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E2F transcription factors are implicated in diverse cellular

functions. The founding member, E2F-1, is endowed with

contradictory activities, being able to promote cell-cycle

progression and induce apoptosis. However, the mechan-

isms that underlie the opposing outcomes of E2F-1

activation remain largely unknown. We show here that

E2F-1 is directly methylated by PRMT5 (protein arginine

methyltransferase 5), and that arginine methylation is

responsible for regulating its biochemical and functional

properties, which impacts on E2F-1-dependent growth

control. Thus, depleting PRMT5 causes increased E2F-1

protein levels, which coincides with decreased growth rate

and associated apoptosis. Arginine methylation influences

E2F-1 protein stability, and the enhanced transcription of a

variety of downstream target genes reflects increased

E2F-1 DNA-binding activity. Importantly, E2F-1 is methy-

lated in tumour cells, and a reduced level of methylation is

evident under DNA damage conditions that allow E2F-1

stabilization and give rise to apoptosis. Significantly, in a

subgroup of colorectal cancer, high levels of PRMT5 fre-

quently coincide with low levels of E2F-1 and reflect a poor

clinical outcome. Our results establish that arginine

methylation regulates the biological activity of E2F-1

activity, and raise the possibility that arginine methylation

contributes to tumourigenesis by influencing the E2F

pathway.
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Introduction

E2F is a complex family of transcription factors implicated in

different cell fates, including proliferation and apoptosis

(Stevens and La Thangue, 2003; Frolov and Dyson, 2004;

Polager and Ginsberg, 2008; van den Heuvel and Dyson,

2008). The first family member identified, E2F-1, physically

interacts with the retinoblastoma tumour suppressor protein

pRb, which negatively regulates E2F-1 activity (Bandara and

La Thangue, 1991; Zamanian and La Thangue, 1992;

Weinberg, 1995; Stevens and La Thangue, 2003; Frolov and

Dyson, 2004). While it has been established that E2F-1

promotes proliferation and therefore is potentially oncogenic,

it has also become clear that E2F-1 is endowed with apoptotic

activity (Polager and Ginsberg, 2008; van den Heuvel and

Dyson, 2008). Thus, many E2F target genes are connected

with apoptosis (Ren et al, 2002), and in Rb�/� mice the

enhanced level of tissue-specific apoptosis reflects deregu-

lated E2F-1 activity (Tsai et al, 1998; Iaquinta and Lees,

2007). Further, E2F-1�/� mice suffer from an increased

incidence of tumours, which is consistent with a role for

E2F-1 as a tumour suppressor, possibility reflecting its role in

apoptosis (Field et al, 1996; Yamasaki et al, 1996). In con-

trast, the frequency of tumours seen in Rbþ /� mice is

reduced upon inactivating E2F-1, arguing that E2F-1 also

contributes to tumour progression (Yamasaki et al, 1998).

The molecular mechanisms that dictate the opposing

outcomes of E2F-1 activity, and basis of the context depen-

dency of these events, remain largely unknown.

Not only is E2F-1 regulated during cell-cycle progression

through its cyclical interactions with pRb and phosphoryla-

tion by Cdk kinases (Stevens and La Thangue, 2003; van den

Heuvel and Dyson, 2008), but also under conditions of DNA

damage (Pediconi et al, 2003; Stevens and La Thangue, 2003;

Stevens et al, 2003). In DNA-damaged cells, E2F-1 is induced

in a fashion that follows similar kinetics to p53 (Blattner et al,

1999; Hofferer et al, 1999; Pediconi et al, 2003; Stevens and

La Thangue, 2003). DNA damage activates phosphokinases,

such as ATM/ATR and Chk1/Chk2, which in turn phosphor-

ylate effector proteins that mediate the outcome of the DNA

damage response (Jackson and Bartek, 2009). Both families

of DNA damage responsive kinases phosphorylate E2F-1 and

augment apoptosis (Stevens and La Thangue, 2003; Stevens

et al, 2003). Because tumour cells remain sensitive to the

apoptotic effects of E2F-1 (Rodicker et al, 2001; Polager and

Ginsberg, 2008), it is possible that mechanisms exist that

counter balance and suppress any apoptosis that could result

from the inadvertent E2F-1 activity.

Arginine methylation is becoming increasingly recognized

as an important type of modification in protein control

(Bedford and Richard, 2005; Bedford and Clarke, 2009;

Kowenz-Leutz et al, 2010), and a variety of processes are

know to be influenced by arginine methylation, including

RNA processing, chromatin regulation and transcriptional

control (Meister et al, 2001; Pal et al, 2004; Kowenz-Leutz
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et al, 2010). The methylation of arginine residues is catalysed

by two groups of protein arginine methyltransferases

(PRMT), the type I enzymes that catalyse formation of

asymmetric modifications, and type II enzymes that catalyse

symmetric modifications (Bedford and Clarke, 2009). In pre-

vious studies, p53 was shown to undergo arginine methyla-

tion, and a role established for PRMT5 in the methylation

process; PRMT5 directed methylation of p53 occurred in cells

upon DNA damage, and coincided with activation of the p53

response (Jansson et al, 2008). Further, PRMT5 activity is

enhanced by cyclin D/Cdk4 kinase, which thereby contri-

butes to oncogenesis (Aggarwal et al, 2010).

