM; as control in a volume
of 2 ml for 48 h. The cells were sedimented by centrifugation, stained with annexin V-APC/PI, and
analyzed by flow cytometry with a MAQS Quant Analyzer (Miltenyi Biotech, Bergisch Gladbach,
Germany)

“Modified conditions, published in Dittmar et al. (2016). All other results are unpublished data

5.1 Relevant Genes in Apoptosis

During apoptosis, expression of a broad range of genes belonging to the Bcl-2
protein family, proteins related to p53, or cyclin-dependent kinases is altered
(Dlamini et al. 2015). Their expression can be analyzed by real-time PCR. After
RNA preparation, cDNA is reversely transcribed using moloney murine leukemia
virus reverse transcriptase (MLV-RT) or another appropriate enzyme. Sybr Green
and gene-specific primers for relevant genes in apoptosis and a housekeeping gene
(e.g., Actb, Gus, or HPRT) or TagMan probes can be used to analyze mRNA
expression. Analysis of real-time PCR data and determination of gene expression
alteration can be evaluated using the AAC, equitation (Livak and Schmittgen 2001).

After different exposure times of S49 wt and S49 kin™ cells with cCMP-AM and
PO4-AM3;, expression of Bim and other important apoptotic genes was analyzed by
quantitative real-time PCR. The pro-apoptotic protein Bim belongs to the Bcl-2
protein family and was induced after cAMP stimulation in S49 wt cells (Zhang and
Insel 2004). No significant induction of Bim or Bcl-2 was detectable in S49 wt or in
S49 kin™ cells after treatment with cCMP-AM, but other apoptotic relevant genes
were induced in S49 wt cells, since mRNA expression of Gadd45a, cFos, and
Nr4Al was increased. On the contrary, no increase in mRNA expression of
analyzed genes was detected in S49 kin~ cells. Treatment with the control sub-
stance PO4-AM3 did not alter gene expression in both cell lines (Wolter et al. 2015).

5.2 Cell Cycle Analysis: G, Arrest

Yan et al. showed that isoproterenol and also cAMP caused cell cycle arrest at G,
and increased the number of dead S49 wt cells (Yan et al. 2000). Cell viability was
reduced after 36 h of treatment and the majority of S49 wt cells were dead after
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72 h. cCMP-AM induced apoptosis in S49 wt and S49 kin~ cells much faster, but no
G, arrest could be determined by cell cycle analysis. Forskolin (Fsk) was used as a
positive control for cell cycle analysis and increased the subG; and Gg,; population
in S49 wt cells, but not in S49 kin~ cells as expected (Fig. 8a, b, unpublished data).

Cell cycle analysis was also performed with higher concentrations (up to 200 pM
cCMP-AM) and for longer time periods of treatment. The results were similar: G,
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Fig. 8 (a) Representative histograms of original flow cytometric data. S49 wt and S49 kin~ cells
were incubated with 30 pM forskolin (Fsk), 100 pM cCMP-AM, and 33 pM PO4-AM; for 24 h.
Cells were fixed with ethanol, digested with RNase A, and stained with PI. Cell cycle analysis was
performed using flow cytometry where results are displayed as a histogram. (b) Cell cycle analysis
of S49 wt and S49 kin~ cells. Intervals for the different phases in the histograms were used to
calculate statistics for subG; and Gy,;. Shown are data as means = SD. Data were analyzed by
one-way ANOVA followed by Bonferroni’s post-test (*p < 0.05; ****p < 0.0001; n = 3)
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arrest was evident neither in S49 wt nor in S49 kin~ cells. These differences after
treatment with forskolin and cCMP-AM for cell cycle analysis are additional
indications for a specific mechanism. Hitherto known cCMP targets were already
excluded as targets for induction of apoptosis by cCMP, indicating the existence of
other targets and mechanisms which should be investigated using S49 kin™~ cells as
model system.

However, cell cycle analysis of HEL cells after treatment with cCMP-AM and
cUMP-AM showed different results: SubG; population was increased by cCMP-
AM while G,/M population was simultaneously decreased (Fig. 9), whereas G
and S populations were not affected, suggesting a cell cycle block at the G,/M
checkpoint (Dittmar et al. 2016).
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Fig. 9 Cell cycle analysis of HEL cells. 5 x 10° cells were treated with 150 uM cCMP-AM,
50 pM PO4-AM3, and 5 pM BFA for 24 h. Samples were analyzed by flow cytometry with a
MACSQuant Analyzer. Shown are data as means &+ SD. Data were analyzed by one-way ANOVA
followed by Dunnett’s test (¥p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n = 3). Data
were adapted from Dittmar et al. (2016)
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5.3 Interaction of cCMP and cUMP with Bcl-2 Family Proteins
and Induction of Apoptosis

