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Summary

CARML1 interacts with numerous transcription factors to mediate
cellular processes, especially gene expression. This is important
for the maintenance of ESC pluripotency or intervention to
tumorigenesis. Here, we studied epigenomic effects of two
potential CARM1 modulators: an activator (EML159) and an
inhibitor (ellagic acid dihydrate, EA). We examined nuclear
morphology in human and mouse embryonic stem cells (hESCs,
mESCs), as well as in iPS cells. The CARM1 modulators did not
function similarly in all cell types. EA decreased the levels of the
pluripotency markers, OCT4 and NANOG, particularly in iPSCs,
whereas the levels of these proteins increased after EML159
treatment. EML159 treatment of mouse ESCs led to decreased
levels of OCT4 and NANOG, which was accompanied by an
increased level of Endo-A. The same trend was observed for
NANOG and Endo-A in hESCs affected by EML159. Interestingly,
EA mainly changed epigenetic features of nucleoli because a high
level of arginine asymmetric di-methylation in the nucleoli of
hESCs was reduced after EA treatment. ChIP-PCR of ribosomal
genes confirmed significantly reduced levels of H3R17me2a, in
both the promoter region of ribosomal genes and rDNA encoding
28S rRNA, after EA addition. Moreover, EA treatment changed
the nuclear pattern of AgNORs (silver-stained nucleolus organizer
regions) in all cell types studied. In EA-treated ESCs, AgNOR
pattern was similar to the pattern of AgNORs after inhibition of
RNA pol I by actinomycin D. Together, inhibitory effect of EA on
arginine methylation and effect on related morphological
parameters was especially observed in compartment of nucleoli.
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Introduction

Coactivator-associated-protein-arginine-methyl-
transferase 1 (CARM1) is an arginine methyltransferase
that is responsible for asymmetric di-methylation of
histone H3 at the arginine 17 or
26 positions (H3R17 or H3R26). It also methylates non-
histone substrates, including PABP1 and p300 proteins.
The activity of this enzyme was first described in
relation to a well-known family of pl160 coactivators
(Chen et al. 1999). Various levels of CARMI protein
have been identified in different tissues, and it has been
reported that CARM1 activity is required for the proper
maintenance of physiological processes such as
endochondral ossification and chondrocyte proliferation
(Ito et al. 2009), myogenesis (Batut et al. 2011),
glycogen metabolism (Wang et al. 2012), and control of
proliferation and differentiation of pulmonary epithelial
cells (O’Brien et al. 2010). Indeed, mice lacking
functional CARMI gene are non-viable and die
perinatally (Yadav et al. 2003). Moreover, Torres-
Padilla et al. (2007) showed that CARMI protein,
which is asymmetrically distributed in four-cell
embryos, contributes significantly to cell fate decision.
High levels of CARMI, as well as H3R2 or H3R17 di-

methylation (H3R2me2 or H3R17me2), contribute to
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a pluripotent state of cells of the inner cell mass (ICM)
of blastocyst, whereas cells with lower CARMI1 levels
are predestined to become part of the differentiation
phenotype of the mural trophoectoderm. Interestingly,
high levels of embryonic histone H3 methylation and
CARMI1 expression are responsible for pluripotency
gene up-regulation. This guarantees optimal conditions
for pluripotent cells in the ICM (Wu et al. 2009).
Therefore, it is evident that CARMI is required for the
self-renewal and pluripotency of embryonic stem cells
(ESCs). CARM1
regulates genes,

In these cells, depletion down-
which

differentiation processes (Wu et al. 2009).

pluripotency initiate

It is generally accepted that the expression of
the majority of genes is guaranteed by their interaction
with specific transcription regulator complexes and
chromatin modifying enzymes. CARMI interacts with
numerous transcription factors to mediate cellular
processes, often in conjunction with chromatin
modifiers such as p300. For example, Covic et al.
(2005) reported that NF-kB utilizes both CARMI1 and
p300 to stimulate the transcription of genes involved in
inflammatory processes and apoptosis. However, all
NF-kB-regulated genes are not dependent on CARM1
function. It is evident that CARMI is involved in many
cellular events that are related to stem cell pluripotency
as well as cell differentiation. This enzyme has been
shown to regulate chondrogenesis by modulating Sox9
function, a transcription factor essential for proper
differentiation of mesenchymal cells into chondroblasts.
CARM1

