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The transcription factor E2F1 belongs to the E2F family and plays a crucial role during cell cycle progression and
apoptosis. Ser/Arg-Rich (SR) proteins are a family of RNA-binding phosphoproteins that control both constitutive and
alternative pre-mRNA splicing events. We previously identified the SR protein SRSF2 as a new transcriptional target of
E2F1 and demonstrated that both proteins cooperate to induce apoptosis in non-small cell lung carcinoma. In this study,
we postulated that SRSF2 is also involved in the proliferative functions of E2F1. Using IHC, we first demonstrate that SRSF2
and its phosphorylated form (P-SRSF2) are overexpressed in neuroendocrine lung tumors that are highly proliferative
tumors expressing high levels of E2F1. Importantly, we show a direct correlation between cyclin E, an E2F1-target gene
controlling S phase, and P-SRSF2 proteins levels (p = 0.0083), suggesting a role of SRSF2 in E2F1-mediated cellular
proliferation. Accordingly, using neuroendocrine lung carcinoma cell lines, we demonstrate that SRSF2 is a cell cycle-
regulated protein involved in entry and progression into S phase. We also provide evidence that SRSF2 interacts with
E2F1 and stimulates its transcriptional control of cell cycle target genes such as cyclin E. Finally, we show that inhibition
of AKT signaling pathway prevents SRSF2 phosphorylation and activity toward E2F1 transcriptional function. Taken
together, these results identify a new role of SRSF2 in the control of cell cycle progression and reinforce the functional

link between SRSF2 and E2F1 proteins.

Introduction

A central aspect of development and disease such as cancer is
the control of cellular proliferation through regulation of the
cell cycle. A key step in this regulation is the transition from
the G, to S phase of the cell cycle. This critical passage is tightly
coupled to the transcriptional control of genes involved in
growth and DNA replication. In mammalian cells, this tem-
poral control is achieved mostly by the E2F family of tran-
scription factors.”? E2F transcription factors were originally
identified as activators of adenovirus transcription. They belong
to the E2F protein family, encompassing eight members called
E2F1-E2F8. E2Fs are classified into different groups based on
domain conservation and transcriptional activity.>* Among the
E2F1-E2F5 proteins, E2F1, E2F2 and E2F3a primarily activate
transcription, whereas E2F3b, E2F4 and E2F5 primarily repress
transcription.’ It is now well-known that interaction of E2F1-3
proteins with members of the retinoblastoma (Rb) “pocket” pro-
tein family pRb, pl07 and p130, inhibits E2Fs transcriptional
activity in G or in early G, phase of the cell cycle. As cells prog-
ress through the G, phase, Rb is sequentially phosphorylated
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by Cdks, causing the release of the activator E2Fs and the tran-
scriptional activation of genes important for passage into the S
phase.’ As E2Fs deregulation frequently occurs in human can-
cer, the characterization of additional partners of E2Fs involved
in the control of cellular proliferation is critical to improve our
knowledge regarding the contribution of each of these E2Fs to
the tumorigenic process.

The SR protein family comprises a number of phylogeneti-
cally conserved and structurally related proteins that play a cru-
cial role in the control of constitutive and alternative pre-mRNA
splicing. Members of the SR family have a modular structure
containing one or two copies of a RNA recognition motif (RRM)
at the N-terminus that provides RNA-binding specificity and a
C-terminal RS domain enriched in alternating serine and argi-
nine residues that promotes protein-protein interactions and
facilitates the recruitment of the spliceosome. Owing to these
serine residues, the RS domain is highly regulated by phosphor-
ylation that controls SR proteins interaction. Studies in mice
depleted for individual SR proteins have provided evidence that
these proteins are not redundant and are absolutely required for
cell viability and/or animal development.®® To date, a few evi-
dences exist regarding a role of the SR proteins in the regulation
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Figure 1. SRSF2 and P-SRSF2 proteins are overexpressed in human neuroendocrine
lung tumors. (A) Representative immunostainings of SRSF2 and P-SRSF2 proteins in
NE lung tumors. (a and b) A small cell lung carcinoma displaying a strong staining
of both SRSF2 (score 300) and P-SRSF2 (score 300); (c and d) A large cell neuroendo-
crine carcinoma displaying a strong overexpression of both SRSF2 (score 300) and
P-SRSF2 (score 300); (e and f) A small cell lung carcinoma exhibiting a strong SRSF2
staining (score 300) and a faint P-SRSF2 staining (score 40). (B) SRSF2 and P-SRSF2
protein levels were analyzed by western blotting in NE lung tumors (T) and their
normal counterparts (N). Actin was used as a loading control. (C) RT-PCR analysis

of SRSF2 mRNA level in three normal lung tissues, seven small cell lung carcinoma
(SCLC) and five large cell neuroendocrine carcinoma (LCNEC). Gapdh was used as an
internal control.

being expressed at a very low level in low grade neu-
roendocrine tumors (typical and atypical carcinoids)
as well as in lung adenocarcinoma and squamous lung
carcinoma.'? Furthermore, and consistent with a pro-
liferative role of E2F1 in LCNEC and SCLC, we also
showed a direct correlation between E2F1 protein sta-
tus and the expression of some of its transcriptional
targets involved in S phase progression, namely the
cyclin E and p45° genes.”> More recently, we identi-
fied SRSF2 as a new target of E2F1 in various human
lung carcinoma cell lines, including neuroendocrine
lung carcinoma, and demonstrated that both proteins
cooperate to induce apoptosis in lung adenocarci-
noma cells." In this study, we postulated that SRSF2
contributes to the proliferative function of E2F1 in
neuroendocrine lung tumors.

