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Coactivator-associated arginine methyltransferase 1
(CARM1) is a positive regulator of the Cyclin E1 gene
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The Cyclin E1 gene (CCNET) is an ideal model to explore the
mechanisms that control the transcription of cell cycle-regulated
genes whose expression rises transiently before entry into S phase.
E2F-dependent regulation of the CCNET promoter was shown to
correlate with changes in the level of H3-K9 acetylation/methyl-
ation of nucleosomal histones positioned at the transcriptional
start site region. Here we show that, upon growth stimulation, the
same region is subject to variations of H3-R17 and H3-R26 meth-
ylation that correlate with the recruitment of coactivator-associ-
ated arginine methyltransferase 1 (CARM1) onto the CCNET1 and
DHFR promoters. Accordingly, CARM1-deficient cells lack these
modifications and present lowered levels and altered kinetics of
CCNE1 and DHFR mRNA expression. Consistently, reporter gene
assays demonstrate that CARM1 functions as a transcriptional
coactivator for their E2F1/DP1-stimulated expression. CARM1 re-
cruitment at the CCNET gene requires activator E2Fs and ACTR, a
member of the p160 coactivator family that is frequently overex-
pressed in human breast cancer. Finally, we show that grade-3
breast tumors present coelevated mRNA levels of ACTR and
CARM1, along with their transcriptional target CCNE1. All together,
our results indicate that CARM1 is an important regulator of the
CCNE1 gene.
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yclin E1 (CCNEL1) protein and mRNA levels are tightly regu-

lated as an endpoint of several regulatory pathways that are
critical for growth control and frequently altered in cancer cells (1,
2). CCNE]1 gene transcription is undetectable in Gy and G; phases
of the cell cycle, whereas it rises sharply during a narrow window of
time that precedes each entry into S phase. Several pieces of
evidence suggest that the periodic association of activators E2Fs—
and E2F-pocket protein complexes regulate CCNE] gene expres-
sion (3-18). E2F complexes bound to this gene were found to
recruit chromatin modifiers, including members of the SNF2-like
helicase family, type I histone deacetylases, the acetyltransferase
CBP/p300, the lysine methyl transferase SUVAR39H]1, and the
protein arginine N-methyltransferase (PRMT) 5 (7, 9-14, 17, 18),
suggesting that they foster periodic chromatin remodeling of the
CCNE] promoter region (11, 12, 14). Notably, repression of the
CCNEI gene in Gy-G; correlates with the methylation of H3-K9
and H4-R3 on a single nucleosome positioned at the transcriptional
start site (11-14). Conversely, the late G; activation of the CCNE1
gene correlates with decreased H3-K9 methylation and with en-
hanced H3/H4 acetylation of the same chromatin region (11-14).
Here, we reveal that this CCNE! proximal promoter region is
targeted by another histone arginine methyl-transferase, the type I
enzyme PRMT4 [coactivator-associated arginine methyltrans-
ferase (CARM1)] (19-25). PRMT4/CARMI1 was initially de-
scribed as a transcriptional coactivator of the p160 family of nuclear
receptor-associated factors (Src-1/NCoAl, GRIP1/TIF2/Src-2/
NCoA2, ACTR/AIB1/SRC-3/NCoA3) and with p300/CBP (19—
30). Consistent with this function, CARMI recruitment at nuclear
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receptor-responsive genes was found to coincide with their activa-
tion (23, 24, 26-29) and with histone H3-R17- and H3-R26-specific
methylations of their promoter region (23, 24, 26-29). More
recently, CARMI1 was also found to associate and cooperate with
p53, NF-«B and LEF1/TCF4 (29, 31, 32), suggesting that this
enzyme plays pleiotropic roles in cell proliferation and survival.
Here, we show that CARMI acts as a potent coactivator for the
CCNE] gene together with ACTR and through E2F sites. Accord-
ingly, we show that CCNE! gene expression is altered in CARMI-
deficient (30) and CARM]I-overexpressing cells, and we provide
data suggesting that CARM1, ACTR, and CCNE]I overexpression
might be linked in high-grade breast tumors.