In exploring the wider role of arginine methylation in

proliferation control, we reasoned that there might be an

influence on other key growth regulating pathways, and

considered the E2F pathway as one such possibility. Here,

we demonstrate that E2F-1 is a direct target for arginine

methylation mediated by PRMT5, which occurs on a central

motif in the protein, which shares similarity to p53. Arginine

methylation regulates E2F-1 DNA-binding and transcriptional

activity. Depleting PRMT5 causes an E2F-1-dependent

decrease in cell growth, and renders cells sensitive to

E2F-1-dependent apoptosis, which coincides with increased

levels of E2F-1 protein and expression of downstream E2F

target genes. Significantly, E2F-1 is methylated in tumour

cells, and demethylated under DNA damage conditions,

which cause E2F-1 stabilization and associated apoptosis.

Human biopsies taken from malignant disease frequently

exhibit high expression of PRMT5, and in colorectal cancer

(CRC) a subgroup of tumours exist where high levels of

PRMT5 and low levels of E2F-1 correlate with poor prognosis.

Our results establish a new mechanism that influences the

biological properties and physiological outcome of E2F-1

activity, and highlight the interplay between arginine methy-

lation and E2F-1 that might promote tumourigenesis.

Results

E2F-1 is methylated by PRMT5

A short sequence motif exists in E2F-1, RGRGR, which is

similar to the site of arginine methylation in p53, namely

RGRER (Jansson et al, 2008; Figure 1A), and wild-type (WT)

E2F-1 could be methylated in vitro by the arginine methyl-

transferase PRMT5 (Figure 1B). To assess whether the

RGRGR motif was a direct target for PRMT5 methylation, a

series of mutations were made in which each arginine (R)

residue was substituted with a lysine (K) residue (Figure 1A),

and the ability of each mutant derivative to be methylated by

PRMT5 in vitro then measured. Both R111K and R113K

exhibited a greater level of reduction compared with the

minimal effect of mutating R109 (Figure 1B). The double

R111/113K (referred to as KK) and triple R109/111/113K

(KKK) mutants could not be methylated (Figure 1B), and

when a short E2F-1 peptide containing the RGRGR sequence

was methylated, the same residues (R111 and R113) were

required (Figure 1B). Thus, R111 and R113 are the predomi-

nant sites of methylation by PRMT5 in vitro.

We assessed whether E2F-1 could interact with PRMT5

and thereafter the role of the arginine residues in mediating

the interaction. E2F-1 and PRMT5 exist in a complex in

cells (e.g., U2OS cells; Figure 1C), and GST–E2F-1 bound

to PRMT5 in cell extracts (Figure 1D). When expressed

ectopically in cells, each of R109K, R111K and R113K could

interact with PRMT5, although the KK and KKK mutants

failed to bind to PRMT5 (Figure 1E). Binding to DP-1, the

major heterodimeric partner for E2F-1 (Girling et al, 1993;

Stevens and La Thangue, 2003), was not affected since it

bound equally well to each mutant E2F-1 protein (Figure 1E).

These results show that E2F-1 and PRMT5 interact in cells,

and that R111 and R113 are the principal sites modified by

PRMT5 and required for E2F-1 to interact with PRMT5.

E2F-1 is methylated in cells

We investigated whether E2F-1 is methylated in cells using a

modification-specific peptide antibody that we prepared

against a methylated RGRGR peptide derived from E2F-1, in

which R111 and R113 were symmetrically methylated. The

anti-MeR–E2F-1 antibody recognized ectopic WT E2F-1 im-

munoprecipitated from cells, but failed to react with either

the KK or KKK mutants (Figure 2A), indicating that the

antibody recognized the relevant methylated region in

E2F-1. Each ectopic protein was immunoprecipitated at an

equivalent level and bound equally well to the DP-1 subunit

control (Figure 2A).

The specificity of the antibody was established by immu-

noprecipitating ectopic E2F-1, followed by immunoblotting

with anti-MeR–E2F-1 in the presence of competing E2F-1

peptides that differed only in the methylation status of R111

and R113. Anti-MeR–E2F-1 recognized the WT protein, and

its binding activity was competed by the methylated but not

the unmodified E2F-1 peptide (Figure 2B, compare tracks 6

and 10). As expected, neither the KK nor KKK mutants were

recognized by the anti-MeR–E2F-1 antibody (Figure 2B).

These results establish that the anti-MeR–E2F-1 peptide anti-

body detects methylated E2F-1 and, further, that E2F-1

expressed ectopically in cells undergoes arginine methylation.

We used the anti-MeR–E2F-1 antibody to study the methy-

lation of endogenous E2F-1 by immunoprecipitation of E2F-1

followed by immunoblotting with anti-MeR–E2F-1. E2F-1

was methylated in different cancer cell lines, including

HeLa and U2OS cells (Figure 2C), and further localized to

nuclei (Figure 2D). These results indicate that endogenous

E2F-1 undergoes arginine methylation at the RGRGR motif.