Results

SRSF2 and P-SRSF2 proteins are overexpressed
in neuroendocrine lung tumors. We first analyzed
the status of SRSF2 and its phosphorylated form
P-SRSF2 in a series of 27 neuroendocrine (NE) lung
tumors and their associated normal lung tissues by
immunohistochemistry as previously described.?
Compared with normal lung tissues, SRSF2 and
P-SRSF2 proteins were overexpressed and accumu-
lated in the nucleus in 89% (24/27) and 78% (21/27)
of NE lung tumors, respectively (Fig. 1A). By using
western blotting (Fig. 1B) and RT-PCR (Fig. 1C),
we confirmed the increase of SRSF2 expression in
human tumors. We previously observed a direct cor-
relation between E2F1 and cyclin E status in NE lung
tumors.” Interestingly, we also found here a direct
relationship between P-SRSF2 and cyclin E status (p
= 0.0083; Table S1). By contrast, we did not find a
significant correlation between E2F1 and P-SRSF2
immunostaining. Altogether, these results provide the
first evidence that SRSF2 and its phosphorylated form
are overexpressed in NE lung tumors and closely con-
nected with proliferative E2F1-target genes.

SRSF2 is a cell cycle-regulated protein involved
in entry and progression into S phase. To analyze
whether SRSF2 could play a role during cell cycle
progression of NE lung tumors, we took advantage
of two NE lung carcinoma cell lines, namely the
H69 and H810 cells, that are highly proliferative and
express high level of both SRSF2 and E2F1 proteins."
First, we asked whether SRSF2 knockdown affects the

of components of the cell-division machinery in distinct organ-
isms.”!" However, the molecular mechanisms underlying these
effects remain largely unknown.

Large cell neuroendocrine lung carcinoma (LCNEC) and
small cell lung carcinoma (SCLC) are considered as the most
malignant lung tumors. We previously demonstrated that the
transcription factor E2F1 is upregulated in these tumors while
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cell cycle distribution of these cells. Upon co-transfection with a
combination of two distinct siRNAs specifically targeting SRSF2
mRNA, the SRSF2 protein level was efficiently downregulated
(Fig. 2A, upper panel). Compared with control cells transfected
with mismatch siRNA, the neutralization of SRSF2 significantly
decreased the proportion of cells in S phase (Fig.2A, lower panel).
In addition, in both cell lines, the number of cells incorporating
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Figure 2. SRSF2 is required for efficient S phase entry and progression. (A and B) H810 and H69 cells were transfected for 72 h with either mismatch

or a combination of two distinct SRSF2 siRNAs. (A) Upper panel: Efficiency of SRSF2 neutralization was assessed by western blotting. Lower panel: Cell
cycle distribution was analyzed by flow cytometry after DNA labeling with propidium iodide. Percentages of cells in the different phases are indicated.
(B) BrdU incorporation was studied by FACS. The percentage of cells having incorporated BrdU is indicated in each condition. (C) H1299 cells were
transfected for 48 h with an expression vector encoding the SRSF2 protein (SRSF2) or with a control plasmid (Mock). Upper panel: SRSF2 overexpres-
sion was assessed by western blotting. Lower panel: cell cycle distribution was studied by flow cytometry following propidium iodide staining. The
percentages of cells in the different phases are indicated. (D) H1299 human lung adenocarcinoma cells were treated for 18 h with T mM hydroxyurea,
then washed and released in hydroxyurea-free complete medium. Cells were harvested at the indicated time points after block release. Left panel:
western blot analysis of the indicated proteins. Actin was used as a loading control. Right panel: Percentages of cells in the different phases of cell

bromodeoxyuridine (BrdU) significantly decreased upon trans-
fection with SRSF2 siRNA compared with mismatch siRNA
(Fig. 2B), indicating that neutralization of SRSF2 decreases S
phase entry. Conversely, the transient overexpression of SRSF2
in H1299 cells that express NE features (neuromedin B) but a
low level of SRSF2 protein promoted the accumulation of cells
in S phase (Fig. 2C). As numerous proteins that control the cell
cycle, including E2F1, are cell cycle-regulated, we next studied
whether SRSF2 expression fluctuates during cell cycle progres-
sion. H69 and H810 cells cannot be easily synchronized. Thus,
we used the H1299 model to synchronize cells in late G, using
hydroxyurea. At time 0, the block was released, and the cell
cycle distribution was analyzed by fluorescence-activated cell
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sorting (FACS) after DNA staining using propidium iodide.
Cells synchronized in G, began to enter in S phase 1 h after the
block release, progressed into the G,/M phases between 6-9 h
and then returned in G, following 24 h (Fig. 2D, left panel).
We observed that the SRSF2 protein level transiently peaks
between 1 and 3 h after the block release (Fig. 2D, right panel).
Interestingly, transient accumulation of phosphorylated SRSF2
(P-SRSF2) was also detected 1 and 2 h after the block release.
SRSF2 accumulation was concomittant with the upregulation
of both E2F1 and cyclin E proteins (Fig. 2D). Similar results
were obtained in U2OS cells that were synchronized in G, by the
use of a double thymidine block (Fig. S1). Taken together, these
results demonstrate that expression and phosphorylation of the
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SRSF2 protein are regulated during cell cycle progression, and
show that accumulation of SRSF2 correlates with S phase entry
and progression.