Results

CARM1-Dependent Chromatin Modifications Are Growth-Stimulated
at the CCNE1 Promoter. Consistent with previous reports (11-14),
chromatin immunoprecipitation analysis of nucleosomal histones
positioned within the transcriptional start site region of the CCNE1
gene reveals that repression of this gene in Go-arrested Swiss3T3
cells is associated with the dimethylation on K9 of H3, whereas its
G1/S activation correlates with increased acetylation of this residue
(Fig. 1 A and B). In Gg-arrested cells, we also previously observed
that this region was associated with R3-methylated H4. Here, using
antibodies that recognize both mono- and dimethylated forms of
H4-R3, we extended this observation and found that these modi-
fications, ascribed to PRMT1 and PRMTS5, moderately decreased
at the G,/S transition. Interestingly, H4-R3 methylation coincided
with an accumulation of PRMTS5 on this promoter region in Gy cells
and an accumulation of PRMT1 in G4/S cells, suggesting that both
type II and type I PRMTs, successively contribute to this modifi-
cation. Aiming at identifying other PRMT-dependent marks
present on the CCNEI promoter, we detected greatly increased
levels of H3-R17 and H3-R26 methylation in late G;/S samples
(Fig. 1B), two modifications ascribed to PRMT4/CARMI. Con-
sistently, ChIP assays showed a clear coincidental CARM1 accu-
mulation on this promoter region in G/S cells (Fig. 1B). To
confirm CARM1’s involvement in these modifications, ChIP assays
were performed on mouse embryo fibroblasts (MEFs) lacking
CARM1 (CARMI1 /") (30). In these cells, H3-R17 and H3-R26
methylations were undetectable at the CCNET gene, whereas both
modifications were observed in control MEFs (WT) isolated from
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Fig. 1. Go-G1/S activation of CCNET coincides with the CARM1/PRMT4-

stimulated arginine-methylation of nucleosomal histones located at the CCNET
promoter. (A) Serum-starved (Go) Swiss 3T3 cells were stimulated by serum and
analyzed for progression into S by propidium iodide (PI) staining/FACScan anal-
ysis and for expression of CCNET mRNA by quantitative RT-PCR (Q-RTPCR). (B)
ChIP analyses of the mouse CCNET promoter with antibodies against PRMT1,
CARM1, PRMTS5, SP1, and modified histone residues. Formaldehyde-cross-linked
chromatin samples prepared from Ge-arrested and G1/S 3T3 cells were immuno-
precipitated with the indicated antibodies and analyzed by PCR for the presence
of mouse CCNET promoter fragment. PCR on gradually diluted (1, 0.1, 0.01) input
chromatin confirmed that equal amounts of materials were used. (C) ChIP anal-
yses of the mouse CCNET promoter by using antisera directed against arginine-
methylated histone H3 (H3R17me and H3R26me) and chromatin from exponen-
tially growing CARM1~/~ or control (WT, CARM1*/~) MEFs.

CARMI1 /" littermates (Fig. 1C). All together, these results indi-
cate a targeted recruitment of CARM1 at the transcription start site
region of the CCNE1 gene, after growth stimulation.

CCNE1 Gene Expression Is Impaired in CARM1-Deficient Cells. Con-
sistent with a role of CARMI1 in CCNE]I gene expression, CCNE1
mRNA levels were significantly lower (60%) in exponentially
growing CARM1~/~ primary MEFs than in CARMI-positive
MEFs (Fig. 24). A similar reduction of CCNE! transcripts was
observed in human U2Os cells transiently transfected with a
synthetic sSiRNA directed against CARM1 (33) that lead to a 3-fold
reduction in CARMI mRNA levels (Fig. 2B). Importantly, mRNA
levels of several other genes, exemplified here by Actin, (Fig. 1.4 and
B and data not shown) were found unaffected in the same cells,
suggesting that CARM1 is involved in the transcriptional control of
some, but not all, genes.

Considering that CCNET mRNA expression is temporally reg-
ulated during the first cell cycle after release from quiescence, we
also tested whether CARMI1 inactivation might have affected these
kinetics. Quiescent CARM1~/~ and control MEFs were stimulated
to reenter the cell cycle by serum addition and were analyzed for
CCNEI mRNA levels. As shown in Fig. 2C, both the rate and
kinetics of CCNEI mRNA-expression were altered in CARM1-
deficient cells, the latter showing a peak of CCNE1 expression with
a delay of 4 h compared with control cells.
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Fig. 2. CARM1 inactivation impacts on the level and timing of expression of
CCNET. (A) mCCNET mRNA levels in exponentially growing CARM1~/~ or control
(WT, CARM1+/~) MEFs were determined by Q-RTPCR on total RNA. Histograms
are the average of results obtained from two independent cell populations. (B)
siRNA-mediated CARM1 knockdown leads to a decrease in CCNET mRNA level.
Human U20s cells were transfected either with a scrambled control siRNA or
siRNA directed against human hCARM1 and analyzed 48 h later for hCCNET,
hCARM1, and hActin mRNA contents by Q-RTPCR. (C) Kinetics of expression of
mCCNET mRNA after serum restimulation of Go-arrested CARM1~/~ or control
(WT, CARM1+/~) MEFs. Serum-starved MEFs were incubated with high serum for
the indicated time, and mCCNET mRNA levels were determined by Q-RTPCR.

