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Altered expression and activity of histone deacetylases (HDACs) have been correlated with tumorigenesis. Inhibitors
of HDACs (HDACI) induce acetylation of histone and non-histone proteins affecting gene expression, cell cycle
progression, cell migration, terminal differentiation and cell death. Here, we analyzed the regulation of ARHGEF3, a
RhoA-specific guanine nucleotide exchange factor, by the HDACi MS275 (entinostat). MS275 is a well-known
benzamide-based HDACi, which induces differentiation of the monoblastic-like human histiocytic lymphoma cell line
U937 to monocytes/macrophages. Incubation of U937 cells with MS275 resulted in an up regulation of ARHGEF3,
followed by a significant enhancement of the marker of macrophage differentiation CD68. ARHGEF3 protein is primarily
nuclear, but MS275 treatment rapidly induced its translocation into the cytoplasm. ARHGEF3 cytoplasmic localization is
associated with activation of the RhoA/Rho-associated Kinase (ROCK) pathway. In addition to cytoskeletal
rearrangements orchestrated by RhoA, we showed that ARHGEF3/RhoA-dependent signals involve activation of SAPK/
JNK and then Elk1 transcription factor. Importantly, MS275-induced CD68 expression was blocked by exposure of U937
cells to exoenzyme C3 transferase and Y27632, inhibitors of Rho and ROCK respectively. Moreover, ARHGEF3 silencing
prevented RhoA activation leading to a reduction in SAPK/JNK phosphorylation, Elk1 activation and CD68 expression,
suggesting a crucial role for ARHGEF3 in myeloid differentiation. Taken together, our results demonstrate that ARHGEF3
modulates acute myeloid leukemia differentiation through activation of RhoA and pathways directly controlled by small
GTPase family proteins. The finding that GEF protein modulation by HDAC inhibition impacts on cell differentiation may
be important for understanding the antitumor mechanism(s) by which HDACi treatment stimulates differentiation in

cancer.

Introduction

Cell growth, differentiation, and apoptosis are governed by
coordinated and sequential programs involving gene activation,
transcription factor (TF) action, and signal transduction.'
Changes in histone acetylation are one of the key mechanisms
regulating chromatin architecture.”” In general, increased levels
of histone acetylation are associated with a more relaxed chroma-
tin state and gene transcription activation, while deacetylation is
associated with a more condensed chromatin state and transcrip-
tion repression. The acetylation status of histones is dynamically
controlled by competing activities of 2 enzymatic super-families:
histone acetyltransferases (HATs) and histone deacetylases
(HDAGs).* HATs and HDAGs acetylate and deacetylate both
histone and non-histone proteins, such as TFs, cytoskeletal pro-
teins, and molecular chaperones, which in turn control cell cycle
progression, differentiation, and apoptosis. HAT and HDAC

alterations are involved in several human diseases, as their
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imbalance causes dysregulation of proliferation and differentia-
tion. HDAC inhibitors (HDACI), such as MS275 (entinostat)
and SAHA (vorinostat), are able to maintain or restore the acety-
lation status of histone and non-histone targets and may thus
have important therapeutic applications. Some of these inhibitors
have already been used as antitumor agents,”® showing signifi-
cant activity against a variety of both hematological and solid
tumors at relatively well-tolerated pharmacological doses.””
Although little is known about the specific role of HDACs during
hematopoiesis, altered HDAC activity has been directly linked
with genesis of acute promyelocytic leukemia (APL)'*'? and
other types of leukemias.'> HDACi are able to reduce peripheral
blast count in patients with acute myeloid leukemias (AML) and
myelodysplastic syndromes (MDS)."* Despite the well-known
anticancer effects of HDAC,"> the exact mechanism(s) by which
HDAC exert this action and modulate differentiation pathways
remains to be determined. HDAC] selectively promote histone
acetylation and gene transcription, mainly modulating cell growth
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and survival controllers.'® Histone hyperacetylation activates
tumor-suppressor genes (TSG) and represses oncogenes, restoring
the normal cell state.

To address the key question concerning the mechanism(s)
underlying the reported action of HDACi-mediated cancer cell
differentiation,'” we performed gene expression analyses in leu-
kemia U937 cells and identified differentiation patterns modu-
lated by MS275. U937 cells are able to differentiate into
granulocytes and monocytes/macrophages, thus representing a
suitable model to investigate HDACi-induced differentiation
pathways. We found a Rho guanine nucleotide exchange factor
(GEF), ARHGEF3, to be one of the most significantly up regu-
lated genes in U937 cells upon treatment with MS275. GEFs are
key activators of Rho guanosine triphosphatase proteins
(GTPases).'® Three members of the Rho family of GTPases,"”
RhoA, Racl, and CDC42, have been well characterized.?® They
function as molecular switches in a variety of signaling pathways
and control many aspects of cell behavior.”"** Rho GTPase acti-
vation is mediated by GEFs, which catalyze the exchange of
GDP to GTP.?>?* Once activated, Rho GTPase is then able to
interact with downstream targets or effector proteins. GTPase
activating proteins accelerate the intrinsic GTPase activity of Rho
family members to inactivate the switch. Guanine nucleotide dis-
sociation inhibitors regulate cycling between membranes and
cytosol by interacting with the prenylated GDP-bound form.
Activation of a Rho GTPase should theoretically occur via stimu-
lation of a GEF or inhibition of a GAP.'® Actually, Rho protein
activation is mediated by Rho GEFs in response to extracellular
stimuli. To date, findings seem to indicate that GEFs are the crit-
ical mediators of Rho GTPase activation. Consequently, given
the different roles of each Rho GTPase in controlling cellular
processes, clarifying the precise Rho GTPase specificity of a par-
ticular Rho GEF is crucial to understanding its function in regu-
The Rho GEF family