SRSF2 controls the expression of E2F1-target genes involved
in S phase. The above observations demonstrating that SRSF2
is involved in S phase entry (Fig. 2A and B) and that SRSF2
and E2F1 proteins accumulate at the same time during cell cycle
(Fig. 2D) were consistent with the idea that SRSF2 contributes
to the proliferative functions of E2F1. We previously reported
that the cyclin E and p45%¥P? E2F1-target genes controlled S
phase entry in NE lung tumor cells.”® These data prompted us
to investigate whether SRSF2 regulates expression of these genes.
Compared with mismatch H69 transfected cells, the knockdown
of SRSF2 significantly decreased the expression level of both cyclin
E and p45°*" proteins and transcripts, whereas E2F1 protein and
mRNA levels did not vary (Fig. 3A and B). Conversely, overex-
pressing SRSF2 protein in H1299 cells induced the accumula-
tion of both cyclin E and p45°"* proteins (Fig. 3C, left panel)
and mRNAs (Fig. 3C, right panel). Again, E2F1 expression did
not vary. Results of RT-PCR were confirmed by RT-qPCR analy-
ses (Fig. 3D). Of note, modulation of SRSF2 protein amount
was also associated with variations of other E2F1-target genes
involved in S phase, such as dhfr, thymidilate synthase or DNA
polymerase o (data not shown). Overall, these results demonstrate
that SRSF2 regulates the expression of S phase-controlling E2F1-
target genes.

SRSF2 and E2F1 interact. As our results suggested a func-
tional link between SRSF2 and E2F1, we investigated whether
both proteins interact. Because H69 and H810 cells are hard to
transfect, we used H1299 cells to transiently overexpress E2F1
and SRSF2 using expression vectors. Immunoprecipitation
experiments using a specific anti-SRSF2 antibody followed
by immunodetection of E2F1 were carried out in whole-cell
extracts. As shown in Figure 4A, the E2F1 protein was detected
in SRSF2 immunoprecipitates. To demonstrate that these E2F1/
SRSF2 complexes are not artifacts generated by the overex-
pression of both proteins, similar immunoprecipitation experi-
ments were repeated in H69 cells that physiologically express
high levels of both E2F1 and SRSF2. Again, co-precipitation
of both proteins was detected indicating that the interaction
also occurred between the two endogenous proteins (Fig. 4B).
To go further, SRSF2-E2F1 binding was investigated in a cell-
free system by incubating an in vitro-translated SRSF2 protein
with a GST-E2F1 fusion protein. Binding between both pro-
teins was analyzed after recovery of GST-E2F1 complexes and
immunoblotting using an anti-SRSF2 antibody. The results
indicated that the proteins have the ability to physically interact
(Fig. 4C, lane 2). In order to map the binding sites on E2F1, sev-
eral GST-E2F1 truncated mutants were generated, and the same
experiments were repeated. The data demonstrated that SRSF2
interacts within the E2F1 DNA binding domain, between amino
acids 127-191 (Fig. 4C, lanes 3 and 4). Of note, SRSF2 was still
able, albeit less efficiently, to bind to an E2F1-truncated mutant
exhibiting only the C-terminal domain (amino acids 284-437;
Fig. 4C, lane 6), suggesting the existence of an additional SRSF2
binding site at the C-terminus of E2F1. Taken together, these

1270 Cell Cycle

results provide the first evidence of a direct interaction between
E2F1 and SRSF2 proteins.

SRSF2 stimulates E2F1 transcriptional activity. Having
demonstrated that E2F1 and SRSF2 proteins physically interact,
and that SRSF2 modifies the expression of E2F1-target genes, we
next postulated that SRSF2 controls the transcriptional activity
of E2F1. To answer, reporter vectors in which the expression of
the luciferase is under the control of either the cyclin E (cyclin
E-luc) or the p45°%"? (Skp2-luc) promoter® were transiently
transfected in H1299 cells in the presence or absence of increas-
ing amounts of E2F1 and/or SRSF2 encoding vectors. The lucif-
erase activity was measured 48 h post-transfection. As shown
in Figure 5A, SRSF2 strongly stimulated the transcriptional
activity of E2F1 toward both cyclin E (left panel) and p455*
(right panel) promoters. In contrast, SRSF2 did not affect the
activity of a control pGL2-Luc vector. To confirm these results,
the reverse experiments were performed. H1299 cells were co-
transfected with either cyclin E-luc, Skp2-luc or control pGL2-
Luc plasmid together with mismatch or SRSF2 siRNAs, in the
presence of a plasmid encoding E2F1. We observed that the
knockdown of SRSF2 significantly decreased the ability of E2F1
to transactivate the cyclin E and p45°7 promoters, while it did
not affect the activity of the control pGL2-Luc vector (Fig. 5B).
To test whether the effect of SRSF2 could take place in a more
general context, we used the Cignal™ E2F reporter assay that
monitors the transcriptional activity of E2F by using an E2F-
responsive luciferase construct encoding the luciferase under the
control of tandem repeats of the E2F transcriptional response
element (TRE). As shown in Figure 5C, SRSF2 also stimulated
the transcriptional activity of E2F1 in that case, thereby confirm-
ing, using another E2F reporter assay, that SRSF2 is a positive
regulator of E2F1 transcriptional activity. Of note, SRSF2 did
not enhance the binding of E2F1 to its consensus binding site,
whereas in the same conditions the co-factor DP1 strongly stimu-
lated E2F1 binding (Fig. S2).

SRSF2 is required for efficient E2F1 recruitment to the
Skp2 or cyclin E promoter. Having provided evidence that
SRSF2 is a co-activator of E2F1 transcriptional function, we
next wanted to demonstrate the binding of both E2F1 and
SRSE2 proteins to cyclin E or Skp2 promoter by performing
chromatin immunoprecipitation assays. In H1299 cells, bind-
ing of E2F1 to the proximal Skp2 or cyclin E promoter was
clearly detected, whereas no binding was observed within the
Gapdh-negative control promoter (Fig. 6A). Similar results
were obtained in H810 cells (data not shown). Importantly,
silencing of SRSF2 in H1299 cells using siRNA (Fig. 6B, left
panel) strongly reduced the recruitment of E2F1 on the cyclin
E and Skp2 promoters as demonstrated using Q-ChIP experi-
ments (Fig. 6B, right panel). Overall, these results indicated
that SRSF2 is required for the binding of E2F1 to the cyclin E
and Skp2 promoters. Unfortunately, in similar conditions, we
were not able to immunoprecipitate SRSF2 protein from cyclin
E or Skp2 promoters, whatever the anti-SRSF2 (SRSF2-4F11;
SRSF2-H55) or P-SRSF2 antibody used.