Proteins belonging to the Bcl2-family play a very important role in apoptosis. Direct
binding between cCMP or cUMP and Bcl-2 proteins can potentially occur, or it is
possible that cCMP and cUMP induce or repress mRNA expression of these proteins.
So far, no proteins belonging to the Bcl-2 family could be identified using agarose-
matrices as cCMP- or cUMP-binding proteins (Hammerschmidt et al. 2012). How-
ever, for cAMP-mediated apoptosis in S49 wt cells, mRNA expression of the
pro-apoptotic protein Bim was reported (Zhang and Insel 2004). Increase of Bim
mRNA expression is PKA-dependent, because it was not detectable in S49 kin™ cells.
cCMP treatment did not alter mRNA expression of Bim or Bcl-2 (Wolter et al. 2015),
supporting the concept of PKA-independent mechanisms of action for cCMP. More
proteins belonging to the Bcl-2 family with pro- or anti-apoptotic function need to be
examined after cCMP- and cUMP-treatment and additional cell lines should be used
as well.

6 Experimental Methods
6.1 Determination of Cell Number and Cell Proliferation

6.1.1 Cell Number: Cell Counting After Trypan Blue Staining

Trypan blue is one of the several stains recommended for use in dye exclusion
procedures for viable cell counting and was first mentioned by Weisenthal et al.
(1983). This method is based on the principle that viable cells do not take up
impermeable dyes like trypan blue, whereas dead cells are permeable and take up
the dye. Therefore, viable cells can be distinguished from dead cells using this
method. The cell number is estimated using a hemacytometer. This method for
determination of the cell number has been used for cCMP-AM-treated S49 (Wolter
et al. 2015), HEL and K-562 cells (Dittmar et al. 2016).

6.1.2 Cell Proliferation: BrdU Incorporation

Four different assays are used to evaluate cell proliferation: (1) assays measuring
incorporation of radioactive thymidine (*H thymidine) or its indirectly fluorescent-
labeled analog (5-bromodeoxyuridine, BrdU) into newly synthesized DNA of prolife-
rating cells, (2) assays utilizing cells labeled with a fluorescent dye (carboxyfluorescin
diacetate succinimidyl ester, CFSE) that measure the loss of the fluorescent-labeled
proteins during cell division, (3) assays measuring unique markers expressed in
dividing cells (e.g., Ki-67) only, and (4) assays measuring biochemical activity of
cells as a substitute for proliferation (MTT) (Rothaeusler and Baumgarth 2007).
The advantage of BrdU labeling compared to the others is that it constitutes a
non-radioactive labeling technique which avoids costly and time-consuming cell
isolation procedures (Rothaeusler and Baumgarth 2007). The halogenated pyrimidine
analog BrdU, which substitutes thymidine during DNA synthesis and becomes
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stably integrated, can thus be detected for many months either (a) cytochemically,
(b) immunocytochemically, (c) by selective photolysis, or (d) by flow cytometry
(Dolbeare et al. 1983).

(a)

(b)

Cytochemical methods of BrdU detection were previously described by Latt in
1973 (Latt 1973) and by Darzynkiewicz et al. in 1978 (Darzynkiewicz et al.
1978).

Immunodetection of BrdU using specific monoclonal antibodies (mAbs),
developed by Gratzner in 1982 (Gratzner 1982), allows labeling of cells in
the S phase of the cell cycle (Darzynkiewicz and Juan 2001). The most
common technique of cell cycle analysis based on BrdU incorporation into
double-stranded DNA is the immunocytochemical detection of BrdU com-
bined with simultaneous measurement of cellular DNA content followed by
bivariate data analysis (Dolbeare et al. 1983). Since incorporated BrdU in
nuclear chromatin is inaccessible to the anti-BrdU antibody, certain criteria
have to be considered: (1) cellular and nuclear membranes must be fixed and
permeabilized to allow access of the anti-BrdU antibody to the BrdU-labeled
DNA; (2) the double-stranded DNA has to be digested to generate single-
stranded DNA that is accessible to binding by the detection antibody; (3) the
method has to be gentle enough to avoid cell aggregation and distortion of cell
morphology (Rothaeusler and Baumgarth 2007).