expression in chondrocytes. These data explain why

Together, and Sox9 regulate cyclin DI
skeletal abnormalities are observed in CARM-deficient
embryos (Ito et al. 2009). Interestingly, CARMI-
mediated post-translational modifications of proteins
skeletal
muscles. For example, Pax7 is a transcription factor that

impact the differentiation pathways into
is methylated by CARMI, which in turn regulates
expression of an additional myogenic transcription
factor, Myf5. This cellular event leads to the production
(Kawabe et al. 2012).
crucial for tumor

of myogenic progenitors
CARMI1
progression. For example, Ou et al. (2011) reported that

Moreover, activity is
CARMI is overexpressed in colon cancer cells, where it
interacts with B-catenin and activates transcription of
genes that are regulated by the Wnt/B-catenin signaling
pathway. CARMI1 depletion in the human colorectal
HT29
independent growth, a typical mark of transformed

carcinoma cell line represses anchorage

cells. It is also well established that CARMI1 is an
estrogen receptor-mediated transcriptional co-activator.
Thus, it is
physiological CARM1 expression might play a role in

reasonable hypothesize that non-
breast cancer progression. A preclinical study has
demonstrated that there is a positive correlation between
CARM1 expression and aggressive tumor behavior
(Cheng et al. 2013). At the molecular level, CARM1
expression correlates with the expression of markers
such as HER2, pKi-67, EGFR, or cyclin E, which
represent key players that regulate the high proliferation
rate of breast cancer cells (Habashy et al. 2013).

Based on these data, there is convincing
evidence that CARMI1 represents a very important and
ubiquitous regulatory factor involved in the regulation of
many cellular processes, including the maintenance of
ESC pluripotency and tumorigenesis (Habashy et al.
2013, Wu et al. 2009). Many studies have aimed to
understand CARMI1 role in

pathological processes. These studies gain insight into its

physiological and

catalytic mechanism, as well as lead to development of
small-molecule modulators of CARMI activity. Among
the compounds described thus far, ellagic acid (EA)
represents a site-specific inhibitor of CARM1 (Allan et
al. 2009, Bonham et al. 2010, Castellano et al. 2010,
Dowden et al. 2011, Habashy et al. 2013, Huynh et al.
2009, Cheng and Bedford 2011, Cheng et al. 2011,
Purandare et al. 2008, Sack et al. 2011, Therrien et al.
2009, Wan et al. 2009, Selvi et al. 2010). EA was
identified in pomegranate and other fruit extracts.
Interestingly, it binds to the XXPRX/XXRPX motif on
histone H3, but does not directly bind to the catalytic
domain of CARMI1 (Kim et al. 2004). However, H3R26
methylation, which is also mediated by CARMI, is not
inhibited by EA because it does not contain the proline-
arginine motif (Selvi et al. 2010). In contrast, a series of
compounds (aryl ureido acetamido indole carboxylates,
termed “uracandolates”), acting as CARMI1 activators,
have recently been reported. These compounds increase
the CARM1-mediated methylation of histone H3 or non-
histone proteins (polyadenylate-binding protein 1,
PABP1). This which was confirmed in protein substrates
and also on cellular level (Castellano et al. 2012, Zeng et
al. 2013). Therefore, in this study, we examined the
effects of EA and EML159 (an uracandolate compound)
in mouse or human ESCs, as well as in mouse iPSCs. We
effect
pluripotency markers, the

analyzed the of these two epi-drugs on

histone signature, and

morphology of the nucleoli.