The PI3K/AKT signaling pathway controls SRSF2 phos-
phorylation and activity toward E2FI1. It is well-known that

Volume 12 Issue 8

©2013 Landes Bioscience. Do not distribute.



A siRNA

mism SRSF2
SRSF2 "y = =
CyClin E | wmm s
p45SKP2 N ) —
E2F1 Ay —
Actin ——
C Mock SRSF2 Mock SRSF2
SRSF2 o .
Cyclin E [ % Cyclin E
p453KP2 - q p45SKP2
E2F1 — E2f1
WB RT-PCR
c
i}
2 16 E mism
[0
5 14 SRSF2
X 12
< 1
Z os
€ 06
2 o4
& 02
g o
Srsf2  E2f1 p455KP2  Cyclin E

B siRNA SRSF2

mism

Srsf2
E2f1
p 4 5SKP2
Cyclin E

Gapdh

mism
SRSF2
RS
E
()
=
ks
9]
o
Srsf2 E2f1  p45SKP2  Cyclin E

2.5
g 2 Mock
o SRSF2
215
®
&) 1

0.5

0

Srsf2  Cyclin E  p45SKP2 E2f1

5 Mock
‘@ : oc
2 25 ! SRSF2
153 2
[0
< 15
%
= 1
2 05
ko
& 0

Srsf2 E2f1  p455KP2 Cyclin E

Figure 3. SRSF2 controls the expression of E2F1-target genes required for S phase. (A and B) H69 human lung carcinoma cells were transfected for 72
h with either mismatch or a combination of two distinct SRSF2 siRNAs. (A) Western blot analysis of the indicated proteins. Actin was used as a loading
control. (B) Upper panel: RT-PCR analysis of srsf2, e2f1, p45°***? and cyclin E mRNAs level. Gapdh was used as an internal control. Middle panel: a densi-
tometric analysis of the specific signals was performed using ImageJ software. The value for each specific signal was normalized according to gapdh
signal. A value of 1 was arbitrarily assigned to the ratio obtained in cells transfected with mismatch siRNA. (C) H1299 cells were transfected for 48 h
with an expression vector encoding the SRSF2 protein (SRSF2) or with a control plasmid (Mock). Left panel: total protein extracts were subjected to
western blotting using the indicated antibodies. Actin was used as a loading control. Middle panel: total RNAs were extracted and subjected to RT-PCR
analysis using the indicated primers. Gapdh was used as an internal control. Right panel: a densitometric analysis of the specific signals was performed
using ImageJ software. The value for each specific signal was normalized according to gapdh signal. A value of 1 was arbitrarily assigned to the ratio
obtained in mock tranfected cells. (D) RT-gPCR analysis of srsf2, e2f1, p45**? and cyclin E mRNAs level in H69 (lef panel) or H1299 (right panel) cells trans-
fected either with mismatch/SRSF2 siRNA or SRSF2-encoding vector, respectively. Gapdh was used as an internal control.

phosphorylation of SR proteins controls their function.'® Here
we showed that P-SRSF2 accumulates in synchronized cells
entering and progressing in S phase (Fig. 2D; Fig. S1). We also
found that P-SRSF2 and cyclin E status are directly correlated
in high-grade NE lung tumors (Table S1). Together, these data
strongly suggested that phosphorylation of SRSF2 controls E2F1
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activity. Several kinases have been reported to phosphorylate SR
proteins, including AKT." In addition, it has been shown that
the PI3K/AKT signaling pathway regulates E2F1-mediated cel-
lular proliferation."” Therefore, we postulated that the PI3K/AKT
pathway controls SRSF2 phosphorylation and function toward
E2F1. We first noticed that phosphorylated AKT concomittantly
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Figure 4. SRSF2 and E2F1 proteins interact. (A) H1299 cells were co-transfected for 48 h
with SRSF2 and E2F1 expression vectors. Whole cellular extracts were immunoprecipitated
with anti-SRSF2 antibody or with an irrelevant IgG as a negative control, and immunoblot-
ting was performed with anti-E2F1 or anti-SRSF2 antibody. (B) Endogenous SRSF2 protein
was immunoprecipitated from H69 nuclear extract with an anti-SRSF2 antibody. Western
blotting was then performed using either anti-E2F1 or anti-SRSF2 antibody. Immunopre-
cipitation with irrelevant IgG was used as a negative control. (C) Upper panel: A schematic
representation of E2F1 truncated proteins used in this study. The ability of each fragment
to interact with an in vitro-translated SRSF2 protein is reported. Lower panel: In vitro-trans-
lated recombinant SRSF2 protein was subjected to a GST pull-down assay using GST-E2F1
wild-type or various truncated fragments of E2F1 fused to GST as a bait. The interaction be-
tween recombinant GST-E2F1 proteins and SRSF2 proteins was detected by western blot-
ting using an anti-SRSF2 antibody. Immunoblotting with anti-GST antibody was performed
to verify the expression level of GST-E2F1 fusion proteins.

DMSO-treated cells. Moreover, 1Y294002
treatment  significantly prevented SRSF2-
dependent activation of E2F1 transcriptional
function toward cyclin E (Fig. 7E) or p45°
(data not shown) promoter. In order to confirm
these results, we used MK-2206, a more selec-
tive inhibitor of AKT1, AKT2 and AKT3. As
LY294002, MK-2206 decreased P-SRSF2,
cyclin E and p45%" protein (Fig. 7F) and
mRNA (Fig. 7G) levels compared with DMSO-
treated HG69 cells. In addition, MK-2206
prevented the ability of SRSF2 to stimulate
E2F1 transcriptional function toward cyclin E
(Fig. 7H) or p45°*™ (data not shown) promoter.
In these conditions, MK-2206 did not signifi-
cantly affect the luciferase activity of a control
pGL2-Luc plasmid, indicating that it did not
impair translation of the luciferase (data not
shown). Overall, these results highly suggest
that AKT signaling pathway plays a role in
SRSE?2 phosphorylation and effect toward E2F1.