Collectively, these data support the notion that CARMI1 is
required for optimum activation and for proper timing of endog-
enous CCNE1 mRNA expression in mammalian cells.

CARM1 Acts as a Transcriptional Coactivator for the CCNET Promoter.
CARMI has been described as a potent coactivator of transcription
(19, 20). To evaluate its impact on CCNE! promoter activity,
reporter plasmids driven by the human CCNE! promoter (4) were
transfected in CARM1~/~ 3T3 or NIH 3T3 cell lines, along with
expression vectors for CARM1 and for the CCNE! activators, i.e.,
the activating E2Fs, (E2F1, E2F3a) and their partner, DP1.
CARMI increased both E2F-stimulated (Fig. 3.4 and C) and basal
(Fig. 34) transcription of the CCNE reporter. Both effects depend
on the presence of E2F sites in the CCNE! promoter, because a
promoter construct lacking these sites (4) was not stimulated by
CARMI1 (Fig. 34). Notably, this stimulatory effect was not ob-
served with CARM1-E/Q, a CARM1 mutant bearing a mutation
(E267Q) in the S-adenosyl-methionine-binding domain that im-
pairs its ability to methylate histones (Fig. 3B) (33). This indicates
that CARM1 enzymatic activity is required for full enhancement of
E2F-mediated CCNE! gene transcription. It is worth noting that,
during these assays, CCNEI reporter activity [relative luciferase
units (RLU) normalized to cotransfected B-gal activity] was always
significantly lower in CARMI1~/~ 3T3 cells than in CARMI-
positive NIH 3T3 cells (data not shown), suggesting that endoge-
nous CARMI also contributes to optimize CCNE] reporter acti-
vation. Consistent with this hypothesis, siRNA-mediated depletion
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Fig. 3. CARMT1 acts as an E2F-dependent coactivator on CCNET promoter. (A)

Ectopic expression of CARM1 stimulates the CCNET promoter and potentiates its
E2F/DP-dependent transactivation in CARM1~/~ cells. CARM1~/~ 3T3 cells were
transfected with a luciferase reporter gene driven by the WT human CCNE7
promoter (CycE1-luc) or the corresponding DNA bearing mutations within the six
E2F sites (CycE1AE2F-Luc), together with CMV-B-gal and combinations of expres-
sion vectors encoding E2F1, E2F3a, DP1, or CARM1, as indicated. Results are
expressed in relative luciferase units (RLU), normalized to B-gal. (B) CARM1
ectopic expression potentiates the transactivation of some, but not all, E2F1/
DP1-responsive promoters. NIH 3T3 cells were transfected with luciferase re-
porter genes driven by human CCNET promoter, human DHFR promoter, or
human CCND1 promoter, together with CMV-g-gal and vectors encoding E2F1,
DP1, CARM1, or an enzymatically inactive CARM1-E/Q mutant, as indicated. (C)
siRNA-mediated depletion of CARM1 inhibits the E2F1/DP1-dependent transac-
tivation of the human CCNET and DHFR promoters but not of the CCND1
promoter. U20s cells were transfected with the indicated luciferase reporters,
CMV-B-gal and E2F1/DP1, together either with scrambled control siRNA or
increasing amounts of siRNA directed against human hCARM1 and 48 h later
were analyzed for luciferase activity normalized to p-gal (RLU). (D) pRb-
associated E2Fs (E2F1, E2F2, and E2F3) are required for CARM1 recruitment and
H3R17 methylation at the CCNET gene in vivo. ChiIP analysis of the mouse CCNE1
promoter with antibodies to CARM1 and arginine-methylated histone H3
(H3R17me) was performed on chromatin samples prepared from exponentially
growing E2F1~/~E2F2~/-E2F3floxflox 48 h after infection either with Cre recombi-
nase (+Cre) or empty control (—Cre) retroviruses. Immunoprecipitated chromatin
samples were analyzed by PCR for mouse CCNET promoter fragment as in Fig. 1.

of CARMI resulted in a reduction of the E2F-driven activation of
the CCNE]I reporter gene in U20s cells (Fig. 3C).