approximately 70 known genes, some of which have been exten-

lating  cell  behavior. includes
sively studied and are reported to be involved in a variety of
tumorigenic processes.”> In particular, deregulation of several
GEF family members causes multiple human hematologic dis-
eases, such as Fanconi anemia and leukemias.”® Many GEFs can
activate more than one GTPase.”” Moreover, GEFs are not only
able to activate a specific GTPase, but also cooperate in trans-
ducing the upstream signals to downstream effectors via either
their subcellular localization or additional protein—protein inter-
actions. Thus, whereas some Rho GEFs are extremely specific,
others seem more promiscuous, activating multple Rho
GTPases.”® An exchange factor found in platelets and leukemic
and neuronal tissues, XPLN/ARHGEF3, is a unique example of
a Rho GEF that shows selectivity within the Rho family, activat-
ing RhoA and RhoB, but not RhoC, RhoG, Racl, or CDC42.*
In humans, its transcript is present in brain, skeletal muscle, heart
and kidney, but is also found in macrophages, where it partici-
pates in RhoA-dependent phagocytosis, and in platelets, where
ARHGEFS3 is involved in regulating iron uptake and in erythroid
cell maturation.”® Recently, genome-wide linkage studies have
shown that genetic variations within the ARHGEF3 gene are
associated with variations in ARHGEF3 affecting bone density in

www.tandfonline.com

women.”! Here, we elucidate the molecular mechanisms trig-
gered by HDACi-mediated ARHGEF3 activation promoting dif-

ferentiation in human leukemia.

Results

MS275 induces up regulation and cytoplasmic shuttling
of ARHGEF3 in leukemia

To investigate the transcriptional events occurring after
HDAC inhibition, we performed gene expression analyses in
U937 cells treated with MS275 (Fig. 1). Gene expression profiles
displayed several genes up- and down-regulated upon MS275
treatment, both at 6 and 24 hours. By comparison analysis,
defined gene expression patterns were identified in MS275-
treated versus untreated U937 cells at 6 and 24 hours (Fig. 1A).
In addition, the common differentially regulated genes after
MS275 treatment at the 2 different time points were selected and
the characteristic alteration of pathways compatible with HDAC
inhibition was assessed (Fig. 1B). A complete list of all the com-
monly regulated genes is shown in Table S1. ARHGEF3 and the
antigen CD68 were 2 of the genes most strongly upregulated in
response to MS275 treatment both at 6 and 24 hours (Fig. 1C),
suggesting a potential significance for MS275-induced differenti-
ation in these settings. RT-PCR and Western blot analyses were
then performed to determine ARHGEF3 expression, providing
independent validation and extending the results of the microar-
ray experiments. The two analyses showed that the amount of
ARHGEF3 increased in U937 cells after MS275 treatment at 12
and 24 hours both at mRNA (Fig. 2A) and protein (Fig. 2B)
level. Confirming the active status of ARHGEF3, ChIP experi-
ments showed an enrichment of H3K9,14 ac signal on its pro-
moter region (Fig. 2C) after only 6 hours of MS275 treatment.

In order to obtain functional data on ARHGEF3 modulation
by HDACI, we also investigated its subcellular localization and
activity in U937 cells. We examined the subcellular distribution
of ARHGEF3 by performing in situ immunofluorescence (IF)
analysis with anti-ARHGEF3 antibody. Fluorescence was
observed in the nucleus of untreated U937 cells whereas a pre-
dominantly cytoplasmic location of ARHGEF3 was identified
following stimulation with MS275 (Fig. 2D). Interestingly, after
only 5 minutes of treatment with MS275, ARHGEF3 was
located in both nucleus and cytoplasm, becoming fully cyto-
plasmic after 6 hours of treatment.

MS275 modulates CD68 expression in leukemia cells,
inducing differentiation

U937 cells were treated with 5 wuM MS275 or SAHA for 6
and 24 hours. Cell differentiation was measured by the ability of
cells to reduce nitroblue tetrazolium (NBT). The insoluble blue
compound (diformazan) synthesized during differentiation indi-
cated that only MS275 was able to induce differentiation in
U937 cells, whereas SAHA-induced differentiation was not sig-
nificantly different from control in these settings (Fig. 3A). Sub-
sequently, fluorescence-activated cell sorting (FACS) analysis was
carried out to monitor levels of CDG68 antigen, a surface protein
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of U937
differentiated into
monocytes /macrophages.
FACS analysis was per-
formed on untreated cells

characteristic
cells

and on cells treated cells
with 5 wWM MS275 after
3 and 20 hours. Our
results show that the
increase in CDG68 expres-
sion was 18% greater in
MS275-treated cells than
in untreated cells
(Fig. 3B). The enhanced
expression of CDG68 in
MS275-treated cells sup-
ports the hypothesis that
this  compound  may
induce U937 cells to dif-
ferentiate into mature
monocytes/macrophages.