Discussion

To date, the role of individual SR proteins in the
control of specific cellular processes or diseases
remains poorly understood. In this study, we
demonstrate that SRSF2 is a cell cycle-regulated
protein involved in S phase transition, and show
that SRSF2 stimulates the transcriptional activ-
ity of E2F1 toward S phase target genes, such as
cyclin E and p45%F2. Therefore, besides its abil-
ity to control E2F1-induced apoptosis,' these
results demonstrate that SRSF2 is also able to
regulate E2F1 proliferative functions.

We previously demonstrated that SRSF2 is
a direct transcriptional target of E2F1 in vari-
ous cell lines treated with genotoxic agents."
Here, we show that SRSF2 protein and mRNA
amounts fluctuate in the same way that E2F1
does during the cell cycle progression, ris-
ing sharply at the G, to S phase transition
and remaining elevated as cells progress into
S phase. These data suggest that E2F1 could
also control SRSF2 expression during the cell
cycle. Importantly, we provide evidence that
the SRSF2 protein is required for a proper
S phase entry and progression in lung carci-
noma cell lines. It has been shown that loss of

accumulated with P-SRSF2 during cell cycle progression of syn-  SRSF2 in mouse embryonic fibroblasts (MEFs) induces a G,/M
chronized cells (Fig. S1). In these conditions, the level of total ~ cell cycle arrest that results, at least in part, from p53 activa-
AKT protein did not vary. In addition, treating H69 cells with  tion and further p21¥A™ accumulation."! In contrast, down-
LY294002, a well-characterized PI3K inhibitor, significantly regulation of SR protein expression decreases S phase entry in
inhibited BrdU incorporation (Fig. 7A) and strongly decreased ~SV40-immortalized MEF.? In Drosophila, the SR protein B52 is
SRSF2 phosphorylation (Fig. 7B) as well as cyclin E and p45%"  a positive regulator of the repressive dE2F2 protein that prevents
proteins (Fig. 7C) and mRNAs (Fig. 7D) levels compared with  the G, to S phase transition."” Moreover, a role of SRSF2 in the
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Figure 5. SRSF2 stimulates the transcriptional activity of E2F1. (A) Luciferase experiments were conducted in H1299 cells co-transfected for 48 h with 1
g pGL2-cyclin E-luc (left panel) or pGL2-p45°%*2-|uc (right panel) encoding the luciferase under the control of the cyclin E or p45°*"> promoter respec-
tively, or with 1 g pGL2-Luc as a control, in the presence or absence of 50 ng pCMV-E2F1 and increasing amounts of pcDNA3-SRSF2 (100 and 250 ng).
The luciferase activity obtained in cells transfected with pGL2-cyclin E-luc or pGL2-p45°¢*?-luc or pGL2-Luc was normalized to 1, and a relative lucif-
erase activity was then calculated for each condition. (B) H1299 cells were transfected with either mismatch or SRSF2 siRNAs. Twenty-four hours later,
cells were co-transfected with either pGL2-cyclin E-luc, Skp2-luc or pGL2-luc plasmid, in the presence or absence of 50 ng pCMV-E2F1 as indicated.
The luciferase activity was measured 48 h later. The luciferase activity obtained in cells transfected with either pGL2-cyclin E-luc, Skp2-luc or pGL2-Luc
alone was normalized to 1, and a relative luciferase activity was then calculated for each condition. (C) Luciferase assays were performed in H1299 cells
co-transfected for 48 h with E2F Cignal™ Reporter (SuperArray) in the presence or absence of 50 ng pCMV-E2F1 and increasing amounts of pcDNA3-
SRSF2 (50, 100 and 200 ng). The luciferase activity obtained in cells transfected with E2F Cignal™ Reporter alone was normalized to 1, and a relative
luciferase activity was then calculated for each condition. Of note, SRSF2 does not enhance the activity of E2F Cignal™ reporter in the absence of E2F1.

control of pre-mRNA splicing during the mitosis has recently
been reported in human epithelial tumor cells.” Altogether,
these data demonstrate that various SR proteins control cell cycle
progression, and suggest that their distinct ability to affect either
positively or negatively different phases of the cell cycle could
depend on the cell type (primary vs. immortalized) or on the
upstream stimuli.

Functions of SR proteins that are not related to the control of
pre-mRNA splicing are emerging. As an example, in vivo deple-
tion of SRSF1 and SRSF2 proteins dramatically attenuates the
production of nascent RNA, and nuclear run-on assays provide
evidence foran active role of SRSF2 in transcriptional elongation.”
It is known that the promoter choice exerts a strong influence
on alternative splicing.?*** Conversely, mRNA splicing exerts a

www.landesbioscience.com
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stimulatory effect on transcription initiation. Indeed, it has been
shown that basal transcription initiation factors are recruited to
promoters that are closed to 5' splice site via their docking with
constitutive splicing factors such as U1 small nuclear RNA.#% In
this study, we provide evidence that SRSF2 directly interacts with
the DNA binding domain of E2F1 and stimulates E2F1 tran-
scriptional activity toward cell cycle-regulating genes. Therefore,
besides controlling elongation, SRSF2 could also play a role dur-
ing transcriptional initiation through its binding to transcription
factors. Of note, SRSF2 was able to stimulate E2F1 transcrip-
tional function toward a promoter containing E2F1-consensus
binding sites, suggesting that SRSF2 regulates the expression of
numerous E2F1-target genes besides cyclin E or p45°*™. How
does SRSF2 act to stimulate E2F1 function? The transcriptional
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acetyl transferase TIP60.2° Whether SRSF2 teth-
ers chromatin remodeling enzymes to E2F1-target
genes promoters to facilitate E2F1 transcriptional
function remains to be determined.
Phosphorylation of SR proteins is known to con-
trol their activity as well as their subcellular localiza-
tion. Various kinases, such as AKT, CLK, SRPK1,
SRPK2 or topoisomerase 1 have been shown to
phosphorylate SR proteins. Recently, we demon-
strated that SRPK2-dependent phosphorylation of
SRSF2 contributes to cisplatin-induced apoptosis