It was important to establish that PRMT5 is responsible for

methylating E2F-1 in cells. To pursue this question, we

depleted PRMT5 with siRNA (Figure 2E) and thereafter

assessed the level of E2F-1 methylation. Methylated E2F-1

was readily detected when E2F-1 was immunoprecipitated

from cells, which was reduced when a parallel immunopre-

cipitation was performed from PRMT5 depleted cells

(Figure 2F). The level of E2F-1 methylation was not affected

upon depleting another member of the PRMT family, the

asymmetric arginine methyltransferase PRMT1 (Figure 2E),

as methylation remained at a similar level to the control-

treated cells (Figure 2F). Further, methylation of R111K and

R113K, in addition to KK and KKK, was reduced compared

with WT E2F-1 (Figure 2A and G), thus establishing the

methylation of R111 and R113 in cells. Additional analysis

by tandem mass spectrometry (Taylor and Goodlett, 2005;

Batycka et al, 2006; Fischer et al, 2011) provided further

support for di-methylation at R111 and R113 upon in vitro

methylation of E2F-1 (Supplementary Figure S1G), and an

analysis of E2F-1 immunopurified from MCF7 cells further

substantiated methylation at R111 and R113 (Figure 2H).
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Altogether, these results indicate that E2F-1 undergoes sym-

metrical arginine methylation under physiological conditions

and identify PRMT5 as the enzyme involved.

Arginine methylation regulates E2F-1 stability and

target gene expression

We considered that arginine methylation may play an im-

portant role in controlling E2F-1 in DNA-damaged cells,

where E2F-1 levels increase (Stevens et al, 2003). When the

level of ectopic protein was studied under conditions where

each protein underwent equivalent nuclear accumulation

(Supplementary Figure S1B), KK and KKK were expressed

at increased levels compared with WT E2F-1 (Figure 3A). In

part, the difference in protein level was caused by the shorter

half-life of WT E2F-1 compared with the mutant derivatives

(25–75min respectively; Figure 3B), which corresponded to

the increased steady-state level of KK and KKK compared

with E2F-1 (Figure 3A). The R111K and R113K mutant also

exhibited an extended half-life relative to WT E2F-1

(Supplementary Figure S2C). One type of modification that

was affected by PRMT5, and which might account for differ-

ent stabilities, was ubiquitination because the mutants
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Figure 1 E2F-1 undergoes arginine methylation by PRMT5. (A) Location of the RGRGR sequence motif in E2F-1, highlighting its similarity
with the region in p53 targeted by PRMT5 (Jansson et al, 2008). The arginine (R) residues mutated to lysines (K) in the E2F-1 mutants are
indicated (in red), together with the designation of the different mutant derivatives. (B) Each of the indicated GST–E2F-1 proteins (about 1mg;
ii) was used in the methylation reaction (i). In vitromethylated samples were analysed by SDS–PAGE as described. Quantitation of either GST–
E2F-1 (iv) and associated mutant derivatives (A) or a 20-residue peptide (from residue 100 to 120) together with the equivalent KK and KKK
peptides (v) after in vitromethylation by PRMT5. Incorporation of 3H-methyl groups was measured as DPM. Coomassie stain of the GST–E2F-1
proteins is shown in (ii), and the Flag–PRMT5 immunoprecipitated from transfected cells in (iii), which was used in (i, iv, v). (C) Endogenous
E2F-1 or PRMT5 was immunoprecipitated with either anti-E2F-1 or anti-PRMT5 from untransfected U2OS cells and subsequently immuno-
blotted with anti-PRMT5 or anti-E2F-1 as indicated. The input (In) and control (C) immunoprecipitations (IPs) are indicated. (D) Binding of
E2F-1 to PRMT5. The indicated GST–E2F-1 proteins were incubated with U2OS cell lysate, and bound proteins immunoblotted using anti-DP-1
or PRMT5 antibodies. The level of GST–E2F-1 input protein (top anti-GST immunoblot) is indicated. (E) Either WT E2F-1 or the indicated
mutant derivative expression vectors were transfected into U2OS cells and HA11 antibody was used for IP followed by immunoblotting with
HA11 (E2F-1), PRMT5 or DP-1 as indicated. The level of ectopic E2F-1 input (In) protein is shown, and (�) indicates empty vector control
transfected cells. Figure source data can be found with the Supplementary data.
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Figure 2 E2F-1 is methylated on arginine residues under physiological conditions. (A) Anti-MeR–E2F-1 recognizes WT E2F-1 but not the KK or
KKK mutants. Either WT E2F-1, KK or KKK expression vectors were transfected into HeLa cells and immunoprecipitated (IP) with HA11,
followed by immunoblotting (IB) with anti-MeR–E2F-1, HA11 (E2F-1) or DP-1 antibodies. The level of input (In) protein is indicated. (B) Anti-
MeR–E2F-1 recognizes arginine methylated E2F-1. Either WT E2F-1, KK or KKK expression vectors were transfected to HeLa cells and IP with
HA11, followed by immunoblotting with anti-MeR–E2F-1 or HA11 (E2F-1), either in the presence of methylated (MeR–E2F-1) or unmethylated
E2F-1 peptide (1mg), as indicated. Two different (short and long) exposures of the HA11 (E2F-1) blot are shown. (C) Endogenous E2F-1 is
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immunoblotting with anti-MeR–E2F-1 or anti-E2F-1 antibodies. The level of input (In) E2F-1 protein is shown. (D) U2OS cells transfected
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E2F-1 peptide as indicated. DAPI shows the location of nuclei. (E) U2OS cells were transfected with PRMT5 (P5), PRMT1 (P1) or control (C)
non-targeting siRNA (50nM) and harvested at 72 h. Extracts were immunoblotted as indicated. Actin served as the loading control. (F) The
extracts described in (E) were IP with anti-E2F-1 (KH95) or control (C) antibody, followed by immunoblotting with anti-MeR–E2F-1 or anti-
E2F-1 antibodies as indicated. The level of input (In) E2F-1 protein is shown. (G) U2OS cells were transfected with the indicated E2F-1 mutant
derivatives (i, ii) and immunoprecipitated with anti-HA or control (C) antibody, followed by immunoblotting with anti-MeR–E2F-1 or anti-E2F-
1 antibodies as indicated. The level of input (In) E2F-1 protein is shown; (iii) shows the vector transfected control. (H) E2F-1 expressed in
MCF7 cells was immunopurified as described and subjected to analysis by tandem mass spectrometry. Analysis by LC-MS/MS revealed the
presence of four methyl groups present in the peptide fragment GRGR (110–113) in E2F-1 (Sprot Acc Nr: Q01094/ IPI00005630). The MS/MS
spectrum of the modified tryptic peptide RLDLETDHQYLAESSGPARGRGR þ 4 x CH2-[Mþ 5H]5þ 528.8783Da (MW 2639.3551Da) is shown.
Fragment ions are indicated as b and y ions. þþ represents loss doubly charged ions. Figure source data can be found with the Supplementary
data.
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exhibited a lower level of ubiquitination relative to WT E2F-1