In support, IF analysis
clearly demonstrated that
untreated U937 cells did
not express detectable lev-
els of CDG6S8, but that
addition of MS275 stimu-
lated expression of CD68
in a time-dependent man-
revealed
expression  of
CD68, prevalently local-
ized at the periphery of
cells (Fig. 3C). In agree-
ment with the role of
CD68 in  maturation,
SAHA neither modulated
CDG68 (Fig. 3C)
induced  differentiation
(Fig. 3A) in these settings.

ner.  Staining

intense

nor

MS275 induces RhoA
activation and actin
remodeling in U937 cells

ARHGEF3 is a GEF
responsible for activation
of RhoA and RhoB, but
not RhoC, RhoG, Racl,
or CDC42.* We there-
fore investigated whether
MS275 was able to acti-

vate Rho proteins in

U937 cells using a pull-down assay (Fig. 4A). To determine the
potential level of RhoA activation in U937 cells after MS275
stimulation, we used GST-fused Rhotekin-RBD as a specific
probe. The Rhotekin-RBD probe recognizes the active but not
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Figure 1. MS275 induces both ARHGEF3 and CD68 transcriptional activation. (A) Heat map of gene expression profiles

in U937 cells upon MS275 (5 wM) stimulation at 6 and 24
Student’s T-test analysis was performed to compare

(B) Gene ontology (GO) of common altered genes in U937 cells after MS275 exposure at 6 and 24 h (FDR < 0.05 and

SR £ 2). (C) Venn diagram showing the number of different
for 6 h (left) and 24 h (right) (FDR < 0.05 and FC > 2 ). The

commonly upregulated after MS275 treatment (FDR < 0.05 and FC > 2).

h. Experiments were carried out in biological triplicate.
untreated media and treated media (FDR<O0.05).

ially up regulated genes in U937 cells treated with MS275
lower panel shows ARHGEF3 and CD68 expression levels,

RhoA protein
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the inactive GTP-bound form of RhoA.>’> We found that
MS275 stimulation of U937 cells did not alter the total level of

in cells grown in serum and in serum-starved cells

(data not shown). Conversely, MS275 treatment induced a
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5 20 Figure 2. MS275 regulates both expression and
localization of ARHGEF3 in leukemia. (A) Analy-
sis of ARHGEF3 expression levels in U937 cells
upon MS275 treatment (5 wM) at the indicated
times by RT-PCR. The standard deviation was
calculated from experiments in biological tripli-
cate. (B) Expression levels of ARHGEF3 in U937
cells after MS275 treatment (5 wM) at the indi-
cated times by Western blot analysis. ERK was
used as loading control. (C) ChIP assays were
performed in U937 cells treated with MS275 at
the indicated times using H3K9,14 ac antibody.

o g 2 5 A, Ei Iul The analysis shows the recovery (% IP/Input) of
MS275 (h) MS275 (h) H3K9,14 ac on ARHGEF3 promoter region.
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This RhoA inhibitor significantly blocked

RhoA activation (Fig. 4A) and its down-
Ctrl stream effects. Given the known role of
Rho protein activation in membrane ruf-
fling and lamellipodia formation,>>* the
prevalently extra-nuclear localization of
ARHGEF3 led us to analyze the effect of
MS275 on cytoskeleton in U937 cells.
3 min Thus, we first analyzed actin remodeling in
a time course experiment in MS275-treated
serum-fed or serum-starved U937 cells
(Fig. 4B and Fig. S1B). After MS275 treat-
ment, using phalloidin staining, the cells
5 min were fixed as described in material and
methods, incubated with rhodamine phal-
loidin (labeling filamentous actin) for 45
minutes in a humid chamber, and then
stained with 4’ 6-diamidino-2-
7 min | MS275 phenylindole to label nuclei. Cytoskeleton
rearrangements increased significantly after
6 hours of MS275 treatment compared to
control (Fig. 4B and Fig. S1B). Conse-
quently, cytoskeleton is rearranged upon
6h RhoA activation by MS275. In addition,
MS275 treatment induced a polar mor-
phology and increased peripheral filamen-
tous actin, with pronounced extension of
filopodia visible by phase-contrast micros-
24 h copy. These changes are dynamically shut
off within 24 hours of treatment with the
HDACI, at which time U937 cells showed
only amplified cortical actin. In contrast,

no significant changes in cell morphology
robust increase in GTP-bound RhoA levels, persisting from 6 to  or in the distribution of F-actin were observed when U937 cells
24 hours after initial HDACI exposure, in cycling (Fig. 4A) and  were pretreated with 1 pg/mL exoenzyme C3 transferase. Inter-
starved (Fig. S1IA) U937 cells. The specific role of RhoA activa-  estingly, inhibition of RhoA resulted in cell rounding and a loss

tion was confirmed using Clostridium botulinum C3 exoenzyme. of definition in the actin cytoskeleton (Fig. 4B).
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MS275 induces JNK
activation and Elk1
phosphorylation via RhoA
activation in AML cells

A growing body of evidence
shows that activation of Rho
GTPases triggers the expression
of many targets regulating gene

537 n particular,

transcription.
several studies have demon-
strated the involvement of some
members of the Rho family of