One major drawback of BrdU detection procedures is the necessity for
fixing and permeabilizing cells (Rothaeusler and Baumgarth 2007). The partial
DNA denaturation by exposure of cells to heat or strong acid often results in
cell damage, aggregation (clumping), and significant cell loss (Darzynkiewicz
and Juan 2001). Besides, while induction of DNA denaturation by acid may
prove to be satisfactory with one cell type, it may fail with another, since some
cell types require higher acid concentration (e.g., 4 M HCI vs 2 M HCI)
for optimal results, which also applies for thermal DNA denaturation
(Darzynkiewicz and Juan 2001). Cell adherence to tube surfaces is another
critical factor (Darzynkiewicz and Juan 2001).

In 1992, Carayon and Bord showed that using bovine pancreatic DNase I
instead of hydrochloric acid for DNA breakup and Tween-20/p-formaldehyde
instead of ethanol for fixation, PE and APC fluorescent signals could be
maintained and cells could be labeled with anti-BrdU antibodies (Carayon
and Bord 1992). Nowadays, commercially available fixation/permeabilization
solutions that fix and permeabilize in a single step are mainly used (Rothaeusler
and Baumgarth 2007). Afterwards, a BrdU mAb is added to detect the
incorporated BrdU and a horseradish peroxidase (HRP-) linked secondary
antibody is used to recognize the bound detection antibody. Chemiluminescent
reagent is then added for signal development. The magnitude of light emission,
which is measured in relative light units (RLU), is proportional to the quantity
of BrdU incorporated into cells and is therefore a direct indication of cell
proliferation.
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(c) Another approach for BrdU detection is based on selective photolysis of DNA
containing the incorporated BrdU. Photolytically generated DNA strand
breaks are subsequently labeled with fluoresceinated nucleotides. This reac-
tion is catalyzed by exogenous terminal transferase and also known as DNA
strand break induction by photolysis (SBIP) (Li et al. 1996). Since DNA
denaturation is not required in SBIP, the procedure can be combined with
either immunocytochemical analysis — e.g., for cell immunophenotyping
together with analysis of DNA replication — or with simultaneous detection
of apoptotic cells (Li et al. 1996).

(d) BrdU can be used to assess proliferating cell populations by flow cytometry or
fluorescent microscopy. Therefore, DNA that has previously incorporated
BrdU is detected by using a fluorochrome-conjugated anti-BrdU antibody
(Leif et al. 2004). To avoid unspecific staining, it is necessary to use a dye
as live/dead cell discriminator (e.g., propidium iodide, PI) (Rothaeusler and
Baumgarth 2007). BrdU-immunostained nuclei can be counted to generate a
labeling index analogous to thymidine autoradiography (Boulton and Hodgson
1995).

BrdU has been widely applied in vitro for cultured cells and tissues (Boulton
and Hodgson 1995), but in vivo applications must be carefully controlled since
toxicity issues can arise with long-term BrdU application (Reome et al. 2000).
Thus, its use in human tissue is limited to ex vivo studies (Boulton and Hodgson
1995). Since BrdU is a potential carcinogen and can be absorbed through skin or by
inhalation (Darzynkiewicz and Juan 2001), special precautions are required for its
laboratory handling (Boulton and Hodgson 1995). Furthermore, BrdU solutions are
light-sensitive and should be protected from light during storage and handling
(Darzynkiewicz and Juan 2001).

6.1.3 Thymidine Incorporation

The thymidine incorporation assay uses a strategy wherein a radioactive nucleo-
side, *H-thymidine or *C-thymidine, is incorporated into the replication strands of
chromosomal DNA during mitotic cell division. For measurement of the radioac-
tivity in DNA recovered from the cells in order to define the extent of cell division,
cell cultures are typically set up in microplates. The labeled DNA is usually
captured with a cell harvester on glass fiber filter discs which are then placed in
liquid scintillation counting vials or directly harvested into a filter plate for counting
on a scintillation beta-counter. Further details are summarized by Adams (1980).

6.1.4 TUNEL Assay

The TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay
is based on fluorochrome labeling of 3’-OH termini of DNA strand breaks which
represent a characteristic hallmark of apoptosis and occur at later stages of the
apoptotic process. This assay was first described in 1992 by Gavrieli et al. (1992).
Cells undergoing apoptosis showed cleavage of their genomic DNA to approxi-
mately 180 bp fragments as a result of endonuclease activation. These strand breaks
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were afterwards labeled in situ, either in individually fixed, permeabilized cells or
in tissue sections by in situ nick translation using the TUNEL technique. The
reaction is relatively specific and detects apoptotic nuclei in tissues and at the
single-cell level (Gavrieli et al. 1992). Due to difficulties in discriminating between
apoptotic and necrotic cells, the assay has been improved: New methods use the
incorporation of dUTPs, modified with fluorophores, haptens, biotin, or bromine,
which can be detected directly, when a fluorophore is added, or indirectly with
streptavidin or antibodies.