ChIP:  E2F1 19G

in human lung adenocarcinoma cell lines.?® In neu-

roendocrine lung carcinoma cell lines, SRPK1 or

SRPK2 do not stimulate SRSF2 phosphorylation

Figure 6. SRSF2 is required for E2F1 recruitment to cyclin E or Skp2 promoter. (A) H1299
cells were processed for ChIP analysis using C-20 antibody for E2F1. The co-precipitated
chromatin DNA was analyzed by semi-quantitative PCR using pair of primers that
amplify the Skp2, cyclin E or Gapdh promoter, respectively. IgG was used as an irrelevant
antibody. Input lane corresponds to PCRs containing 1% of total amount of chromatin
used in immunoprecipitation reactions. (B) H1299 cells were transfected for 72 h with
either mismatch or SRSF2 siRNA. Left panel: immunoblot analysis of SRSF2 protein
level. Actin was used as a loading control. Right panel: chromatin immunoprecipita-
tion experiments were performed using an anti-E2F1 (E2F1) or an irrelevant IgG (IgG)
antibody. The genomic DNA regions encompassing E2F1 binding site of the cyclin E or
Skp2 promoter were amplified by gPCR. The gapdh promoter was used as a negative
control. Results were normalized to input and expressed as fold enrichment compared

(Edmond, unpublished results). In contrast, we
provide evidence that inhibition of the PI3K/AKT
signaling pathway decreases P-SRSF2 expression.
In addition, we show that AKT signaling pathway
regulates SRSF2 activity toward E2F1 transcrip-
tional function on cyclin E and p45°™ promoters.
It has been shown that the PI3K/AKT pathway is
activated in NE lung tumors,”” and we previously
demonstrated that cyclin E and E2F1 proteins are

with irrelevant antibody.

aberrantly expressed and directly correlated in these

activity of E2F1 is tightly regulated by its stability, DNA binding
capacity or interaction with pocket proteins of the retinoblastoma
protein family that sequester E2F1 inside inactive transcriptional
complexes.” In our cellular models, SRSF2 does not control E2F1
protein amount. In contrast, qChIP experiments demonstrate
that SRSF2 is required for E2F1 recruitment to cyclin E or p45°%2
promoter. Unfortunately, in similar conditions, we were not able
to immunoprecipitate SRSF2 from both promoters. Although
we cannot exclude the possibility that SRSF2 is not recruited
together with E2F1 on these promoters, these negative results
could reflect technical problems. Indeed, SRSF2 is not known to
directly bind DNA, and the commercially available anti-SRSF2
antibodies are not very efficient in immunoprecipitation experi-
ments. Therefore, the amount of SRSF2 cross-linked to DNA
through its interaction with E2F1 or immunoprecipitated could
be too low to allow further detection. Interestingly, we observed
that SRSF2 is able to interact, albeit less efficiently, with the
C-terminal domain of E2F1 (amino acids 284—437) that con-
tains the pocket protein-binding domain. Another possibility is
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tumors.”® Therefore, although we do not demon-
strate a direct control of P-SRSF2 by AKT, the
observation that P-SRSF2 status directly correlates with cyclin E
protein level in NE lung tumors fits well with a model in which
phosphorylation of SRSF2 by the PI3K/AKT signaling pathway
could control E2F1 transcriptional activity toward cyclin E, likely
contributing to the high proliferative index of NE lung tumors.

Materials and Methods

Cell lines, cell treatments, plasmids and transfection. H1299
human large cell NSCLC with neuroendocrine features, H810
and H69 human lung neuroendocrine carcinoma cell lines were
cultured as previously described.'** U-20S osteosarcoma cells
were cultured in McCoy medium supplemented with 10%
FCS. Transient transfections were performed using Fugene 6
(Roche Diagnostic) according to the manufacturer’s instruc-
tions. Plasmids used in transient transfections were pcDNA3.1,
pcDNA3.1-SRSF2, pCMV-E2F1, pGL2-Luc, pGL2-cyclin E
encoding the luciferase protein under the control of the cyclin E
promoter, pGL2-Skp2 encoding the luciferase under the control
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Figure 7. The PI3K/AKT signaling pathway phosphorylates SRSF2 and controls its function toward E2F1 transcriptional activity. H69 (A-D, F and G)