GTPases in Jun amino-terminal
kinase (JNK) and p38 MAP
kinase signaling pathways.***°
In order to elucidate the role
of MS275-mediated RhoA acti-
vation, U937 cells were treated
with MS275 and the expression
of key proteins, such as JNK,
ERK and p38 was detected. To
further clarify the specific roles
of ERK, JNK and p38 in the
regulation of Elk phosphoryla-
tion in MS275-treated U937
cells, we used selective inhibi-
tors of these different pathways.
We first  hypothesized that
JNKSs may be activated by Rho
family GTPases in U937 cells.
Thus, we pretreated the cells for
4 hours with 1 pg/mL exoen-
zyme C3 transferase before
MS275 stimulation (Fig. 5A).
Exoenzyme C3 transferase selec-
tively inhibits RhoA activity by
ADP-ribosylation of the residue
Asn-41 in the RhoA effector
domain. We therefore used exo-
enzyme C3 transferase to exam-
ine the role of RhoA in the
ability of MS275 to stimulate
JNK-Elk1 kinase activities. Our
results showed that exoenzyme
C3 transferase decreased FElk1
phosphorylated at serine 383
(Elk1pS383) (Fig. 5A). Exoen-
zyme C3 transferase therefore
inhibited RhoA-mediated acti-
vation of the transcriptional
activity of both Elkl and JNK.
When in similar settings U937
cells  were pretreated with
10 pM  of the MEKI-ERK
inhibitor  U0126  for 30
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Figure 3. MS275, but not SAHA, induces expression of CD68 in leukemia. (A) NBT assay in U937 cells upon
MS275 and SAHA treatment at 24 and 48 h. Error bars represent standard deviation from 2 independent experi-
ments carried out in duplicate. (B) FACS analysis of CD68 expression in U937 cells upon MS275 treatment at 3
and 20 h. Error bars represent the standard deviation of 2 independent experiments carried out in duplicate.
(€) IF analysis of CD68 showing CD68 localization in U937 cells treated with MS275 (5 wM) and SAHA (5 nM)
for the indicated times. Cells were fixed and immune-stained with anti-CD68 (red). Nuclear DNA was stained
with Hoechst (blue) and visualized using confocal microscopy. Scale bar 10 pm.
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Figure 4. MS275 activates GTP-RhoA, inducing reorganization of actin cytoskeleton in leukemia. (A) RhoA-GTP GST pull-down assay in U937 cells stimu-
lated with MS275 (5 M) in presence or absence of the exoenzyme C3 transferase (1 wg/mL) for the indicated times. GTP-bound RhoA was visualized by
Western blot analysis. The results are representative of at least 2 independent experiments. (B) Left. Inverted black-and-white images of IF staining of
cytoskeletal actin filaments with Texas Red-labeled phalloidin antibody in U937 cells upon MS275 treatment (5 wM) or exoenzyme C3 transferase (1 g/
mL) for the indicated times. Scale bar 10 wm. Right. Signal intensity quantification analyzed as the media of the intensities of different areas for each sam-

minutes, we found that Elk1pS383 levels were detectable. In
addition, when compared to U0126 pretreated cells, MS275
slightly increased Elk1pS383 levels after 6 hours of treatment
(Fig. 5B). Interestingly, MS275 decreased the overall level of

www.tandfonline.com

Elk1 phosphorylation present in cells grown in serum. Notewor-
thy, previous studies suggested that Elk1 phosphorylation is con-
trolled by ERK, JNK, and p38 MAPK activation.’’#® As shown
by Western blot analysis, ERK inhibition did not strongly affect
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the level of Elk1pS383 upon 6 hours
of MS275 treatment. In the same set-
tings, p38 MAPK activity was not sig-
nificantly  affected by  MS275
treatment in U937 cells (Fig. 5A).
Given that Elkl is a substrate for
JNK, and that its phosphorylation at
several COOH terminal sites such as
S383 is critical for its transcriptional
activity,”* we investigated whether
Elk1pS383  was
increased activation of stress-activated
protein kinases (SAPK)/JNK upon
MS275 exposure. In support, Western
blotting analyses showed the same
trend of SAPK/JNKpT183-Y185 and
Elk1pS383 upon MS275 treatment in
presence or absence of exoenzyme C3

associated  with

transferase, suggesting that Elk1 phos-
phorylation and consequent transcrip-
tional activation are associated with
regulation of SAPK/JNKpT183-Y185
in these settings. To further character-
ize the causal relationship between
RhoA and Elk1 activation, U937 cells
were also treated with a specific
ROCK inhibitor, ¥27632.“ ROCK
is a major RhoA downstream effector
mediating the majority of its reported
In different exper-
settings, GTPase-mediated
JNK activation involved mediation by
ROCKs.”” Interestingly, Elkl phos-
phorylation was inhibited in U937
cells pretreated with 10 pM Y27632
for 30 minutes before adding MS275
(Fig. 5C). Taken together, these data
suggested the model shown in
Fig. 5D, where in MS275-stimulated
U937 cells the activation of ARH-
GEF3 impacts on RhoA-ROCK path-
way, which in turn activates JNK
leading to Elk1pS383 and consequent
Elkl  transcriptional  activation.
CEP1347, a specific inhibitor of
SAPK/JNK, significantly reduced the

cellular functions.*
imental

observed induction of ARHGEF3 by MS275 (Fig. 5E).

ARHGEF3 is responsible for MS275-induced differentiation

in U937 cells

In order to address the role of ARHGEF3 in signal transduc-
tion and MS275-dependent differentiation, we investigated
whether MS275-induced CD68 expression in leukemia cells dur-
ing differentiation is causally related to ARHGEF3 expression
and its impact on RhoA pathway. Expression of endogenous
ARHGEF3 was silenced by small interference RNA (RNAI). As
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Figure 5. MS275 affects Elk phosphorylation by RhoA pathway activation. (A) Western blot analysis of
expression levels of p-JNK, p-p38 and p-Elk1 in U937 cells after MS275 treatment (5 M) at the indicated
times with or without exoenzyme C3 transferase (1 wg/mL). ERK was used as loading control. (B) Protein
expression levels of p-Elk1 and p-ERK in U937 cells after MS275 treatment (5 wM) with or without the
MEK inhibitor U0126 (10 uM) for the indicated times. ERK was used as loading control. (C) Protein
expression levels of p-Elk1 in U937 cells after MS275 treatment (5 wM) with or without the ROCK inhibi-
tor Y27632 (10 wM) at the indicated times. ERK was used as loading control. (D) Schematic model show-
ing MS275-induced ARHGEF3 involvement in activation of RhoA pathway by phosphorylation of JNK
and its target Elk1. (E) Western blot analysis of expression levels of ARHGEF3 in U937 cells after MS275
treatment (5 wM) at the indicated times with or without CEP1347 (0.5 .M). B-actin was used as loading
control.