6.2 Detection of Apoptosis Using Flow Cytometry

6.2.1 Annexin V/Propidium lodide Staining

Apoptotic cells change the structure by redistribution of phosphatidylserine from
the internal to the external membrane surface, which can be used as an indicator for
early apoptotic cells. Annexin V interacts specifically and strongly with the exposed
phosphatidylserine in the presence of physiological calcium (Ca®*) concentration
(Moore et al. 1998), whereas propidium iodide (PI) binds to DNA by intercalating
between the bases without sequence preference. Once PI is bound to DNA, its
fluorescence is enhanced up to 30-fold. Since PI is membrane-impermeable, it
intercalates only in the DNA of cells with lost membrane integrity. Therefore,
simultaneous staining of cells with fluorophore-labeled annexin V (e.g., annexin
V-APC) and PI allow the discrimination between early apoptotic and necrotic cells
by flow cytometry (Moore et al. 1998). This method was used for cCMP-AM and
cUMP-AM-treated S49 (Wolter et al. 2015), HEL and K-562 cells (Dittmar et al.
2016). For other cell lines, the results regarding this method are unpublished data
(Tables 1 and 2).

6.2.2 Intracellular Staining with Cytochrome c-FITC-Antibody

During mitochondrial apoptosis, cytochrome c is redistributed from mitochondria
to the cytosol in intact cells (Goldstein et al. 2000). The redistribution can be
determined by flow cytometry using an antibody against cytochrome ¢ combined
with a fluorophore (e.g., fluorescein isothiocyanate, FITC). Therefore, cells are
fixed with formaldehyde to stabilize the cell membrane and permeabilized with a
detergent like saponin or alcohol to enable antibodies against intracellular proteins
to reach their antigen. A significant increase in the lower FITC-signal is a criterion
for cytochrome c release from the mitochondria and indicates the involvement of
the intrinsic apoptotic pathway. The results regarding cCMP-AM treated S49 cells
were published in Wolter et al. (2015).

6.2.3 Cell Cycle Analysis

Cell cycle analysis by quantitation of DNA content was one of the earliest
applications of flow cytometry in apoptosis. The first protocol for cell cycle analysis
using PI-staining was presented in 1975 by Awtar Krishan (Krishan 1975). Besides
PI, other fluorophores, e.g., 4',6-diamidine-2'-pheylindole (DAPI), which binds
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also stoichiometrically to the DNA, can be used to determine the cell cycle phase of
apoptotic cells (Darzynkiewicz et al. 1992). Depending on the cell cycle phase, the
amount of DNA varies and correlates with the fluorescence intensity. Four distinct
phases of the cell cycle can be distinguished: Gy, S, G,, and M phase. During the S
phase, DNA of the cells is duplicated. However, discrimination between G, and M
phase cannot be performed based on their DNA content (Nunez 2001). By means of
special mathematical models, the relative amount of cells in the different phases of
the cell cycle can be represented graphically (Figs. 7a, b and 8). Often, cells have to
be fixed using alcohol (e.g., ethanol) or to be permeabilized with a detergent to
allow the fluorophore to enter the cells. Since the dye can also bind to RNA, the
cells have to be treated with RNase after fixation. This method was used for HEL
cells (Dittmar et al. 2016). Unpublished data for S49 cells are shown in Fig. 8.

6.3 Determination of the Mitochondrial Membrane Potential

Mitochondria play an important role in many pathophysiological conditions and
are involved in the intrinsic mitochondria-dependent apoptosis pathway (Salvioli
et al. 2000). Therefore, determining the status of this organelle can be used as a
tool to examine apoptosis in cells by analyzing the mitochondrial membrane
potential (Ay) which arises from the net movement of positive charge across
the inner mitochondrial membrane (Mathur et al. 2000). The status of Ay is
evaluated by using the fluorescent cyanine dye JC-1 (5,5,6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimid-azolcarbocyanine iodide) (Reers et al. 1995; Smiley
et al. 1991), where JC-1 stands for /st J-aggregate-forming cationic dye found to
be sensitive to Ay. JC-1 has been generally considered as a reliable and sensitive
fluorescent probe for detecting differences in Ay due to its dual emission
characteristics (Reers et al. 1991, 1995; Salvioli et al. 2000). It produces two
fluorescence emission peaks congenial to the two physical forms of the dye.
(1) The monomer, which is the predominant form at low concentrations of the
dye or at low Ay, has a fluorescence maximum of 520 nm after excitation at
490 nm and emits green fluorescence. (2) The so-called “J-aggregate”, which is
the predominant form at high concentrations of dye or high Ay, has a fluores-
cence maximum of 585 nm after excitation at 490 nm and emits orange-red
fluorescence (Mathur et al. 2000; Smiley et al. 1991). Both colors can be detected
using the filters commonly mounted in almost all confocal microscopes and flow
cytometers, so that green emission can be analyzed in one fluorescence channel
and orange-red emission in the other (Cossarizza et al. 1993).