2015

771

Epigenome of Stem Cells Affected by CARM1 Modulators

Materials and Methods

Cell culture

We cultivated mouse ESCs, lines D3 (ATTC®
CRL-1934™) and primary induced mouse pluripotent
stem cells, line WP5 (StemgentTM, USA, cat. no.: #08-
0007). Studies were also performed using human
embryonic stem cells (line CCTL-017, a derivative cell
line of CCTL-12, a gift from the Department of Biology,
Faculty of Medicine, Masaryk University, Brno, Czech
Republic). Mouse embryonic stem cells (mESCs) and
iPSCs were cultivated in Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with penicillin and
streptomycin, non-essential amino acids, mouse leukemia
inhibitory factor, monothioglycerol, and 15 % fetal
2012).
embryonic stem cells were cultured in the defined,

bovine serum (Sustackova et al. Human
commercially available medium, mTESR1 (Stemcell
technologies, #05870). Mouse ESCs were cultured on
0.1 % gelatin coated plastic dishes (Nunc™, Germany).
Human ESCs were cultured on Matrigel-coated plates
(Corning™Matrigel® hESC-Qualified matrix, #354277,
Corning). Media were changed daily, and cells were
dissociated using trypsin. To ensure minimal levels of
spontaneous differentiation, human ESCs were passaged
every 5-6 days, whereas murine stem cells were passaged
every 2-3 days. For experiments, cells were harvested at
approximately 80 % confluence.

Human embryonic stem cells (CCTL-017) were
maintained according to Czech national law 227/2006
and Ethics Committee agreement No.616/2012/31.

Treatment of cells with small molecular compounds

Cell lines were treated for 24 h with the CARM1
activator (EML159, Fig. 1Aa) (Castellano ef al. 2012) or
the CARMI inhibitor (ellagic acid, EA, Fig. 1Ab) (Selvi
et al. 2010). The concentrations used to treat different cell
lines were established empirically according to the cell
growth (Fig. 1Ba-c). EML159 was used at 150 pM,
whereas EA was used at 150 pM for mESCs and 110 uM
for hESCs. Differences in EA concentrations are due to
the different sensitivities of mESCs and hESCs to this
compound. We tried to find concentrations that affect
asymmetric H3R17me2 (Fig. 1Ca-c), but did not change
the morphology of F-actin filaments, a main compounds
of the cytoskeleton (Albert et al. 2002; Fig. 2A-C). In
hESCs, EA decreased the entire level of H3R17me2
when normalized to total histone H3 (Fig. 1Cc,
quantification in panel 1Dc).

Immunofluorescence analyses and cell visualization
by confocal microscopy

For immunofluorescence analyses, cells were
washed in phosphate-buffered saline (PBS) and fixed
for 15 to 20 min in 4 % formaldehyde. Cells were
permeabilized by subsequent treatment with 0.1 %
Triton-X (8 min) and 0.1 % saponin (12 min) solutions.
Cells were washed in PBS and blocked for 1 h using
1 % BSA in PBS. After blocking, cells on microscope
slides were incubated overnight with the primary
antibody diluted 1:100-1:200 in 1% BSA solution.
in PBS and
secondary antibodies conjugated to either Alexa 488 or
Alexa 594. Finally, DNA was stained using 4’,6-
diamidino-2-phenylindole =~ (DAPI). The primary
antibodies were as follows: anti-OCT4 (#sc5279, Santa
Cruz Biotechnology), anti-ASYM?24 (#07-414, Upstate-
Millipore), anti-fibrillarin (#ab5821, Abcam), and anti-
H3K9me3 (#07-442, Upstate-Millipore). The secondary
antibodies were anti-mouse or anti-rabbit antibodies
conjugated to either Alexa-488 or Alexa-594 (#A21206,
#A21202, #A21203, #A21207, Invitrogen, Molecular
Probes).

Specimens

Cells were washed incubated with

were examined using confocal

microscopy (Leica SP5 X, Leica Microsystems,
Mannheim, Germany) with the following settings: 1024 x
1024 pixels, 400 Hz, bidirectional mode, zoom 8-12.
Leica software (LEICA LAS AF, version 2.1.2) was used
for image acquisition as previously described (Stixova et

al. 2012).