expected, ARHGEF3 siRNA drastically reduced mRNA levels
(Fig. 6A). Corroborating the causal link between ARHGEF3 and
differentiation pathways, ARHGEF3 siRNA also resulted in a
significant attenuation of SAPK/JNK activation in U937 siARH-
GEF3 cells (Fig. 6B), further supporting and strengthening
SAPK/JNK dependence on MS275-induced ARHGEF3 expres-
sion. In agreement, expression of CD68 was also found to be
decreased (Fig. 6C). In addition, ARHGEF3 silencing strongly
reduced CDG8 expression in MS275-treated U937 cells, rein-
forcing our hypothesis that ARHGEF3 is crucially involved in
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Figure 6. ARHGEF3 knockdown inhibits pSAPK/JNK activation reducing
CD68 expression. (A) Expression levels of ARHGEF3 analyzed by RT-PCR
in U937 cells transiently transfected with 1 M of either scramble siRNA
(siRNA control) or specific siRNAs targeting ARHGEF3. Gene expression
was analyzed at 48 h after transfection with or without MS275 at 5 wM.
Error bars represent the standard deviation from 2 independent experi-
ments carried out in triplicate and normalized to GAPDH levels. (B) Pro-
tein expression levels of ARHGEF3 and p-JNK in U937 cells in the same
settings. ERK was used as loading control. (C) IF analysis of CD68 in U937
cells at 48 h after transfection with or without MS275 at 5 wM. Cells
were fixed and immune-stained with anti-CD68 (red). Nuclear DNA was
stained with Hoechst (blue) and visualized using confocal microscopy.
Scale bar 10 pm.
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differentiation modulated by MS275 in AML cells. Similar
results were obtained when both exoenzyme C3 transferase and
Y27632 inhibitors were used to inactivate RhoA pathway at dif-
ferent steps. Each treatment abolished MS275-induced expres-
sion of CD68 (Fig. 7A and B), with Y27632 being more
effective. To further support our findings and to show that ARH-
GEF3 is causally involved in RhoA pathway activation as well as
being required for SAPK/JNK-Elk1 phosphorylation and subse-
quent expression of CD68 in MS275-treated U937 cells, gain-
of-function experiments by overexpression of ARHGEF3 in
U937 cells were also performed (Fig. S2A). Transient transfec-
tion with 1 wg XPLN/ARHGEF3 subcloned into pCMV-Myc
J3 in U937 cells induced a significant increase in expression levels
of both ARHGEF3 and CD68 mRNAs. Additionally, overex-
pression of ARHGEF3 in U937 cells induced an increase in
CD68 expression levels, which reached nearly 100% expression
when MS275 was added (Fig. S2B and C). In conclusion, both
loss- and gain-of-function experiments carried out on ARHGEF3
in U937 cells support a causal connection with CD68 expression,
macrophage-monocyte  differentiation and modulation by
MS275 via activation of the RhoA signal transduction pathway.

Discussion

There is now general consensus in defining cancer as a disease
of the genome and the epigenome, where both epigenetic altera-
tions and genetic lesions contribute to the disease.*®! Building
on the concept of ‘epigenetic plasticity’,” several drugs able to
modify the chromatin status of a cell by targeting chromatin
enzymes have been proposed as beneficial against cancer.”®>*
Whether the anticancer action of these drugs is mainly due to
their direct effect on the epigenome or to additional, and possibly
pleiotropic, effects is still under investigation. Nevertheless,
HDAC I have entered the clinic and are in advanced phases of
clinical trials against the majority of cancers.”®* In general
terms, HDACI are able to induce proliferation arrest and cell
death in cancer cells. Interestingly, only some HDAC], and in
particular benzamide-based MS275, also impact on differentia-
tion. This aspect of HDACI action is still largely unexplored.
Here, by applying microarray analysis, we found that the prefer-
ential maturation-induction effects of benzamide-based HDACi
is specifically and selectively dependent on a complex network
based on activation of ARHGEF3, a RhoA-specific GEF. The
finding that ARHGEF3 is causally connected to the effects of
MS275 on macrophage differentiation suggests the existence of a
specific pathway able to control differentiation independently of
cell cycle arrest and cell death. MS275 induces increased ARH-
GEF3 expression and its subsequent shuttle from nucleus to cyto-
plasm, where it promotes the binding of GTP to RhoA, resulting
in RhoA activation. Consequently, RhoA triggers its downstream
effector, ROCK, which modulates phosphorylation and activa-
tion of JNK. Active JNK phosphorylates Elk1. At morphological
level, activation of the RhoA/ROCK pathway induces actin stress
fiber assembly. Pharmacological inhibition of RhoA activation
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Figure 7. MS275-induced CD68 expression is impaired by interference with the RhoA signaling pathway. (A) IF analysis of CD68 expression in U937 cells
under the indicated conditions. Scale bar 10 wm. (B) Percentage of CD68-positive cells by positive cell counting under a microscope.