Significantly, CARM1 was also found to have an impact on other
E2F-target genes. As shown in Fig. 3, ectopic expression or deple-
tion of CARMI had an effect on both E2F-stimulated and basal
transcription of two other reporter constructs driven by the DHFR
(Fig. 3B and C) and cdc6 (data not shown) promoters (34), i.e., two
other E2F-responsive promoters for which expression rises at the
G1/S transition. Accordingly, endogenous mRNA levels of DHFR
and cdc6 were significantly lower in CARMI siRNA-treated U20s
cells (Fig. 6, which is published as supporting information on the
PNAS web site). Moreover, as described for the CCNE! gene, ChIP
assays showed increased levels of CARM1, H3-R17me, and H3-
R26me at the DHFR promoter in late G;/S samples (Fig. 7, which
is published as supporting information on the PNAS web site).

However, not all described E2F-responsive promoters appear to
be sensitive to CARMI1; we observed that neither CARMI1 over-
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expression nor depletion had significant effects on the E2F-
stimulted or basal transcription of the CCNDI promoter (35) (Fig.
3 B and C).

To further explore the involvement of E2Fs in the recruitment of
CARMI at the CCNE]I gene in vivo, ChIP assays were performed
on cells deficient for the three pRB-associated E2Fs (15). CARM1
and H3-R17me associations with the CCNEI promoter region
were assessed in E2F1~/"E2F2~/"E2F3"" MEFs [i.e., E2F1~/
~E2F2~/~ knockout MEFs with a conditional (floxed) E2F3 allele]
(15) treated either with retroviruses coding for Cre recombinase
(36) or with control empty viruses. As shown in Fig. 3D, Cre-
mediated ablation of E2Fs resulted in significant, although uncom-
plete, reduction of the presence of CARM1 and H3-R17me with
this DNA region, providing additional evidence that E2Fs partic-
ipate to the recruitment of CARM1 at the CCNE1 promoter in vivo.

Finally, coimmunoprecipitation experiments performed on nu-
clear extracts showed that endogenous E2F1 was detectable in an
anti-CARM1 immunoprecipitate, indicating the existence of en-
dogenous complexes containing E2Fs and CARM1 (Fig. 44).

Thus, although much of the previous evidence for the involve-
ment of CARMI in transcription has come from studies involving
nuclear receptors and their p160 coactivators, our data suggest the
existence of an E2F-dependent recruitment of enzymatically active
CARMI to the CCNE] gene and to a subset of other E2F target
genes (29, 31, 32).

ACTR Recruits and Cooperates with CARM1 at the CCNE1 Promoter.
Taking into account that CARMI1 functional association with
transactivators have been described to occur either through direct
protein—protein interaction or through their common association
with platform proteins, we next tested whether CARMI1 interacted
directly or indirectly with E2F/DP factors. Using various sources of
recombinant CARM1 and DP1, E2F1, E2F3, and E2F4 proteins,
we repeatedly failed to detect such direct interaction in vitro. This
is illustrated by the experiment shown in Fig. 4B, in which recom-
binant GST-E2F1 protein failed to pull down in vitro translated
CARMI.

Nevertheless, E2F1 was recently found to interact with ACTR/
AIB1/SRC3/NcoA3 (18), a member of the p160 family of coac-
tivators for nuclear hormone receptors, and because other p160
family members were shown to directly interact with CARM1 in
vivo and in vitro (19-21), we hypothesized that ACTR might be
needed to recruit CARM1 to E2F1 complexes. Consistent with this
model, the addition of recombinant ACTR to CARMI1 triggered its
pull down by E2F1, providing evidence that an E2F1-ACTR-
CARML1 trimeric complex can form, at least in vitro. (Fig. 4B).
Importantly, coimmunoprecipitation experiments performed on
cellular extracts confirmed that endogenous ACTR, like E2F1, was
detectable in anti-CARMI1 immunoprecipitates (Fig. 44), indicat-
ing that these complexes might also exist in a cellular context. To
test whether ACTR might be involved in the recruitment of
CARM1 at the CCNEI gene in vivo, ChIP assays were performed
on cells treated with a selectable ACTR short hairpin RNA
(shRNA). Efficient shRNA-mediated depletion of ACTR mRNA
(Fig. 4C) and protein levels (Fig. 8, which is published as supporting
information on the PNAS web site) were obtained in U20s cells
and resulted in significant inhibition of CCNEI mRNA expression
(Fig. 4C), indicating that ACTR, like CARML, is required for full
expression of the CCNEI gene in these cells. ChIP assays per-
formed with antibodies directed against human ACTR and
CARM1 showed that both proteins are present at the human
CCNE] gene in this cell line (Fig. 4D, control shRNA-treated cells).
Significantly, associations of these two proteins and of methylated
H3R17 with this DNA region were strongly reduced in ACTR-
depleted cells (Fig. 4D), providing evidence that ACTR is required
to recruit CARMI1 at the CCNE! promoter in vivo.