Western blot analyses

Western blot analyses were performed according
to Stixova et al. (2012). For analyses, we used the
following primary antibodies: anti-OCT4 (#sc5279, Santa
Cruz Biotechnology); anti-NANOG (mouse specific
#ab80892, Abcam); anti-NANOG (human specific
#sc293121, Santa Cruz Biotechnology); anti-Endo-A
(kindly provided by Dr. Jifi Pachernik, Masaryk
University, Brno, Czech Republic); anti-fibrillarin
(#ab5821, Abcam); anti-UBF1/2 (#ab75781, Abcam);
anti-a-tubulin  (#LF-PA0146, Fisher-Scientific); anti-
R17 dimethylation (me2)
(#ab8284, Abcam). Total protein levels were measured

histone H3 asymmetric
by pQuant spectrophotometer (BioTek).
Chromatin immunoprecipitation assays and polymerase

chain reaction (ChIP-PCR)
Chromatin immunoprecipitation was performed
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according to the manufacturer’s protocol (ChIP Assay
Kit, Millipore; #17-295). Briefly, we used equal numbers
of cells (1x10% and added formaldehyde (final
concentration of 1 % for 10 min) directly to the culture
media. Cells were washed with PBS containing a protease
inhibitor cocktail [l mM phenylmethylsulfonyl fluoride
(PMSF), 1 pg/ml aprotinin, and 1 pg/ml pepstatin A].
Cells were treated in lysis buffer containing sodium
dodecyl sulfate (SDS), lysed for 10 min on ice, followed
by sonication. Histone-DNA complexes were incubated
with 5 pl of the appropriate antibody (anti-histone H3
asymmetric R17me2, ChIP grade; #ab8284, Abcam). As
negative controls, we used samples precipitated without
antibody and samples immunoprecipitated with anti-
rabbit IgG (IgG whole molecule, Sigma-Aldrich, Czech
Republic, #A-4914). Immunoprecipitation reactions were
performed overnight at 4 °C. Histone-DNA immuno-
complexes were incubated for 2 h at 4 °C with protein A
agarose beads and washed with appropriate buffers as
the manufacturer (buffers
purchased from Millipore; #17-295). Elution was
performed in 0.1 M NaHCO; with 1 % SDS. Histone-
DNA crosslinks were released by incubation for 6 h at
65 °C. ChIP-DNA was isolated using the QIAamp®
DNA Mini kit (QTAGEN; #51304) and used for PCR.
Primers used to detect ribosomal genes have been

recommended by were

previously described (Hordkova et al. 2010).

Nucleolar organizer regions (NORs) staining

Cells were treated for 15 min with 75 mM KCI
at 37 °C, fixed with methanol/acetic acid mix (3:1), and
placed at —20 °C for 30 min. Cell nuclei were spread on
microscope slides and dehydrated in 70 %, 80 %, and
96 % ethanol (cooled at —20 °C) for 1 min each. Nuclei
were stained for 30 min in the dark, and the following
mixtures were used for staining: mixture A (2 % gelatin
dissolved in double distilled water [ddH,O] and 1 %
formic acid) and mixture B (50 % AgNO; dissolved in
ddH,0). Mixture A and B were diluted at a 1:2 ratio.
Nuclei were stained for 15 min using Eosin Y solution
(Sigma-Aldrich;  #HT110180).  Specimens  were
dehydrated for 1 min in 96 %, 80 %, and 70 % ethanol
at room temperature. Cells were mounted in Vectashield
mounting medium (Vector Laboratories; #H-1000) and
analyzed using a Leica SP5 X confocal microscope.
Morphology of silver (Ag) stained NORs was inspected
under transmission light.

F-actin filament visualization after treatment with
CARM1 modulators

F-actin, as a protein of cytoskeleton, was
visualized by FITC-conjugated phalloidin (#P5282;
Sigma-Aldrich, Czech Republic).

Statistical analysis

For statistical analysis we used Student’s t-tests,
calculated by the Sigma Plot software (version 13.0;
Jandel Scientific). As statistically significant differences
between parameters measured in control and treated cells
we considered values at p<0.05. Significantly decreased
values from control samples are marked by asterisks (*);
increased values are pointed out by sign (#). Student’s
t-test was performed for statistical analysis.

Results

Effects of CARMI modulators on cell growth and
cytoskeleton morphology

Cell lines were treated with appropriate
concentrations of the CARMI activator (EML159,
Fig. 1Aa) or CARMI inhibitor (ellagic acid, EA,
Fig. 1Ab), which were verified by cell counting after
1Ba-c). The
concentrations of CARMI1 modulators were selected

exposure to selected treatments (Fig.

according to reduced cell numbers shown in Figure
1Ba-c. Studies were performed in non-treated mESCs
(Fig. 1Ba), iPSCs (Fig. 1Bb), and hESCs (Fig. 1Bc), and
after treatment with CARMI modulators.
experiments, EA reduced cell numbers in all cell types
studied (Fig. 1Ba-c). By Western blots we tested if
CARMI1 modulators have ability to change the levels of
corresponding histone post-translation modification. For

In these

these analyses we selected asymmetric H3R17me2. We
found that after EA treatment, level of H3R17me2 is
decreased in hESCs (compare panels in Fig. 1Ca-d and
quantification in panels Fig. 1Da-c).