and ARHGEFS3 silencing specifically revert this effect. Further-
more, the fact that ARHGEF3 is primarily located in the nucleus
but rapidly translocates into cytoplasm upon MS275 treatment,
strongly suggests that its compartmentalization is a key step in
controlling differentiation. Cytoplasmic ARHGEF3 is associated
with activation of the ROCK pathway, cytoskeletal rearrange-
ments orchestrated by RhoA, activation of SAPK/JNK, and
phosphorylation of Elkl. The finding that GEF protein modula-
tion by HDAC inhibition impacts on cell differentiation may be
important for understanding the anticancer mechanism(s) by

14 Epigenetics

which HDACI treatment stimulates differentiation in tumors.
Moreover, the fact that HDAC inhibition is followed by activa-
tion and rapid execution of transduction pathways suggests the
presence of a complex ensemble of signals connecting chromatin-
modifying enzymes (and their modulation by so-called epidrugs)
and chromatin to signal transduction executioners, which are dis-
tantly located in cells. Our data show that i) ARHGEF3 causally
modulates leukemia differentiation through activation of RhoA
and of pathways directly controlled by small GTPase family pro-
teins; ii) these effects can be controlled and reverted either by
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silencing of ARHGEF3 or exposure to inhibitors of enzymes
involved in signal transduction pathways such as exoenzyme C3
transferase and Y27632, iii) overexpression of ARHGEF3 deter-
mines an artificially differentiated status of cells. Whether activa-
tion of ARHGEF3 is controlled by an effect on chromatin
hyperacetylation or, alternatively, is associated with a more com-
plex regulation induced in cancer cells by MS275, remains to be
determined. The evidence that HDACi-induced differentiation
in AML cells appears to be distinct from their other biological
activities and is mainly related to induction, delocalization and
activation of a Rho GEF and its downstream transduction, is an
interesting question. Preliminary results indicated that HDACi
act immunosuppressively, but recent reports have queried this
interpretzltion.SS It is exciting to speculate that the effects of
HDACIi on AML differentiation might affect immune function
and its underlying mechanisms. Future clinical trials will help
clarify the potential of HDACi used in combination with
immune-based therapies.

One of the alternative therapies in cancer treatment relies on
the use of differentiation inducers, whose application has often
been restricted by the presence of specific genetic features in leu-
kemia, as exemplified by the administration of retinoic acid for
the treatment of APL.>®* It is tempting to hypothesize that
some HDAC:i (currently used mainly in poly-chemotherapeutic
schemes) might benefit from protocols including transduction
modulators and might also be introduced into differentiation
regimes. Finally, one of the urgent issues in the fight against can-
cer is how to deal with recurrence and resistance to treatment.
Although in a different setting,’® it has been suggested that addi-
tion of HDACi to RAF-MEK modulators may offer a novel clin-
ical strategy to achieve better control of some BRAF(V600E)
melanomas. Thus, a better understanding of the regulation of sig-
nal transduction by HDACi and their exploitable potential
against cancer may pave the way to their innovative use against
cancer and to a reconsideration of their anticancer actions.

Material and Methods

Chemical compounds

SAHA (Merck, Readington, NJ USA) and MS27-275 (Bayer-
Schering AG, Berlin-Wedding, Germany) were dissolved in
DMSO and used at 5 wM. The RhoA inhibitor exoenzyme C3
transferase (Cytoskeleton, Denver, CO, USA) was dissolved in
sterile water and used at 1 pg/mL. For inhibition of RhoA/Rho
kinase pathways, the specific inhibitor Y27632 dihydrochloride
(Roche, Milan, Italy) was used at 10 wM. To block MEK-ERK
pathway, the MEK inhibitor U0126 (Alexis Biochemical, Not-
tingham, UK) was dissolved in ethanol and used at 10 wM. For
inhibition of SAPK/JNK, the specific inhibitor CEP1347 (Toc-
ris, Bristol, UK) was dissolved in DMSO and used at 0.5 pM.

Cells

Human leukemia U937 cells were obtained from ATCC
(Teddington, UK) and grown at 37°C in air and 5% CO2 in
RPMI 1640 medium (Euroclone, Milan, Italy), supplemented
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with 10% heat-inactivated fetal bovine serum (FBS) (Sigma, St
Louis, MO USA), 1% L-glutamine (Lonza, Walkersville, MD
USA), 1% ampicillin/streptomycin (Lonza) and 0.1% gentami-
cin (Lonza). Cells were maintained at a constant concentration of
2 x 10°/mL of culture medium.

Gene expression microarray profiling and data analysis

Total RNA was extracted from U937 cell lines before and
after MS275 treatment at 6 and 24 hours. RNA (400 ng) was
amplified with Ambion Illumina TotalPrep RNA Amplification
Kit (Life Technologies, Monza, Italy). cRNA was biotinylated
during 77 vitro transcription reaction overnight. Before and after
amplifications, RNA/cRNA concentrations were measured with
Nanodrop ND-1000 and RNA/cRNA quality was controlled by
Experion electrophoresis station (Bio-Rad Laboratories, Segrate,
Italy). Each sample (750 ng) was hybridized to Illumina’s Sen-
trix-HumanRef-8 V2 Expression BeadChips at 58°C for
18 hours according to Illumina Whole-Genome Gene Expres-
sion with IntelliHyb protocol, revision B. Hybridization was
detected with 1 pg/mL Cy3-Streptavidin (GE Healthcare Bio-
sciences, Milan, Italy). Chips were scanned with Illumina Bea-
dArray Reader and numerical results extracted with BeadStudio
3.1.1.0 (v. Three.2.3). Probe-level raw intensities were analyzed
using R/BioConductor and lumi package.’” Background correc-
tion and quantile data normalization were performed. In order to
detect the statistical significance of the differential expression of
genes before and after MS275 treatment, we performed a Bayes-
ian t-test ® for each cell line. For each P-value, the Benjamini-
Hochberg procedure was used to calculate the false discovery rate
(FDR) to avoid the problem of multiple testing. The selected
gene list was obtained using the following thresholds: FDR
<0.005 and SR =+ 2.