(Figure 3C). In support of this idea, the level of ubiquitination

that occurred on WT E2F-1 was reduced upon PRMT5 deple-

tion, to a level similar to that seen with the KKK mutant

(Figure 3D).

To explore this possibility in greater detail and establish

whether PRMT5 had an effect on endogenous E2F-1, we

depleted PRMT5 in cells using siRNA and thereafter mea-

sured E2F-1 protein levels. Depleting PRMT5 under condi-

tions that reduced arginine methylation of E2F-1 (Figure 2E

and F) caused a coincident increase in E2F-1 protein

(about three-fold; Figure 3E), a result that is compatible

with the increased stability observed for each of the E2F-1

mutants (Figure 3B; Supplementary Figure S2C).

Significantly, the increased E2F-1 levels that occurred upon

PRMT5 depletion also coincided with an increase in the

expression of a variety of E2F target genes, including p73,

Chk2 and Chk1 (Figure 3F). Together, these results establish

that PRMT5 regulates the level of E2F-1 protein through

altered stability.
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(P) or control (C) non-targeting siRNA was transfected into U2OS cells and cells were harvested 72h post-transfection with or without
etoposide (Et; 10mM) or doxorubicin (Dox; 2mM) treatment in the last 16 h. Extracts were immunoblotted with anti-PRMT5, E2F-1, p73, Chk2
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Functional consequences of arginine methylation

We reasoned that the transcriptional activity of E2F target

genes might be affected by PRMT5, and tested this idea on a

small group of genes in a reporter-based transfection assay.

When the WT E2F-1 and KKK mutant were compared on E2F

responsive promoters under conditions of equivalent protein

expression (Figure 4Aii), the KKK mutant consistently

exhibited increased transcriptional activity compared with

WT E2F-1 (Figure 4Ai); the R111K, R113K and KK mutants

behaved in a similar fashion (Supplementary Figure S2E).

Furthermore, when endogenous PRMT5 was depleted, E2F

responsive promoters were similarly more active compared

with the control treatment (Supplementary Figure S1B).

These results suggest, therefore, that arginine methylation

also impacts on the ability of E2F-1 to activate transcription.

Significantly, by chromatin immunoprecipitation (ChIP),

increased binding of the methylation defective mutants com-

pared with WT E2F-1 was evident on the promoter region of

E2F target genes when each protein was expressed at an

equivalent level (Figure 4B). Upon PRMT5 depletion, in-

creased E2F-1 DNA binding was also apparent on a variety

of target genes (Figure 4C). The level of histone H3 K4

acetylation, reflecting an active chromatin environment,

also occurred upon PRMT5 depletion (Supplementary

Figure S1C). Importantly, the enhanced binding of E2F-1 to

endogenous promoters reflected, as expected, increased le-

vels of E2F target gene RNA (Figure 4D and E). These results

indicate that arginine methylation regulates E2F-1 DNA-bind-

ing activity, which represents another level of control that

impacts on E2F-1 transcriptional activity. Overall, therefore,

PRMT5 regulates several aspects of E2F-1 activity.

Arginine methylation regulates E2F-1-dependent cell

growth and apoptosis

Because arginine methylation by PRMT5 affects on the

biochemical and transcription properties of E2F-1, we con-

sidered that PRMT5 might influence cellular growth.

Consequently, we evaluated the effect of PRMT5 and E2F-1

in growth control. When an analysis of cell growth was

performed, there was a significant decrease in cell number

over 96 h after PRMT5 depletion (Figure 5A). This effect of

reduced growth was rescued upon co-depleting E2F-1 with

PRMT5 (Figure 5A). The decreased cell number reflected an

increase in cell doubling time and a decreased growth rate

(Figure 5A). The inhibitory effect of PRMT5 was also evident

when cell growth was measured in the context of a colony

assay, where PRMT5 siRNA caused a dramatic reduction in

growth after 10 days, which again was rescued upon co-

depletion of E2F-1 (Figure 5B). Significantly, the methylation

defective KK and KKK mutants were able to hinder cell

growth more effectively than WT E2F-1 (Figure 5C). These

results indicate that PRMT5 regulates the ability of E2F-1 to

negatively impact on cell growth.