Surprisingly, neither epi-drugs affected the
morphology of cytoskeletal components, such as F-actin
filaments (Fig. 2A-C), suggesting very low cytotoxic
effects of drug concentration used. We used this analysis
because many cytotoxic drugs, including modulators of
epigenetic processes, affect cell morphology and induce
apoptotic  events  (characterized by pronounced
morphological changes, also well visible in cytoskeleton).
Intriguingly, cell morphology was not affected by cell

treatment with EA or EML (Fig. 2A-C).



2015 Epigenome of Stem Cells Affected by CARM1 Modulators 773

a s MW
EML159 394.42
b . 33807
Ellagic Acid
Dihydrate
_O. O
H H H H
B Cell growth
a - b
% mESCs - D3 cell line " iPSCs - WP5 cell line
E 14 D3 control # ? 16 WP5 control #
0 B D3 EML 3 B wps EML
S 12 |{ Mpsea @) 14 | g1 wes EA
210 =
[ =10
o 8 [
s o8
[ 6 O ¢
F- S 8,
S 2 * E 3
= NEET NE - 2, = *
24h 48h 24h
treatment treatment treatment treatment
¢ C
hESCs - CCTL-017 cell line a 5, 0%
—_ 8 ‘“Esc )
E 7 [N hESCs control
= B hESCs EML N
‘= 6 ||M hEscsEA o @@@?’
25 [®@ e H3R17me2a
84 (17kDa)
It
23 [@® @»] H3 (17kDa)
22
€1 3
= * 5
z, o, '\PS!WP
24h —
treatment treatment o Qﬁ@?’

D H3R17me2a
4 H3R17ME2/MESCs H3R17me2/iPSCs (17kDa)
e ittb H3 (17kDa)

H ; i ~
" [ EML EA s c EML EA é\' v.
H3R17me2 / hESCs o Q/ Q,
inle
i - H3R17me2a
i (17kDa)
H H3 (17kDa)
i
) c EML  EA

Fig. 1. Chemical formulas of CARM1 modulators and their effects on stem cell growth. Chemical formulas of (Aa) CARM1 activator
(EML159) or (Ab) CARM1 inhibitor (ellagic acid dihydrate; EA). (B) Cell numbers measured by the TC10 (BioRad) automated cell
counter in (@) mESCs (D3 cell line), (b) iPSCs (WP5 cell line), and (c) hESCs (CCTL-017 cell line). After seeding, cells were cultured for
24 h, then CARM1 modulators were added, and cell numbers were counted after 24 and 48 h after addition of CARM1 modulators.
(C) Western blot data showing the levels of asymmetric H3R17me2 in (a) mESCs, (b) iPSCs, and (c) hESCs. Normalization of entire
H3R17me2 to H3 levels in control, EML and EA-treated cells is shown in panels (Da-c). Data in panels Ba-c and Da-c show the
mean + standard errors (SE). Significantly decreased or increased values in panels Ba-c are shown by asterisks (*) or by sign (#) at
p<0.05.
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CARMI1 modulators caused changes in
of pluripotency markers

We next examined the effect of EML159 or EA
on the levels of selected proteins studied by western
blots. We analyzed the following proteins: OCT4,
NANOG, an endoderm-like differentiation marker
(Endo-A), proteins of nucleolus (fibrillarin or UBF1/2)
and cytoskeletal protein o-tubulin as reference protein
(Fig. 3A-D). We observed different trends in protein
levels in the three cell lines tested (mESCs, mouse iPSCs,
and hESCs) after treatment with the two CARMI
modulators (Fig. 3A-D). For example, particularly in
iPSCs, EA decreased the levels of the pluripotency
markers, OCT4 and NANOG, whereas the levels of these
proteins increased after EML159 treatment. In mouse
ESCs, treatment by EML159 decreased OCT4 and
NANOG levels, which was accompanied by an increased
level of Endo-A (Fig. 3Da-c, data normalized to a-tubulin
are shown; average values from three independent
Supplementary
Fig. 1A-C). Similarly, NANOG level was reduced, while
Endo-A level was increased in hESCs affected by
EMLI159 (Fig. 3Db, c; Supplementary Fig. 1B. C). OCT4
levels we also studied by immunofluorescence and this