RNA extraction, RT-PCR, and real-time PCR

Total RNA was isolated with Trizol (Invitrogen, Carlsbad,
CA USA). One pg total RNA was reverse-transcribed using
SuperScript VILO (Invitrogen) according to the manufacturer’s
protocol. mRNA levels of the analyzed genes were measured by
RT-PCR amplification using iQ SYBR GREEN Supermix (Bio-
Rad Laboratories) according to the manufacturer’s instructions.
Relative mRNA quantification was calculated using the compara-
tive AACT method. The sequences of primers used for PCR
were: ARHGEF3 FW 5-GGC ATT CAG CAA CAA TGA
GAG-3/, REV 5-GACGA TCC CTC GGA GTC AAG 3';
CD68 FW 5" ACC AAG AGC CAC AAA ACC AC 3/, REV 5/
GGA CTG TGA GTG GCA GTT GA-3'; GAPDH gene FW
5'-GGA GTC AAC GGA TTT GGT CGT-3/, REV 5-GCT
TCC CGT TCT CAG CCT TGA-3'. Primer sequences were

designed using Primer3 software.

Protein extraction and Western blotting

U937 cells were harvested by centrifugation and washed in
PBS. Samples were lysed in a buffer (50 mM Tris-HCI pH 7.4,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
500 mM NaCl, 10 mM MgCl,, 1% (v/v) Triton X-100, 1 mM
sodium 10 pg/mL 10 pg/mL

orthovanadate, aprotinin,
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leupeptin and 0.2 mM phenylmethylsulfonyl fluoride) for 15
minutes at 4°C. The samples were then centrifuged at
13000 rpm for 30 minutes at 4°C and the supernatants were
recovered. Proteins were quantified by Bradford assay (Bio-Rad
Laboratories) using bovine serum albumin as standard. 50 pg of
protein extracts was resolved by SDS-PAGE (10% or 12% w/v
polyacrylamide gel), transferred onto a nitrocellulose filter
(Whatman, Schleicher & Schuell, Dassel, Germany) at 250 mA
for 16-18 hours in a transfer buffer (20 mM Tris, 150 mM gly-
cine, and 20% methanol). The filter was then blocked in TBS
containing 1% Tween 20 and 5% dried milk powder (w/v), for
1 hour at RT and incubated with the specific antibodies over-
night at 4°C, washed and incubated with the appropriate second-
ary antibody for 1 hour at RT. Antbodies used were:
ARHGEF3 polyclonal antibody (A01) (Abnova, Taipei City,
Taiwan); RhoA (Santa Cruz, Dallas, TX USA); Elk1pS383 (Cell
Signaling, Danvers, MA USA); pSAPK/JNK(T183/Y185), p-
p38 (Cell Signaling). Protein levels were normalized against ERK
(Cell Signaling). Antibody signal was obtained with the enhanced
chemiluminescence reagents (Amersham Pharmacia Biotech, Pis-
cataway, NJ USA) according to the manufacturer’s instructions.

Immunofluorescence and confocal microscopy

U937 cells spotted on glass coverslips pretreated with 0.1 mg/
mL polylysines (Sigma) were treated with MS275 at 5 uM con-
centration. Control cells were treated with the vehicle alone
(0.001%, final concentration). Unless otherwise stated, cells on
coverslips were washed once with PBS, fixed for 20 minutes with
4% (w/v) paraformaldehyde in PBS, permeabilized for 5 minutes
with 0.2% (v/v) Triton X-100 in PBS and incubated for 1 hour
with PBS containing 1% (v/v) FBS. Coverslips were stained for
in situ ARHGEF3 localization by incubation with mouse anti-
ARHGEF3 polyclonal antibody (Abnova) diluted 1:100 in PBS
for 1 hour, followed by 3 washings with PBS. Coverslips were
then incubated for 30 minutes with Texas Red-conjugated goat
anti-mouse antibody (Jackson Immunoresearch, West Grove,
PA, USA) diluted 1:4000 in PBS. Coverslips were washed
3 times in PBS, incubated for 10 minutes with PBS containing
Hoechst 33258 (Sigma) at a final concentration of 1 pg/mL and
washed 3 times with PBS. The coverslips were inverted and
mounted in Mowiol (Calbiochem, San Diego, CA, USA) on
glass slides. CD68 was detected using mouse monoclonal anti-
CD68 antibody diluted 1:50 in PBS (Santa Cruz). Mouse anti-
body was detected using Texas Red-conjugated goat anti-mouse
antibody diluted 1:4000 in PBS (Jackson Immunoresearch).
MRTE-A localization was detected using rabbit polyclonal
MRTE-A fluorescein (FITC)-conjugated antibody (1:50 in PBS)
(Santa Cruz). Pure goat anti-rabbit was added to detect primary
rabbit antibodies. Coverslips were finally stained with Hoechst
33258 (Sigma), inverted and mounted in Mowiol (Calbiochem).
Confocal microscopy analysis was performed using a Zeiss LSM
510 laser scanning confocal microscope. To determine cytoskele-
tal changes, quiescent U937 cells on coverslips were maintained
for 24 hours in serum-free medium and stimulated with MS275
at 5 WM concentration for the indicated times. Control cells
were treated with vehicle alone. Cells were fixed, permeabilized
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and washed prior to staining. Actin rearrangements were revealed
by treating coverslips with rhodamine-conjugated phalloidin
(Sigma) for 1 hour. Images were generated with an Axiophot
(Carl Zeiss Microlmaging, Jena, Germany) or a DMLB (Leica,
Solms, Germany) fluorescent microscope using 40x and 100 x
magnification. Images were processed using either KS300 (Carl
Zeiss Microlmaging) or IM1000 (Leica) software.