E2F-1 is stabilized and able to induce apoptosis in cells

treated with DNA damaging agents (Stevens et al, 2003;

Stevens and La Thangue, 2004; Polager and Ginsberg,

2008). We reasoned therefore that arginine methylation of

E2F-1 could be regulated during DNA damage, and consid-

ered that such regulation might also be responsible for the

increased level of E2F-1 and cessation of cell growth and

associated apoptosis. In tumour cell lines (such as C33A and

U2OS), the higher level of E2F-1 that occurred upon DNA

damage (Stevens et al, 2003) coincided with reduced E2F-1

arginine methylation compared with untreated cells

(Figure 6A). This is consistent with the increased stability

of the KK and KKK mutants, the enhanced level of E2F-1

protein in PRMT5 depleted cells (Figure 3B and E) and the

reduced level of PRMT5 that occurs under DNA damage

conditions (Supplementary Figure S2). In addition to the

decreased growth rate (Figure 5), an increase in apoptosis

was evident when PRMT5 was depleted in different tumour

cell lines (e.g., U2OS, HCT116 and SAOS2; Figure 6B and C),

which occurred independently of p53 status since apoptosis

was apparent upon PRMT5 depletion in HCT116 (p53þ /þ or

p53�/� background; Figure 6B) and SAOS2 (p53�/�) cells

(Figure 6C). In contrast, the effect of PRMT5 on apoptosis

was less evident in normal cells; thus, upon depleting PRMT5

in mouse embryonic fibroblasts (MEFs), there was an insig-

nificant change in the overall level of apoptosis (Figure 6D

and E).

The enhanced level of E2F-1 upon PRMT5 depletion and

increased apoptosis is consistent with the idea that E2F-1

activity is required for the apoptosis. We tested this by

co-depleting PRMT5 and E2F-1, and monitoring any effect

on apoptosis. The increased level of apoptosis upon PRMT5

depletion was substantially reduced when E2F-1 was co-

depleted with PRMT5 (Figure 6F) and, conversely, apoptosis

was enhanced when E2F-1 levels were increased by expres-

sing ectopic E2F-1 in PRMT5 siRNA-treated cells (Figure 6C).

Thereafter, we considered the role of p73 in apoptosis induc-

tion by PRMT5 siRNA, since p73 is an established E2F target

gene involved in mediating E2F-1-dependent apoptosis (Irwin

et al, 2000), and activated at the transcriptional level upon

PRMT5 depletion (Figures 4E and 6G). Co-depleting PRMT5

with p73 caused a decrease in the level of apoptosis

(Supplementary Figure S1F).

To gather further evidence that arginine methylation is

important in regulating E2F-1-dependent apoptosis, we eval-

uated the effect of PRMT5 on apoptosis induced by E2F-1 and

the methylation defective KKK mutant. Under conditions of

apoptosis induced by WT E2F-1, ectopic PRMT5 suppressed

apoptosis (Figure 6H and I). In contrast, the effect of PRMT5

on apoptosis induced by the KKK mutant was minimal

(Figure 6I). As a control, we compared the effect of WT

PRMT5 to DPRMT5, which lacks catalytic activity

(Branscombe et al, 2001; Jansson et al, 2008). The apoptosis

induced by WT E2F-1 was not affected by DPRMT5, contrast-

ing with the effect of WT PRMT5 (Figure 6H); in fact, a

modest increase in apoptosis occurred, most probably reflect-

ing the ability of DPRMT5 to act in a dominant-negative

fashion (Rho et al, 2001; Jansson et al, 2008). These results

suggest that PRMT5, specifically its arginine methyltransfer-

ase activity, suppresses negative growth control and apopto-

sis driven by E2F-1.

PRMT5 and E2F-1 in tumour biopsies

Since E2F-1-dependent growth control and apoptosis is influ-

enced by PRMT5, we reasoned that the mechanism may be

relevant to tumourigenesis in situ, where a pathway that

controls negative growth control could provide a survival

advantage for tumour cells. To explore this possibility in

greater detail, we studied the level of E2F-1 and PRMT5 in

human tumour biopsies. In a preparatory study, we assessed

PRMT5 and E2F-1 levels by immunohistochemistry (IHC) in
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biopsies taken from murine xenografts derived from human

MDA-MB-231 tumour cells, where both PRMT5 and E2F-1

were readily detectable; there was a heterogeneous staining

pattern, with intensely stained PRMT5 and E2F-1 cells being

evident throughout the tumour biopsy (Supplementary

Figure S1D). We then assessed PRMT5 expression in a diverse

collection of human tumours, including follicular B-cell lym-

phoma, where interestingly the highest PRMT5 expression

was restricted to the follicular areas of concentrated malig-

nant cell growth (Supplementary Figure S2A).