In viable cells whose A is polarized, JC-1 is rapidly taken up by mitochondria,
leading to an increase of JC-1 concentration and the formation of the so-called
J-aggregates, whereas in mitochondria with depolarized Ay (which is associated
with apoptosis) JC-1 does not accumulate but remains in the cytoplasm as
monomers. Therefore, apoptotic cells emit mostly green fluorescence, whereas
viable cells emit relatively high levels of both green and orange-red fluorescence
(Facompré et al. 2000; Mathur et al. 2000; Petit et al. 1995).
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The poor water solubility of JC-1 makes it hard to use it for some applications.
Therefore, JC-10 has been developed as an alternative when high dye concentration
is desired. Compared to JC-1, JC-10 has a much better water solubility. In some cell
lines, JC-10 has even superior performance to JC-1. This method was used for
cCMP-AM- and cUMP-AM-treated HEL cells (Dittmar et al. 2016).

6.4 Detection of Caspases by Western Blotting and Fluorometric
Assays

Caspases are the most important enzymes in apoptosis (Elmore 2007). They
recognize a 4 or 5 amino sequence of the target substrate which includes an aspartic
acid residue and cleave the substrate protein. This occurs at the carbonyl end of the
aspartic acid residue. Activation of specific initiator caspases indicates the three
different apoptotic pathways. Identification of caspases can be performed by
immunoprecipitation or western blotting techniques. With specific antibodies
against cleaved caspase products or against the full-length proteins, the different
caspases can be identified. This requires very specific antibodies which can dis-
criminate between the different caspases; sources of antibodies are documented in
Dittmar et al. (2016) and Wolter et al. (2015). Western blotting was used for S49
and HEL cells treated with cCMP-AM and cUMP-AM (Dittmar et al. 2016; Wolter
et al. 2015).

Additional methods for determination of the involvement of specific caspases
are calorimetric or fluorometric assays. For calorimetric assays, a substrate with a
specific recognition sequence (e.g., a tetrapeptide sequence DEVD) of the respec-
tive caspase linked to a chromophore (e.g., p-nitroaniline) is used (Gurtu et al.
1997). After cleavage, light emission of the chromophore increases and can be
quantified using a spectrophotometer. For fluorometric assays, fluorochrome
substrates are used which become fluorescent after cleavage of the substrate. For
example, a caspase 8 fluorometric assay is based on the detection of AFC (7-amino-
4-trifluoromethyl coumarin) after cleavage of the labeled substrate IETD-AFC. For
detection of caspase 3 activation, the substrate DEVD-AFC can be used. Measure-
ment of caspase 3 and caspase 8 activity was used for HEL and S49 cells, respec-
tively (Dittmar et al. 2016; Wolter et al. 2015).

7 Conclusion and Further Perspectives

Recently, Wilderman et al. published new insights regarding cAMP-mediated
apoptosis (Wilderman et al. 2015). They used quantitative proteomic analysis of
mitochondria-enriched fractions and found some upregulated genes for enzymes
involved in BCAA (branched-chain amino acid) and fatty acid oxidation in S49 wt
cells after stimulation with a cAMP analog. cAMP acts via PKA and causes
mitochondrial perturbation which leads to apoptosis in S49 wt cells (Wilderman
et al. 2015).
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Based on this new level of knowledge, further experiments concerning the
c¢CMP mechanism could be performed, although the required high concentrations
of cCMP-AM would be a limitation, when similarly adapted to the cAMP
concentrations used by Wilderman et al. (2015). Therefore, it is necessary to
develop additional cCMP analogs that can be used in lower concentrations than
cCMP-AM. Interestingly, Wilderman et al. performed a proteomic approach, but
could not find a single gene whose expression is altered in S49 kin~ cells. Such an
approach using S49 kin~ cells and cCMP-AM should be performed, because in
contrast to cAMP, cCMP induced apoptosis in both S49 cell lines and hitherto
known cCMP targets are excluded in S49 kin~ cells. The identification of unique
cCMP target molecules would support the establishment of cCMP as an indepen-
dent second messenger.
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