Nitroblue tetrazolium assay

U937 cells were seeded at 2 x 10° cells/mL in 24-well plates
(BD Bioscience, Bedford, MA, USA) and dosed daily with the
compound(s) of interest. After 24 hours of treatment, the num-
ber of cells was adjusted to 2 x 10° cells/mL, and incubated with
0.2% NBT and 200 ng/pL 12-O-tetradecanoylphorbol-13-
acetate (Sigma). After incubation for 30 minutes at 37°C, the lig-
uid was discarded, cells and formazan deposits were lysed in lysis
buffer (50% dimethylformamide and 20% SDS, pH 7.4). The
supernatant fluid was measured in a spectrophotometer at
570 nm in semi-micro (1 mL) cuvettes. The inhibition ratio (%)
was calculated as % of inhibition = [(absorbance of control -
absorbance of test sample)/absorbance of control] x 100%.

Macrophage differentiation analysis

Cell surface antigen expression was determined by FACS anal-
ysis. U937 cells were incubated for 24 hours with 5 uM MS275.
The cells were then adjusted to 1 x 10° cells/mL. After cell fixa-
tion and permeabilization (BD Cytofix/Cytoperm Fixation/Per-
meabilization Kit, BD Biosciences), cells were incubated with
anti-human CD68 monoclonal PE-conjugated antibody (BD
Biosciences) for 1 hour at RT. IgG-PE isotypic antibodies were
included as negative controls. At the end of incubation the sam-
ples were washed and then resuspended in 1 mL PBS. Analysis
was performed by FACS-Calibur (Becton Dickinson, Franklin
Lakes, NJ USA) using Cell Quest Pro software and ModFit LT

v3 software.

RhoA-GTP GST pull-down assay

Rho Activation Assay Kit (Merck) was used according to the
manufacturer’s instructions. Briefly, cells were grown for
24 hours in the presence of 10% serum, serum-starved for an
additional 24 hours and stimulated with 5 puM MS275 for the
indicated times. RhoA activity was measured in U937 cells with
and without addition of 1 pg/mL exoenzyme C3 transferase
(Cytoskeleton) for 4 hours. Subsequently, media was removed
from cells and cells were washed twice in ice-cold PBS and lysed
in ice-cold Mg2P lysis buffer (MLB). Lysates were cleared by cen-
trifugation at 14000 rpm for 5 minutes at 4°C and the soluble
fraction was incubated with agarose-bound Rhotekin RBD beads
at 4°C for 45 minutes. The beads were pelleted by centrifugation,
washed 3 times in MLB, and the bound RhoA-GTP was eluted
in 20 pl of Laemmli sample buffer, before electrophoresis on a
13% SDS-PAGE gel. The level of GTP-bound GTPase was ana-
lyzed by immunoblot using an anti-RhoA antibody (Santa Cruz).

Volume 10 Issue 1



Small interfering RNA

U937 cells were cultured in 24-well plates, and 6 hours before
transfection were treated with MS275 (5 wM). The cells were
then transfected with anti-ARHGEF3 siRNA or scramble siRNA
using an AMAXA Nucleofector (Lonza), according to the suppli-
er’s instructions. After 48 hours the samples were collected and
analyzed by q-RT-PCR for ARHGEF3 and CD68 expression. IF
analysis for CD68 was also performed. siRNA used to suppress
ARHGEF3 ex-pression was ARHGEF3 Chimeric siRNA
H00050650-R01-0010 (Abnova) at 1 M final concentration.

Plasmids and transfections

XPLN/ARHGEF3 was subcloned into pCMV-Myc J3 and
pEGFP-C2 (Clontech, Mountain View, CA, USA). ARHGEF3
expression vectors were kindly provided by Dr K. Wennerberg,.
1 g of vector was transfected into U937 cells using AMAXA
Nucleofector according to the supplier’s instructions. After 24
and 48 hours from transfection, the percentage of GFP-positive
cells was determined by FACS analysis; the cells were then lysated
and qRT-PCR for CD68 and ARHGEF3 performed.

Chromatin immunoprecipitation

ChIP assays were performed as previously described.®’ U937
cells were crosslinked with 1% formaldehyde for 10 minutes at
RT. Sonicated chromatin was centrifuged for 5 minutes and then
incubated overnight with 3 pg H3K9,14 ac antibody (Abcam,

Cambridge, UK) and Protein A/G plus (Santa Cruz). ChIP
experiments were analyzed by qPCR with specific primers using
a SYBR Green Master Mix (Bio-Rad Laboratories). Recovery of
ChIP’ed DNAs was calculated as a percentage of IP/Input. The
sequences of primer sets used for ARHGEF3 were: FW 5'-AGA
TCT TTC CAT GCC ACA CC-3’' and REV 5-CCT GGC
ACT ACC ACACCT TT-3.
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