To evaluate the relationship between PRMT5 and E2F-1

during clinical disease, we studied PRMT5 and E2F-1 levels in

a collection of biopsies taken from patients suffering from

CRC, where clinical outcome and disease history had been

thoroughly annotated for each biopsy (Midgley et al, 2010;

Supplementary Table S1). We found that PRMT5 was present

at high levels, and further its expression was mostly confined

to malignant cells (Figure 7A). We observed however in a

subgroup of tumours that high-level PRMT5 expression oc-

curred coincidently with low levels of E2F-1 and, in another

subgroup, low PRMT5 expression occurred coincidently with

high levels of E2F-1 (Figure 7A). In a proportion of the

biopsies, PRMT5 was clearly present in the nuclei of tumour

cells (Figure 7B), which was apparent in a greater proportion

of tumour biopsies compared with normal tissue biopsies

(Figure 7C). At a general level therefore, the observations

made on tumour cell lines, where high PRMT5 expression

coincides with low E2F-1 expression, reflect the expression

profile seen in a subgroup of human CRC.

The in vitro cell line studies suggested that PRMT5 impacts

on the ability of E2F-1 to regulate growth, by suppressing

negative growth control and apoptosis (Figures 5 and 6), and

that low levels of PRMT5 frequently relate to an E2F-1-

dependent inhibitory effect on growth and apoptosis. It was

of interest therefore to evaluate the level of E2F-1 and PRMT5

in the CRC biopsies and relate this information to clinical

outcome. When a subgroup of tumour biopsies exhibiting

either high or low E2F-1 levels where compared, there was a

clear difference in the history of disease progression; high

E2F-1 expressing tumours (either frequency of cells expres-

sing E2F-1 or overall E2F-1 staining score; OSS) had a

considerably better prognosis and disease history (measured

as the appearance of recurrent disease) compared to biopsies

with low E2F-1 (Figure 7Di and ii). Further, a greater propor-

tion of tumours exhibiting low E2F-1 levels, namely with

poor prognosis, exhibited increased levels of nuclear PRMT5

(Figure 7E). Given the evidence that PRMT5 favours growth

by suppressing E2F-1 activity, these results suggest that the

relationship between PRMT5 and E2F-1 observed in vitro is

relevant to tumourigenesis in situ. Specifically, high-level

PRMT5 expression might suppress growth inhibition by

E2F-1 and thereby provide tumour cells with a survival

advantage. In turn, this relationship could account for the

poorer prognosis observed in tumours expressing high levels

of PRMT5 and low E2F-1.

Discussion

Arginine methylation of E2F-1

One of the most important questions in the biology of E2F-1

relates to the mechanisms that give rise to the different

physiological outcomes that have been ascribed to E2F-1
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activity. While the role of E2F-1 in cell-cycle progression

reflects its temporally regulated interaction with pRb

(Stevens and La Thangue, 2003; Frolov and Dyson, 2004;

van den Heuvel and Dyson, 2008), the mechanisms that are

responsible for balancing its growth inhibitory activity, in-

cluding apoptosis and cell-cycle progression, remain unclear.
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levels served as a loading control. Figure source data can be found with the Supplementary data.
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Phosphorylation of E2F-1 by kinases activated upon DNA

damage, namely ATM/ATR and Chk1/Chk2, together with

acetylation, play a positive role in E2F-1 activity under DNA

damage conditions (Pediconi et al, 2003; Stevens and La

Thangue, 2003; Stevens et al, 2003). However, whether

mechanisms exist that act directly on E2F-1 in unperturbed

cells, and allow cells to downregulate E2F-1 and continue to

proliferate, has to date been unclear.

The results presented here strongly implicate arginine

methylation with a key role in regulating E2F-1; thus,

PRMT5 targets E2F-1 and influences a number of biochemical

and functional properties, culminating in reduced activity.

Further, and consistent with a role for arginine methylation in

the control of E2F-1 activity, depleting PRMT5 caused a

coincident increase in the expression of E2F target genes,

reduced growth rate and heightened apoptosis. Interestingly,
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the E2F-1 gene was found to be a target for E2F-1 protein

under conditions of reduced PRMT5 activity, which reflected

increased E2F-1 RNA in treated cells. Such a positive

auto-regulatory feedback mechanism might contribute to

enhanced growth inhibition upon PRMT5 depletion by

co-ordinating the increased expression of diverse E2F-1 target

genes, such as p73 (Irwin et al, 2000), which was required for

the apoptotic activity apparent upon PRMT5 depletion.