or H1299 (E and H) cells were incubated for 24 h with DMSO as a control or 50 wM LY294002 or 3 uM MK-2206 as indicated. (A) BrdU incorporation
was studied by FACS. The percentage of cells having incorporated BrdU is indicated in each condition. (B) Western blotting was performed for the
detection of SRSF2 and its phosphorylated form (P-SRSF2). (C) Western blotting was performed for the detection of the indicated proteins. Anti-P-
AKT (S473) antibody was used to control AKT inactivation. Actin was used as a loading control. (D) Upper panel: RT-PCR analysis of cyclin E and p45°*
mRNA levels. Lower panel: Each specific signal was quantified after densitometric analysis using ImageJ software and normalized according to the
signal obtained for gapdh. A value of 1 was arbitrarily assigned to the ratio obtained in DMSO-treated cells and a relative ratio was then calculated for
LY294002-treated cells. (E) Cells were co-transfected for 48 h with 1 g pGL2-cyclin E-luc in the presence or absence of 50 ng pCMV-E2F1 and increas-
ing amounts of pcDNA3-SRSF2 (50, 100 and 250 ng), and treated or not with 50 wM LY294002. The luciferase activity obtained in cells transfected with
pGL2-cyclin E-luc alone was normalized to 1, and a relative luciferase activity was then calculated for each condition. (F) Western blotting was per-
formed for the detection of the indicated proteins. (G) RT-qPCR analysis of the indicated transcripts was performed in H69 cells treated with LY294002
or MK-2206 as mentioned. For each transcript, the mRNA level was normalized according to gapdh. A value of 1 was arbitrarily assigned to the relative
gene expression obtained in DMSO-treated cells. (H) Cells were co-transfected for 48 h with 1 g pGL2-cyclin E-luc in the presence or absence of 50
ng pCMV-E2F1 and increasing amounts of pcDNA3-SRSF2 (50, 100 and 250 ng), and treated or not with 3 wM MK-2206. The luciferase activity obtained
in cells transfected with pGL2-cyclin E-luc alone was normalized to 1, and a relative luciferase activity was then calculated for each condition.
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of the human Skp2 promoter region spanning from -272 to +244
residues and pCM V-DP1. An inducible E2F-responsive construct
encoding the firefly luciferase reporter gene under the control of
a basal promoter element (TATA box) joined to tandem repeats
of a specific E2F transcription response element (TRE) was
purchased from SuperArray (Tebu-bio). Hydroxyurea was pur-
chased from Sigma and LY294002 from Ozyme. MK-2206 was
purchased from Selleckchem and used at a final concentration of
3 wM. BrdU solution was purchased from Roche. For synchro-
nization of cells, 1 mM hydroxyurea was added to 30% conflu-
ent H1299 cells for 18 h. Cells were then washed 3x with PBS,
released in hydroxyurea-free complete medium and collected at
the indicated time points after block release. For the double block
of thymidine, 30% confluent U-2 OS cells were treated with 2.5
mM thymidine for 17 h, then washed 3x in PBS and released in
thymidine free complete medium for 8 h. Thymidine was added
again at 2.5 mM for 17 h. Cells were released and collected at the
indicated time points.

Antibodies. The antibodies anti-E2F1 (KH95), anti-E2F1
(C-20) and anti-SRSF2 (H55) were purchased from Santa Cruz,
the anti-cyclin E (13A3) from Novocastra, the anti-DHFR from
BD Biosciences, the anti-actin (A2066) from Sigma, the anti-
SRSF2 (4F11) from Euromedex, the anti-p45%*" from Zymed
(Invitrogen) and the anti-phosphorylated SRSF2 from Abcam.
The anti-pan-AKT and anti-phosphorylated AKT (S473) were
purchased from Cell Signaling (Ozyme). The FITC-conjugated
BrdU antibody was purchased from Roche. Immunoprecipitation
and western blotting experiments were performed as previously
described.?®

Transfection of siRNA oligonucleotides. The two sequences
designed to specifically target human SRSF2 RNAs were pur-
chased from Eurogentec and were as follows: 5-UCG AAG UCU
CGG UCC CGC ACU CG-3' and 5-GAG GAC GCU AUG
GAU GCC AUG GAC G-3'. In all experiments, a 50:50 mixture
of both siRNAs was used, leading to a final concentration of 100
nM siRNA/Petri dish. The mismatch siRNA oligonucleotide
used as a control was 5'-UCG GCU CUU ACG CAU UCA A-3".
Cells were transfected with siRNA oligonucleotides duplex using
Oligofectamine reagent according to the manufacturer’s instruc-
tions (Invitrogen). The cells were analyzed 72 h post-transfection.

FACS analyses. For DNA content analysis, cells were fixed
with 70% cold ethanol for 30 min on ice, treated with RNase
A (20 pg/ml) for 20 min and stained with propidium iodide
(10 pg/ml). Flow cytometric analysis of 10,000 cells was per-
formed on a FACScan flow cytometer (BD Biosciences) and data
were recovered using the CellQuest software (BD Biosciences).
For BrdU incorporation measurements, cells were pulsed with
100 wM BrdU for 20 min, before harvesting. Cells were collected
and fixed in 70% cold ethanol for 30 min on ice, then denatured
in 4 N HCI for 30 min at room temperature, washed in PBS
containing 0.5% Tween 20 and incubated with FITC-conjugated
BrdU antibody in PBS containing 0.1% BSA for 30 min. Cells
were washed in PBS, stained with propidium iodide (PI) and
analyzed by flow cytometry.

RT-PCR and RT-QPCR. Total cellular RNAs were isolated
using Trizol reagent (Invitrogen). One pg of total RNA was
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reverse transcribed using oligo (dT) primer and MMLYV reverse
transcriptase (Invitrogen) according to the manufacturer’s pro-
tocol. RT reaction (3 pl) was then amplified by PCR for 30
cycles using the following conditions: 94°C for 30 sec; 57°C for
45 sec; 72°C for 1 min. The specific primers used for mRNA
amplification were as follows: SRSF2 forward: 5-CCA-CTC-
AGA-GCT-ATG-AGC-TAC-G-3'; SRSF2 reverse: 5-ACT-
CCT-TGG-TGT-AGC-GAT-CC-3'; p45%7 forward: 5-TCA
ACT ACC TCC AAC ACC TAT CAC-3'; p45%™ reverse:
5-GAC AAC TGG GCT TTT GCA GT-3'; ¢yclin E forward:
5-AGT TCT CGG CTC GCT CCA GGA AGA-3'; cyclin E
reverse: 5-TCT TGT GTC GCC ATA TAC CGG TCA-3.
Amplification of a fragment of the cDNA of gapdh (Invitrogen)
was performed in the same PCR reaction as internal control.
PCR products were run on a 2% agarose gel and visualized by
ethidium bromide staining.