To further define the functional relevance of this ACTR-
CARMI association for CCNE1 gene expression, a CCNEI pro-
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Fig.4. CARM1 and the p160 coactivator member ACTR/SRC3/AIB1 coop-
erate at the CCNET promoter. (A) Endogenous CARM1 coimmunoprecipi-
tate with E2F1 and ACTR. A fraction of the input HelLa cellular extract
(Input) and the proteins immunoprecipitated from this extract either by
a-CARM1 or control Ab (IgG) were probed for the presence of E2F1 (Lower)
or ACTR (Upper) by immunoblotting. (B) ACTR is required to detect an
association between CARM1 and E2F1 in vitro. Equivalent amounts of
GST-E2F1 proteins bound to beads (Bottom) were incubated with in vitro
translated (IVT) 35S-labeled CARM1 in the presence (+) or absence (—) of a
mixture of IVT unlabeled and 3°S-labeled ACTR protein. GST-E2F1-pulled-
down radiolabeled CARM1 (Top) and ACTR (Middle) proteins (P), and
unbound proteins in the supernatant (S) were visualized by autoradiogra-
phy. (C) ACTR is expressed in U20S and is required for CCNET mRNA full
expression. Shown is Q-RTPCR analysis of the human hACTR, hCCNE1, and
hActin mRNA levels in exponentially growing U20Os cells expressing either
shRNA directed against hACTR (15) or scrambled control shRNA. (D) ACTR
is required to CARM1 recruitment on the CCNET gene in vivo. ChIP analysis
of the human CCNET promoter with antibodies to CARM1, ACTR, or
modified histones (H3R17me and H4R3me) was performed on chromatin
samples prepared from U20s cells expressing either shRNA directed against
hACTR or scrambled control shRNA. Immunoprecipitated chromatin sam-
ples were analyzed by PCR for human a CCNET promoter fragment (hCE1).
(E) CARM1 and ACTR cooperatively stimulate the E2F1/DP1-mediated
transactivation of the CCNET promoter. 3T3 CARM1~/~ fibroblasts were
transfected with hCCNE1-luc and CMV-B-gal reporters, together with com-
binations of E2F1, DP1, CARM1, or ACTR, as indicated. Results are expressed
in RLU normalized to B-gal activity. (F) Cooverexpression of CARM1 and
ACTR leads to an up-regulation of the endogenous CCNET mRNA level. NIH
3T3 cells were transfected with a plasmid encoding a puromycin-resistance
gene (pBABEpuro), together with combinations of expression vectors en-
coding CARM1 or ACTR, as indicated. After 4 days of selection in the
presence of puromycin, transfected cells were analyzed for mCCNET mRNA
contents by Q-RTPCR.
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Fig. 5. Codistribution of ACTR/SRC3/AIB1, PRMT4, and CCNE1 mRNA expres-
sion levels in breast tumors. RNA samples from 81 human breast tumors were
analyzed for mRNA levels of these genes by normalized Q-RTPCR and ordered in
three groups according to SBRgrades 1, 2, and 3. Distribution of mRNA expression
values for the three genes and for a given grade are shown as box plots. The line
in the center of each box represents the median value of the distribution, and the
upper and lower ends of the box are the upper (25th) and lower (75th) quartiles,
respectively. The whiskers show the minimum and maximum data values.

moter reporter construct was transfected in U20s, NIH 3T3 (data
not shown), or CARM1~/~ 3T3 cells (Fig. 4E), together with E2F1,
DP1,hACTR, and CARMI. In the absence of the ACTR construct,
the results were essentially the same as those described in Fig. 3, i.e.,
CARMI acted as a potent coactivator of the E2F-driven induction
of the CCNET reporter. Significantly, this synergistic activation was
enhanced upon cotransfection of ACTR and CARMI, suggesting
that these two factors cooperate to coactivate the CCNE! gene (Fig.
4E). Interestingly, when performed in CARM1~/~ cells, this re-
porter gene assay also revealed that ACTR alone did not coactivate
E2F1-stimulated transcription of the CCNE]I reporter gene (Fig.
4F), suggesting that ACTR requires CARMI1 to function as a
coactivator of the CCNE! gene.

Accordingly, we also observed, that endogenous CCNET mRNA
levels were significantly increased in 3T3 mouse fibroblasts trans-
fected and drug-selected to cooverexpress hACTR and CARMI,
whereas this increase was barely detectable in cells transfected with
either hACTR or CARMI1 alone (Fig. 4F).