PRMT5 in malignant disease

Significantly, therefore, it is possible that high-level expres-

sion of PRMT5 facilitates oncogenesis by providing tumour

cells with a survival advantage, in part by limiting growth

inhibition by E2F-1 and thereby maintaining cells in a pro-

liferative mode. In support of this idea, an analysis of PRMT5

expression in tumour biopsies showed that elevated levels of

PRMT5 were frequently observed, and a subgroup of CRC

tumours, which expressed high levels of nuclear PRMT5 with

low E2F-1 expression had a poorer prognosis than the

complementary subgroup that expressed high levels of

E2F-1. At a general level, the clinical history and prognosis

of disease expressing high E2F-1 was more favourable in

comparison to disease expressing low E2F-1. Relating this

information to the results derived from the in vitro studies

would lead us to hypothesise therefore that tumours expres-

sing high E2F-1 and low PRMT5 are more likely to exhibit

decreased growth rate and increased apoptosis and, perhaps

therefore be associated with a more favourable clinical out-

come. Conversely, high PRMT5 levels might contribute to a

mechanism that limits the growth inhibitory effect of E2F-1

activity, and thus the oncogenic process. Indeed, a number of

reports have implicated E2F-1 with a role in negative growth

control (Lee and Farnham, 2000; Wang et al, 2007) and a

tumour cell sensitizer to chemotherapy, perhaps providing a

biomarker for improved prognosis, which could reflect its

ability to induce apoptosis and limit growth in tumour cells

(Stanelle and Putzer, 2006; Evangelou et al, 2008; Lee et al,

2008; Kwon et al, 2010). The pilot study described here,

evaluating PRMT5 and E2F-1 in tumour biopsies and relating

this information follow-up clinical history, supports such an

idea and, further, is consistent with the hypothesis that

PRMT5 plays a role in regulating E2F-1 in tumours in situ.

Arginine methylation and the DNA damage response

Arginine methylation targets the p53 protein where it

impacts on the physiological outcome of the p53 response.

That arginine methylation of p53 prompts cell-cycle arrest

(Jansson et al, 2008) is complementary to the observations

described in the present study relating to the regulation

apoptosis by E2F-1, and highlights a new level of cross-talk

between the p53 and E2F pathways. Our results suggest that

upon E2F-1 methylation, E2F-1-dependent growth inhibition

and apoptotic activity is held in check (through low E2F-1

protein levels and reduced expression of target genes), en-

abling arginine methylated p53 (Jansson et al, 2008) to

predominate and perhaps drive the p53 response. In contrast,

under conditions that limit arginine methylation (e.g., certain

types of DNA damage or, experimentally, treatment with

PRMT5 siRNA), E2F-1 levels increase, which we suggest

give rise to growth inhibition and apoptosis (Figure 7F). It

would appear therefore that arginine methylation allows a

level of interplay to occur between these two pathways; by

providing a means for cross-talk between E2F-1 and p53,

arginine methylation controls a key decision point in cell-

cycle control. We suggest therefore that arginine methylation

provides a signal, and PRMT5 the mechanism, through which

E2F-1 and p53 activity is integrated.

Materials and methods

Cell culture
U2OS, C33A, MCF7, HCT116, SAOS2, HeLa, H1299 cells and MEFs
were maintained in DMEM with 5% FCS. Stable Tet-On inducible
cell lines were prepared as previously described (Jansson et al,
2008).

Antibodies
The following antibodies were used: anti-Flag peptide monoclonal
antibody M2 (Sigma), anti-Flag peptide monoclonal antibody M2
coupled agarose beads (Sigma) and anti-HA11 monoclonal antibody
(Covance). PRMT5 and acetylated H3K4 antibodies were from
Upstate, and PRMT1 antibody from Cell Signaling. GST, E2F-1,
Chk1 and p53 antibodies were monoclonal antibodies from Santa
Cruz. DP-1, p73, Chk2 and GAPDH were polyclonal antibodies from
Santa Cruz. b-Actin monoclonal antibody was from Sigma. PARP
monoclonal antibody was from BD Pharmingen.

Transfection
Gene Juice transfection reagent (Novagen, San Diego, CA) was used
to transfect cells with DNA. All transfections with the indicated
plasmids included a pCMV-bGal internal control for gauging
transfection efficiency. Empty pcDNA3.1a vector was used to
equalize amounts of transfected DNA where appropriate.

siRNA
Oligofectamine transfection reagent (Invitrogen) was used to
transfect cells with siRNAs. siRNA treatment of cells was carried

Figure 7 PRMT5 and E2F-1 expression in clinical tumour biopsies. (A) Representative IHC images of PRMT5 and E2F-1 in CRC. Examples of
tumours expressing high PRMT5/low E2F-1 (i), and low PRMT5/high E2F-1 (ii) are shown (� 10), together with fields of increased
magnification (� 40). Two representative examples of different biopsies are shown for each subgroup. (B) Representative IHC images of
biopsies from CRC exhibiting either negative or positive nuclear PRMT5 immunostaining (� 40), with enlarged images of nuclei shown
underneath. (C) Graph representing the percentage of nuclear PRMT5 staining in normal colon versus tumour tissue; 165 CRC tumour and 63
normal biopsies were assessed. (D) Either E2F-1 staining frequency (i) or OSS (ii) was assessed in a total of 146 CRC biopsies, and related to the
appearance of recurrent disease. (i) w2 analysis (29.52 with 4 degrees of freedom) gave Po0.0001 (comparing low-frequency score (0) to high-
frequency score (4) and (ii) w2 analysis (43.94 with 4 degrees of freedom) gave Po0.0001 (comparing low OSS (0–2) with high OSS (6–7).
(E) Comparison of E2F-1 staining frequency in CRC biopsies expressing nuclear PRMT5; a total of 165 CRC biopsies were assessed for nuclear
PRMT5 and E2F-1 staining frequency. w2 analysis (25.6 with 4 degrees of freedom) gave Po0.0001 (comparing low-frequency score (0) with
high-frequency score (4)). (F) Model for the effect of PRMT5 on E2F-1 activity: in unperturbed cells PRMT5 methylates E2F-1, and retains cells
in the proliferative cycle. In conditions where PRMT5 activity becomes limiting, for example, during DNA damage, E2F-1 levels increase
through a mechanism that includes increased half-life, resulting in higher transcription and DNA-binding activity, thereby facilitating activation
of diverse E2F target genes, reduced growth rate and apoptosis. Under DNA damage, regulated arginine methylation may work hand-in-hand
with phosphorylation events on E2F-1, such as by Chk2. In tumour cells, high levels of PRMT5 were frequently found to coincide with low
levels of E2F-1.
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out using siRNA non-targeting (Dharmacon) as control, or PRMT5
(50CCGCUAUUGCACCUUGGAA30) or PRMT1 (50GGACAUGACAUC
CAAAGA) siRNA. p73 Smart Pool siRNA was from Dharmacon.
siRNA treatment was for 72 h at 50 nM.