biological replicates are shown in

experimental approach confirmed a reduced level of
OCT4 protein in iPSCs treated by EA, but not by

EMLI159 (see representative images in Fig. 4). The same
was observed for mESCs and hESCs (not shown).
Proteins of nucleolus were also affected by
CARMI1 modulators: Increased level of fibrillarin was
found in iPSCs after EML159 treatment and in hESCs
fibrillarin level was enhanced after both EML159 and EA
treatment (Fig. 3Dd, data normalized to a-tubulin are
shown; Supplementary Fig. 1D). UBF level was
increased in mESCs after EML159 treatment and in
iPSCs after EA (Fig. 3De), while decreased levels of
UBF were found in iPSCs after EML159 treatment and in
hESCs treated by both EML159 and EA (Fig. 3De, data
were normalized to a-tubulin levels; Supplementary

Fig. 1E).

in nucleoli after treatment with CARMI
modulators

Changes

Nucleoli function is predominantly related to
transcription of ribosomal genes, which ensures synthesis
of ribosomal sub-units. Three compartments can be
recognized in the nucleolus: the fibrillar centers (FC), the
dense fibrillar components (DFC), and the granular
component (GC) (Koberna et al. 2002). Because the main
protein of the FC is fibrillarin, we recognized nucleoli of
mESCs, iPSCs, and hESCs according to the pattern of
fibrillarin, visualized by immunofluorescence (Fig. 5A).
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We analyzed the nuclear pattern of fibrillarin in
parallel with asymmetrically di-methylated arginines of
all proteins. We observed a high level of arginine di-
in control and EMLI159-treated hESC

nucleoli (Fig. 5A, white arrows indicate nucleoli).

methylation

However, EA remarkably reduced the levels of all
asymmetrically di-methylated proteins in fibrillarin-
positive regions of nucleoli (see white arrow in Fig. 5A,
EA). For
immunofluorescence staining without primary antibody

panel  for control, we performed
and this experimental approach showed negative results
in comparison with samples incubated with primary
antibody against asymmetric arginine dimethylation
(Fig. 5B).

As mentioned above, by performing quantitative
western blots, especially in iPSCs and hESCs, we
observed increased levels of fibrillarin, particularly after
EML159 treatment (Fig. 3Dd; Supplementary Fig. 1D).

we additionally analyzed

To wverify these results,

fibrillarin-positive regions of nucleoli by
immunofluorescence (Fig. 5A). Quantification of
fluorescence intensity of immunostained nuclei or

nucleoli is always problematic because of different
fluorescence intensity in various regions on microscope
slides. Therefore, instead, we measured diameter of
nucleoli in control, EML or EA treated cells. We found
a reduced diameter of nucleoli in EA treated hESCs, but
no changes were observed in D3 mESCs (Fig. 5C).
Conversely, an increased diameter of nucleoli was found
when iPSCs were treated by EML (Fig. 5C). Together,
EML and EA did not change the level of fibrillarin in
mESCs, but EML increased the level of fibrillarin in
iPSCs and both EML and EA increased the level of this
protein in hESCs (Fig. 3Dd). Comparing this with the
level of asymmetric H3R17me2 (Fig. 1Ca-c, Da-c),
trends were different. Thus, we can only summarized that
there is no link between fibrillarin and H3R17me2 levels
(Fig. 1C, D, Fig. 3Dd, Supplementary Fig. 1D).