Alltogether, these data strongly suggest that CARM1 is recruited
by ACTR at the CCNET gene, where they cooperate to enhance its
E2F1-mediated transactivation.

Coincidental Expression of ACTR, CARM1, and CCNE1 in Breast Tumors.
Having shown the direct impact of CARM1 and ACTR overex-
pression on CCNEI gene expression in cultured cells, we next
investigated whether the expression levels of CARMI1 and ACTR
might help to explain CCNE! overexpression observed in various
tumors (1, 2, 37). In a pilot screen, we addressed this question in
breast tumors, in which CCNE1 overexpression is frequently ob-
served in tumors of high grade and of high proliferation index
(37-39). Likewise, ACTR/AIBI /SRC-3, is frequently amplified and
overexpressed in human breast cancers of various grades (40, 41).
mRNA expression levels of CCNE1, ACTR, and CARMI were
monitored by quantitative RT-PCR (Q-RTPCR) in a cohort of 81
human breast carcinomas of various types (42) that were ordered
in three groups according to their Scarff-Bloom and Richardson
(SBR) grades 1, 2, and 3. This analysis revealed a clear codistribu-
tion of the mRNA levels of the three genes, notably in grade-3
tumors that showed coelevated mRNA levels of ACTR and
CARM], along with their transcriptional target, CCNEI (Fig. 5).

Discussion

In earlier studies, we revealed that nucleosomes positioned in the
transcription start site region of the CCNE1 gene were undergoing
cell cycle variations in histone acetylation and methylation that
correlate with CCNEI expression (11, 12, 14). Here, we found that
the same regulatory region interacts with nucleosomes methylated
on H3-R17 and H3-R26. Methylation of histones by PRMTs is
increasingly being found to play an important and dynamic role in
gene regulation (19, 20). Thus, PRMTS, a type Il PRMT, was shown
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to catalyze histone H4 mono- and symmetrical N°,N¢-dimethyl-
arginine methylation and was found to coincide with gene repres-
sion, in particular of the CCNE! gene (14, 43). In contrast, PRMT1
and CARM1, two type I PRMTS, have been proposed to play a role
in gene activation and were shown to catalyze mono- and asym-
metrical N9 N¢-dimethylarginine methylation on histone H4 (R3)
and H3 (R2, R17, and R26), respectively (19, 20). Our ChIP assays
clearly show that CARMI is present at the CCNEI proximal
promoter and that its recruitment increases during the Gy to G;/S
progression, coinciding with enhanced levels of H3-R26 and H3-
R17 methylation. Accordingly, these modifications of nucleosomes
positioned at the start site region of the CCNE1 gene are unde-
tectable in CARM1~/~ fibroblasts, indicating that CARM1 is the
major or sole enzyme responsible for the serum-stimulated meth-
ylation of H3R26 and H3R17 in this promoter region. Consistent
with a role for this enzyme in endogenous CCNE! gene activation,
we found decreased CCNEI mRNA levels in CARM1~/~ MEFs
and in CARMI1 siRNA-depleted U20s cells. Accordingly, reporter
gene assays showed that CARMI acts as a potent transcriptional
coactivator of the CCNE! gene and of other G;/S-regulated genes
(DHFR, cdcb6), together with E2F/DP and by way of the E2F sites
present in these promoters. This result is consistent with recent
reports showing that the CARMI transcriptional coactivating func-
tion is not restricted to nuclear receptors, but that it also associates
and cooperates with p53, NF-«B, and LEF1/TCF4 (29-31). Thus,
this ubiquitously expressed enzyme is likely to have a more pleio-
tropic function than was originally thought, notably in the control
of the cell cycle and survival. Consistent with this hypothesis, mouse
embryos with a targeted disruption of CARM1 are small in size and
die perinatally (30). Moreover, in agreement with its role in CCNE1
gene expression during cell cycle reactivation (from Gy to S phase),
we observed that CARM1~/~ MEFs have altered capacity to
reenter the cell cycle from quiescence, whereas they grow as fast as
WT cells when they are maintained in high serum and exponentially
growing conditions (Fig. 9, which is published as supporting infor-
mation on the PNAS web site). Interestingly, this phenotype
resembles that of MEFs genetically null for CCNE genes (44).