Flow cytometry
Cells were transfected with the indicated expression vectors
together with pBB14–GFP (for 48 h) to monitor transfection
efficiency or siRNA (for 48 or 72 h) with or without treatment of
the DNA damage agent for the last 16 h. Then, cells were fixed and
stained with propidium iodide and analysed by flow cytometry.
Tet-On stable cell lines expressing PRMT5 or DPRMT5 were
prepared as previously described (Jansson et al, 2008).

Proliferation rate determination
To determine cell proliferation rate, 2�104 cells were seeded per
well in a six-well plate. The cells were harvested at the indicated
time points and stained with equal volume of 0.4% trypan blue.
Viable cells were counted using a haemocytometer. Dead cells,
which were stained blue, were excluded from the count.

Reporter assays
Cells were transfected with expression vectors (1mg) encoding WT
or the mutant E2F-1 proteins as indicated with E2F responsive
luciferase reporters together with pCMV-bgal to monitor transfec-
tion efficiency. Cells were harvested, lysed 48h post-transfection
and luciferase activity measured as previously described (Jansson
et al, 2008). RNA was extracted from U2OS cells using TRIzol
reagent (Invitrogen). A total of 1 mg RNA was reverse transcribed
and quantified by real-time PCR. Gene expression values were
normalized to GAPDH.

Chromatin immunoprecipitation
U2OS cells were maintained in DMEM containing 5% fetal calf
serum. Cells were transfected with 50 nM PRMT5 siRNA or a non-
targeting control (C) siRNA for 72 h, or transfected with expression
vectors for WT E2F-1 or the KKK derivative (1mg; HA-tagged). Cells
were cross-linked with formaldehyde (final concentration 1%).
Chromatin was prepared as described previously (Zalmas et al,
2008). Antibodies used for immunoprecipitation were as follows:
anti-E2F-1 (C-20, Santa Cruz), anti-acetyl-histone H3 K4 (Millipore)
or anti-HA (Santa Cruz). The non-specific rabbit IgG used as a
negative control in the ChIP assays was from Jackson ImmunoR-
esearch. The recovered DNA was analysed by real-time PCR as
described (Jansson et al, 2008) on the MX3005P QPCR system
(Stratagene) using Brilliant II SYBR Green QPCR Master Mix
(Stratagene) according to the manufacturer’s instructions. Primer
sequences are available upon request.

Cyclohexamide half-life assay
Cells were transfected with WTor mutant E2F-1 plasmids for 48 h as
described. Cells were treated with 100mg/ml of cyclohexamide
(Fluka) and then harvested at different time points as indicated for
immunoblotting.

Preparation of whole cell extracts, immunoprecipitation and
immunoblot analysis
Cells were either left untransfected or transfected with expression
vectors as indicated. At 48 h post-transfection, cells were harvested
in TNN buffer (50mM Tris–HCl (pH 7.4), 150mM NaCl, 5mM
EDTA, 0.5% Ipegal, 50mM NaF, 0.2mM sodium orthovanadate and
protease inhibitor cocktail (1mM PMSF, leupeptin (1 mg/ml),
aprotinin (1mg/ml) and pepstatin A (1mg/ml))) and rotated at 41C
for 30min to 1 h. The cell lysate was then homogenized, centrifuged
at 11000 r.p.m. for 10min to remove cell debris and the supernatant
collected. All lysates were normalized for protein concentration
and, where appropriate, for transfection by b-galactosidase activity.
Immunoprecipitation was carried out by incubation of lysates with
the indicated antibody and protein-A/G Sepharose beads or
agarose-antibody conjugated at 41C for 4 h or overnight. The beads
were collected and washed three times with TNN buffer before
denaturation and SDS–PAGE. Protein was transferred to nitrocellu-
lose and probed with the indicated antibody. Enhanced chemi-
luminescence (Pierce Biotechnology, Rockford, IL) was used to
visualize antibody binding.

Ubiquitination assays
Cells were transfected with pcDNA3.1a-ubiquitin (His-tagged) and
treated as described. Briefly, cells were harvested into 8M urea,
0.1M Na2HPO4/NaH2PO4, 0.01M Tris–HCl and pH 8.0. Cell lysate
was incubated with nickel (Ni2þ -NTA)-agarose beads (Qiagen),
5mM imidazole and 10mM b-mercapthoethanol overnight at 41C.
The beads were collected and washed as described (Liu and
Warbrick, 2006). Bound proteins were then eluted and assayed by
immunoblotting.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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