and epigenetics
changes selected CARMI
modulators, we additionally used ChIP-PCR to study
asymmetric H3R17me2 in ribosomal genes. We studied
rDNA promoter and rDNA encoding 28S rRNA. By

these experiments we confirmed that EA has ability to

Because of morphological

induced in nucleoli by

affect compartment of nucleoli: EA reduced asymmetric
H3R17me2 in tDNA promoter and rDNA encoding 28S
rRNA (Fig. 6A, quantification in B). The direct effect of
EA on nucleoli was also confirmed by analyzing
morphology of AgNORs (Fig. 7A-C). In particular, in
human ES cells, nucleoli were compact after EA
treatment compared to non-treated cells (Fig. 7C). In
contrast, morphological changes of nucleoli, induced by
EML, were only observed in mESCs, D3 cell line
(Fig. 7B). These data unambiguously identify EA as
a potential modulator of nucleolar morphology and
histone H3 arginine methylation in nucleoli, and thus, in
ribosomal genes. It is likely that EA has ability to affect
the epigenome as well as the function of the main
nucleolar components, the ribosomal genes. These data
are corroborated by the observation that similar AgNORs
morphology (condensation of AgNORs) was observed
after EA treatment as well as after inhibition of RNA
polymerase I using actinomycin D (compare Fig. 7C and
7D).

Nuclei

OCT3/4

overlay

-iPSCs

WP5

CONTROL

.
1llm
. =

WP5 - iPSCs

EML 159

WP5 - iPSCs

Fig. 4. Nuclear pattern of OCT4 in iPSCs treated with CARM1
modulators. Using immunofluorescence and confocal microscopy,
OCT4 (green) levels were visualized in iPSC nuclei (blue). These
cells were treated with EML159 or EA and effects of CARM1
modulators on OCT4 morphology were compared with
morphology non-treated control cells. Image acquisition was
performed using a Leica SP5 X confocal microscope.
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Fig. 5. Pattern and density of proteins with asymmetrically-di-methylated arginines in human ESCs and morphology of nucleoli.
(A) Pan-arginine di-methylation (green) was studied in nucleolar compartments visualized using the fibrillarin antibody (red) in human
ESCs (line CCTL-017) (blue). Nucleoli are shown by arrows. Human ESCs were treated with EA or EML159. Pan-arginine di-methylation
and nucleoli were also visualized in non-treated control cells. Image acquisition was performed using confocal microscopy. (B) Negative
control staining in an absence of primary antibody (secondary antibody was conjugated with Alexa 488) is shown. This was compared
with positive control staining by antibody against dimethylation of all protein arginines (anti-ASYM24; #07-414, Millipore) (green). Cell
nuclei were visualized by DAPI staining (blue). (C) Diameter of nucleoli after the cell treatment by EA or EML compounds in comparison
to control non-treated cells. Measurement was performed in hESCs, mESCs and iPSCs. Data are shown as mean + standard errors (SE).
Significantly changed values at p<0.05 are shown by asterisks (*). Student’s t-test was performed for statistical analysis.
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Fig. 6. Asymmetric H3R17 di-
methylation levels were examined in
non-treated hESCs and these cells
treated with EML159 or EA. (A) ChIP-
PCR was used and the promoter of
ribosomal genes (rDNA) and rDNA
encoding 28S rRNA was studied. “NC”
indicates negative control and “C”
indicates control non-treated cells.
(B) Quantification of ChIP-PCR results
from panel A. Asterisk (*) denotes
significantly ~ different data from
control values at p<0.01 as
determined using Student’s t-tests
(Sigma Plot software, version 13.0;
Jandel Scientific). For ChIP-PCR,
following antibody was used: anti-
histone H3 asymmetric R17me2 (ChIP
grade; #ab8284, Abcam).

Fig. 7. Morphology of AgNORs after
cell treatment with CARM1
modulators. AgNORs (black) were
studied in (A) iPSCs (WP5), (B)
mESCs (line D3), (C) hESCs (line
CCTL-017), and (D) hESCs after
treatment with the RNA polymerase I
inhibitor actinomycin D. AGQNORs were
visualized in control non-treated cells
and cells exposed to EML159 or EA
epigenetic modulators. AQNORs were
well visible under transmitted light as
black regions inside the cell nuclei
(gray). Visualization was performed by
a wide field microscopy.
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Discussion