Our data suggest that CARMI1 does not directly interact with
activator E2F/DP proteins. Consistent with what was observed with
nuclear receptors, its recruitment to E2F in vitro and to the CCNE1
proximal promoter in vivo seems to require the presence of a
member of the p160 family of coactivators, ACTR. Accordingly,
ChIP analyses indicate that ACTR, like CARM], is associated in
vivo with the proximal promoter region of the CCNET gene. This
result is in agreement with a recent report showing that, in estrogen
receptor-negative breast cancer cells, ACTR associates specifically
with E2F and potentiates its activity on target genes, including
CCNE] (18). Interestingly, our reporter assays indicate that ACTR
overexpression does not potentiate the E2F-mediated activation of
the CCNE1 promoter in CARM1~/~ cells, suggesting that CARM1
and ACTR are part of the same coactivator complex whose effector
activity is carried out by the arginine methyl-transferase activity of
CARMI.

The fact that CARM1-mediated H3R26 and H3R17 methyla-
tions increase at the CCNEI and DHFR proximal promoters and
coincide with their expression in G;/S cells suggests that these
chromatin modifications are, at least in part, responsible for the
ACTR/CARMI-positive effects on the transcription of these
genes. However, the molecular mechanism by which arginine
methylation of histones by CARMI contributes to chromatin
remodeling and transcription remains unknown. Thus, although
recent reports clearly demonstrate that histone H4 modification by
PRMT1 is essential both in vivo and in vitro, for many subsequent
histone modifications (29, 45), this remains unclear for CARMI1-
mediated histone modification on H3. Recent reports provide
evidence that CARM1-mediated methylation occur after acetyla-
tion and PRMT1-mediated methylation (27, 29, 45), suggesting a
role for CARMI in the reinforcement or stabilization of the
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transcriptional response rather than in its initiation. Consistent with
this model, our ChIPs show that PRMT1 also is present at the
CCNE]I promoter in Gy/S cells. Methylation of non-histone pro-
teins by CARM1 might also be involved in CCNE! gene activation.
Indeed, several nuclear proteins are methylated at various stages of
gene regulation, namely, transcription initiation and elongation,
splicing, and mRNA transport (19, 20, 46). Notably, CARM1 was
shown to methylate and modulate the transcriptional activity of the
acetyltransferases CBP/p300 (33, 47), factors that have been de-
scribed as potent coactivators of the CCNEI gene at the G/S
transition (13). Interestingly, CBP/p300 can also associate with the
p160 platform protein family, including ACTR (20, 23, 26). Thus,
the G;/S activation of the CCNEI gene may depend on the
recruitment of a CBP/p300-ACTR-CARMI coactivator complex
by E2Fs or E2F-associated factors at the proximal promoter region
of the CCNE1 gene, where possibly it would trigger chromatin
modifications compatible with transcription.

Our findings that CARM1 overexpression increases endogenous
CCNEI mRNA levels led us to speculate that increased level of this
enzyme could be involved in the aberrant CCNEI and other
E2F-stimulated gene expression observed in various types of tu-
mors. The increased level of cyclin E1 protein likely accelerates
tumor progression through multiple mechanisms, including in-
creased proliferation, alteration of the fidelity of DNA replication,
increased genetic instability, and tumor suppressor inactivation (1,
2,37-39). In particular, deregulated expression of the CCNE! gene
has been correlated with aggressive tumor characteristics in high-
grade breast cancer (37-39); the hazard ratio for this type of cancer
being lethal is >10 times higher for patients with high total cyclin
El protein levels compared with those with low cyclin E1 levels
(39). This overexpression is likely to result from various alterations,
including an inactivation of the Rb pathway, which leads to the
up-regulation of the CCNEI promoter activity (1, 2, 38). However,
it is possible that coactivators, such as ACTR and CARMI, also
participate in this process. Thus, ACTR/AIB1 is amplified and/or
overexpressed in various carcinomas, including 30% of breast
tumors of various grades, where it affects both estrogen-receptor-
and E2F-dependent transcriptions (18, 40, 41). Similarly, CARM1
was recently found to be overexpressed in androgen-independent
prostate carcinomas (48). Here, we conducted a pilot experiment
on breast tumor specimens of various grades and found cooverex-
pression of CCNE1, ACTR, and CARM1 genes in grade-3 tumors.
Although one should be cautious in the interpretation of this type
of multivariate models, this result, together with functional evi-
dence showing that CARM1 and ACTR belongs to the same
transcriptional complex, supports the notion that cooverexpression
of these factors might play an important role in the aberrant CCNE1
expression observed in aggressive tumors.

In conclusion, we identified the type I arginine methyl-
transferase CARMI as an important positive regulator of the
CCNEI gene.

Collectively with our earlier report showing that a distinct
PRMT, the type II PRMTS, is a negative regulator of the CCNE1
gene (14), these results open previously undiscovered directions
that aim to evaluate the role of these enzymes and of protein
methylations in cell proliferation and oncogenesis.