Quantitative real-time RT-PCR was performed on Stratagene
MX3005P apparatus (Agilent Technologies). In all condi-
tions, 1 pg of total RNA were subjected to ¢cDNA synthesis
using Superscript IIT First-Strand Synthesis SuperMix for gPCR
(Invitrogen) and subsequently amplified during 40 PCR cycles
(10 min at 95°C, 15 sec at 95°C, 1 min at 60°C) using Power
SYBR Green PCR Master Mix (Applied Biosystems). The spe-
cific primers used for mRNA amplification were as follows: cyclin
E forward: 5-GAA-ATG-GCC-AAA-ATC-GAC-AG-3'; cyclin
E reverse: 5“TCT-TTG-TCA-GGT-GTG-GGG-A-3'; SKP2
forward: 5-GCT-GAA-GAG-CAA-AGG-GAG-TG-3'; SKP2
reverse: 5-GAA-GGG-AGT-CCC-ATG-AAA-CA-3'; GAPDH
forward: 5-CGA-GAT-CCC-TCC-AAA-ATC-AA-3'; GAPDH
5-ATC-CAC-AGT-CTT-CTG-GGT-GG-3". In all
experiments, RT-qPCR detection of the reference gene glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was performed
for each sample. Relative gene expression was calculated for each
sample, as the ratio of target gene copy number to GAPDH
mRNA copy number multiplied by 100.

Chromatin immunoprecipitation assay. Chromatin immu-

reverse:

noprecipitation experiments were performed in HI1299 cells
transfected for 72 h with either mismatch or SRSF2 siRNA.
ChIP experiments were performed using the ChIP-IT® Express
Magnetic Chromatin Immunoprecipitation kit from Active
Mortif (La Hulpe, Belgium) according to manufacturer’s instruc-
tions. Briefly, cells were formaldehyde cross-linked, and chroma-
tin was isolated and sonicated using a Bioruptor apparatus. An
equal amount of chromatin (30 pg) was precleared, immuno-
precipitated with either a polyclonal antibody specific for E2F1
(C-20, Santa Cruz) or unrelated rabbit IgG, overnight at +4°C,
washed and reverse cross-linked. One-twentieth of the immuno-
precipitated chromatin was analyzed for the presence of cyclin E
or SKP2 promoter DNA by Q-PCR using previoulsy described
primers that flanked the E2F1 binding sites on both promot-
ers.”% A sequence corresponding to the gapdh promoter was used
as a negative control in E2F1 ChIP. Q-PCR studies were per-
formed using the ChIP-qPCR™ assay from SuperArray (TEBU-
Bio) according to the manufacturer’s instructions. Input DNA
sample corresponding to 1% of immunoprecipitated chromatin
was analyzed in parallel in order to normalized the results of each
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ChIP DNA sample to the corresponding input DNA sample.
The primers used were as follow: cyclin E forward 5'-GCC-ATC-
GGC-CAT-CTT-CCT-GGC-TC-3; cyclin E reverse 5-TCA-
GGC-CGC-GGG-CCC-AGT-A-3"; SKP2-95 5-CTC CCC
GCC TAC CCC GTG G-3, SKP2-+135 5-CAG ACC CGC
TAA GCC TAG CAA CG-3', gapdh forward 5'-AGC TCA GGC
CTC AAG ACC TT-3' and gapdh reverse 5-AAG AAG ATG
CGG CTG ACT GT-3.

GST pull-down assay. Beads coated with GST, GST-E2F1
or different GST-truncated E2F1 fusion proteins were prepared
according to the manufacturer’s protocol (Bulk GST Purification
module, Pharmacia Biotech). Beads were incubated for 45 min at
room temperature with equivalent amounts of in vitro translated
SRSF2 protein in a final volume of 150 wl binding buffer (25
mM HEPES pH 7.6, 8 mM MgC[z, 150 mM KCl, 0.1% NP40,
20% glycerol) containing 0.2 mg/ml BSA. Beads were washed
three times with NETN buffer (100 mM NaCl, 1 mM EDTA,
0.5% NP40, 20 mM Tris pH 8.0), once with PBS and then ana-
lyzed by 10% SDS-PAGE.

Luciferase assays. Cells were lysed 48 h after transfection in
300 pl lysis buffer (Passive lysis buffer from Promega). The cell
debris were removed by centrifugation at 13,200 rpm for 2 min,
and luciferase activity was measured on a 10 pl aliquot in a lumi-
nometer using the luciferase kit from Promega. Each sample was
normalized according to the protein amount. Results are the
mean of three independent experiments performed in duplicate.

Analysis of E2F1 DNA-binding activity by ELISA assay. The
DNA-binding activity of E2F1 was assessed using Transcription
Factor (TF) ELISA Kit (Panomics) according the manufactur-
er’s instructions. Briefly, nuclear extracts obtained from Nuclear
Extraction Kit (Panomics) were incubated with biotinylated oli-
gonucleotides immobilized on a streptavidin-coated 96-well plate
and containing an E2F1-consensus binding site (E2F1-Probe).
E2F1 protein, bound to the oligonucleotides, was detected by an
antibody directed against E2F1. An additional HRP-conjugated
secondary antibody provides a sensitive colorimetric readout
quantified by spectrometry.

Immunohistochemistry and immunohistochemical staining
evaluation. Tissue samples were collected from lung resection
of lung tumors and stored for scientific research in a biological
resource repository (Centre de Ressources Biologiques, CHU
Albert Michallon, Grenoble Hospital). National ethical guide-
lines were followed. All patients enrolled in this trial provided
written informed consent. Tissue banking and research conduct
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