Nuclear events can be modified by small
molecular compounds that influence the activity of
histone-modifying enzymes. Histone deacetylases
(HDACS) inhibitors, as well as inhibitors of PRMTI1
arginine methyltransferase, alter nuclear morphology and
nuclear protein kinetics (Bartolini et al. 2005, Gilchrist et
al. 2004, Stixova et al. 2011, Suchankova et al. 2014).
“Epi-drugs” could therefore be of clinical significance,
particularly in light of emerging therapeutic interventions
targeting the epigenome. In fact, HDACSs inhibitors,
which target genes involved in cell cycle regulation,
apoptosis, and replication, have already shown
therapeutic promise, particularly in anti-cancer therapy
(Chen et al. 2011, Marks 2010, Peart et al. 2005).
Additionally, small molecule inhibitors of acetylated
histone lysines by BET family proteins had significant
effects in pre-clinical models, and could lead to the
identification of new anti-leukemia drugs (Wyspianska et
al. 2014). Thus, analyses of the effects of epi-drugs on
cell growth and the induction of apoptosis and gene
expression represent the first steps before testing in
animal models and subsequent clinical trials (Legartova
et al. 2013, Wyspianska et al. 2014).

Here, we support the conclusions on the
of CARMI
pluripotency. This summary is based on our observation
on reduced OCT4 or NANOG levels and increased
CARMI

(Fig. 3A-D). This trend was observed in many events

importance function for stem cell

expression of Endo-A after modulation
tested and this is in agreement with previous studies
showing that CARM1-mediated H3 arginine methylation
predisposes blastomere to contribute to the pluripotency
of cells in the inner cell mass. This CARMI functional
characteristics was found to be linked to a high level of
pluripotency factors, including NANOG and Sox2
(Torres-Padilla er al. 2007, Wu et al. 2009). Moreover,
we showed that CARMI inhibition by EA affects
This
intervention to epi-genome influenced not only AgNORs

nucleolar morphology in ES and iPS cells.

morphology, but also asymmetric di-methylation
(H3R17me2a), particularly in ribosomal genes (Figs 6
and 7). These data are congruent with the fact that
actinomycin D, a RNA polymerase I inhibitor, alters
nucleolar morphology in a similar manner to our
observations of EA-treated cells (Fig. 7A-D). For
example, a crescent-like shape of fibrillarin-positive

nucleolar regions appears after actinomycin D treatment

(Horakova et al. 2010) and a similar pattern of nucleoli or
condensation of AgNORs we observed after EA or
actinomycin D treatment of mESCs, iPSCs, and hESCs
(Fig. 7A-D). These morphological changes could be
associated with a reduced transcription of ribosomal
genes, which is consistent with the CARM1-inhibitory
effect of EA. Moreover, CARM1 is widely regarded as
a co-regulator of the expression of many protein-coding
genes (Chen et al. 1999, Purandare et al. 2008, Therrien
et al. 2009). Therefore, it is likely that CARM1 could
also regulate ribosomal gene transcription via H3R17
asymmetric di-methylation especially in the promoter
regions of ribosomal genes. Here, we demonstrate EA-
induced decrease in H3R17me2a in ribosomal genes
(Fig. 6A-B), which is an epigenetic sign of gene down-
regulation (Wu et al. 2009). Moreover, methylation of
non-histone proteins involved in transcription machinery
also contributes to global expression of protein-coding
genes (Chen ef al. 1999). Interestingly, this outcome also
agrees with a previous study reporting that CARMI1 also
methylates several splicing factors and potentially
regulates alternative pre-mRNA splicing (Cheng and
Bedford 2011). Therefore, our data contribute to the
statement that CARM1-related transcriptional and post-
transcriptional regulation is of immense biological

significance.

Conclusions

In summary, we showed for the first time that
modulation of CARMI activity affects the epigenetic
profile of ribosomal genes and morphology of nucleoli of
ES and iPS tested CARMI
modulators did not affect cytoskeleton, but significantly

cells. Interestingly,
changed pattern of nucleoli; especially AgNORs nuclear
pattern was affected by ellagic acid (Figs 5A and 7A-C).
This effect seems to be mostly demanding in tumor cells,
characterized by multiple nucleoli and aberrant
morphology of AgNORs (Derenzini 2000). Thus, our
observation shed a light on importance of CARMI
modulators and their effects on epigenome of ribosomal
genes as main compounds of nucleoli.
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