Materials and Methods

Cell Culture, siRNA and shRNA Transfections, and Reporter and Pro-
liferation Assays. All cells were cultured in DMEM with 10% FBS.
Mouse fibroblasts were rendered quiescent by incubation in
DMEM containing 0.1% FBS for 48 h. For reporter gene assays,
exponentially growing cells plated in six-well plates were transfected
with a total of 1.5 ug of indicated plasmids by using lipofectamine
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Luciferase and B-gal activities were measured on 1 X
105 cells as described in refs. 8 and 14. siRNA-mediated depletions
of human CARMI1 and ACTR in U20S cells were obtained as
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described in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site, by transfection
(oligofectamine; Invitrogen) of 1 X 10° cells with 50 pmol of
double-stranded synthetic oligonucleotides whose sequences are
described in Supporting Materials and Methods (Eurogentec, Brus-
sels, Belgium).

CMV-driven expression constructs for full-length CARMI,
ACTR, E2F1, DP1, and DHFR-, CCNDI1-, and human CCNE]1-
luciferase reporter constructs have been described elsewhere (4, 8,
14, 18, 33, 34, 35).

ChIP Assays. Swiss 3T3, WT MEFs, CARM1~/~, E2F1/~E2F2~/~
E2F3% or U20s cells were used for ChIP and processed essentially
as described in refs. 12 and 14. Removal of the E2F3 alleles of
E2F1~/~E2F2~/~E2F3"f MEFs (15, 16) was achieved by infecting
cells with retrovirus particles encoding a “self-excising” CRE
recombinase (36) and was used for ChIP 2 days later. Chromatin
was immunoprecipitated with histone tail-specific modifications
antibodies (#06942, #07213, #07214, #07215, #07404, #07080,
#07405, and #07212; Upstate Biotechnology, Lake Placid, NY),
a-CARM1 (#07080; Upstate Biotechnology), a-PRMT1
(AB7027; Abcam, Cambridge, MA), o«-PRMTS5 [mix of
BD#611539 (Becton Dickinson, Erembodegem, Belgium) and
#07405 (Upstate Biotechnology)], a-SP1 (sc59; Santa Cruz Bio-
technology, Santa Cruz, CA) and anti-ACTR/AIB1 (BD#611105;
Becton Dickinson). The immunoprecipitated DNA was analyzed by
PCR for the presence of fragments corresponding to the transcrip-
tion start site region of the mouse CCNEI, mouse DHFR, human
CCNE]1, or human CCNDI genes by using primers whose sequence
is listed in Supporting Materials and Methods.

RNA Isolation and Q-RTPCR Analysis. Total RNA was isolated from
cells by using the High Pure RNA isolation kit (Roche, Meylon,
France). Reverse transcription was performed by using the MMLV
reverse transcriptase (Invitrogen) and random hexamers.

All these steps were performed as described in ref. 40.
Quantitative PCR parameters are available from the authors
upon request. Target gene quantities were normalized to S26 and
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RPLPO RNAs. Primers to amplify human DHFR and hcdc6
genes are described elsewhere (14, 18, 34).

Coimmunoprecipitation Assays. GST-E2F1 pull down assay was
performed as described in ref. 18 in the presence of S¥-labeled in
vitro translated (TNT; Promega, Madison, WI) full-length ACTR
(18) and CARM1 (33). Coimmunoprecipitations of endogenous
CARMI1 with E2F and ACTR were performed on HeLLa whole cell
extracts by using a rabbit polyclonal a-CARM1 Ab (49) for
immunoprecipitations and «-E2F1 Ab (C20#sc193; Santa Cruz
Biotechnology) and a-ACTR Ab (BD#61104; Becton Dickinson)
for immunoblotting.

Tumor Samples and Clinical Material. Eighty-one untreated breast
tumor samples were obtained from the pathology department at the
Val d’Aurelle Cancer Center of Montpellier (Centre Régional de
Lutte Contre le Cancer, Montpellier, France) (39). Tumor biopsies
were snap-frozen in liquid nitrogen upon surgical removal and
stored at —80°C until RNA extraction. The tumor cohort was
composed of 73% invasive ductal carcinoma, 13% invasive lobular
carcinomas and 14% of invasive adenocarcinoma and breast car-
cinomas of unspecified type. The mean age of the patient was 58.
Tumors were mostly SBR grades 2 and 3 (46% and 35%, respec-
tively), whereas 16% were grade 1.

Distribution of mRNA expression values for CARM1, CCNE],
and ACTR genes, according to SBR grades, were organized as
box plots.
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