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Myocardin related transcription factors are
required for coordinated cell cycle progression
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Myocardin related transcription factors A and B (MRTFs) activate serum response factor-driven transcription in response
to Rho signaling and changes in actin dynamics. Myocardin and MRTFs have been implicated in anti-proliferative effects
on a range of cell types. The precise mechanisms, however, remained elusive. We employed double knockdown of
MRTF-A and MRTF-B in NIH 3T3 fibroblasts to evaluate its effects on cell cycle progression and proliferation. We show that
transient depletion of MRTFs conveys a modest anti-proliferative effect and impinges on normal cell cycle progression,
resulting in significantly shortened G, phase and slightly extended S and G, phase under normal growth conditions.
Under serum-starved conditions we observed aberrant entry into the S and G, phases without subsequent cell division.
This was accompanied by downregulation of cyclin-CDK inhibitors p27Kip1, p18Ink4c and 19Ink4d as well as upregulation
of p21Waf1 and cyclin D1. Extended knockdown led to increased formation of micronuclei, while cells stably depleted
of MRTFs tend to become aneuploid and polyploid. Thus, MRTFs are required for accurate cell cycle progression and

maintenance of genomic stability in fibroblast cells.

Introduction

Signaling to serum response factor (SRF) occurs mainly via
the MAPK/Erk pathway and small GTPases of the Rho fam-
ily.?
tional co-activators: ternary complex factors (TCFs: Elk-1,
SAP-1 and Net) and myocardin-related transcription factors
(MRTFs: MRTF-A/MAL/MKL1 and MRTF-B/MKL2).3

While TCFs regulate expression of a number of immediate early

These pathways activate two families of transcrip-

genes necessary for cell growth and proliferation,*> MRTFs
couple SRF-dependent transcription to signals from Rho fam-
ily GTPases and intracellular actin dynamics.>®* MRTFs play an
important role in a large number of developmental and physiolog-
ical processes, including cardiovascular development,”® epithelial
differentiation,” 1113 115
In addition, the closely related SRF coactivator myocardin is a

neuronal plasticity'"* and cell migration.
candidate tumor suppressor,'®"” while MRTFs have been impli-
cated in experimental metastasis.”

There is increasing evidence for an involvement of the myo-
cardin family in inhibiting proliferation and cell cycle progres-
sion. Both myocardin and MRTF-A exhibit anti-proliferative
effects in various cell lines.'®2* MRTFs control the expression of
anti-proliferative or pro-apoptotic genes, including Mig-6, Bok
and Noxa.'"®*' Whether downregulation of MRTFs leads to a pro-
liferative advantage, however, remains poorly understood. This
is at least in part due to the functional redundancy among the

myocardin family of transcriptional coactivators.'*
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In this study we used siRNA to deplete both MRTF-A and
MRTE-B in cells lacking myocardin expression. We show that
depletion of MRTFs did not result in increased proliferation,
but rather in proliferation impairment. This decreased prolifera-
tion was accompanied by changes in the duration of cell cycle
phases, with a shorter G, phase and slightly extended S and G,
phases. We identified key cell cycle regulators from the INK and
CIP/KIP families of cyclin-CDK inhibitors, p18'™ki, p19"kid and
p27%*!, to be downregulated upon MRTF double knockdown.
In addition, we observed an increased number of cells containing
micronuclei and nuclear buds during transient MRTF knock-
down and enhanced aneuploidization of NIH 3T3 cells during
stable MRTF depletion.

Results

MRTE-A/B knockdown leads to increase in S and G,/M pop-
ulations in the absence of growth factors. Myocardin and the
myocardin-related transcription factors show antiproliferative
effects when overexpressed in cells.'2° To specifically analyze the
effect of MRTFs on cell cycle progression, we employed tran-
sient siRNA-mediated knockdown of MRTF-A/B in NIH 3T3
mouse fibroblasts. The siRNA sequence used in this study targets
both isoforms A and B, as previously described.” Quantitative
RT-PCR showed more than 84% decrease for MRTF-A mRNA
and more than 70% decrease for MRTF-B mRNA at 24 h
post-transfection (Fig. 1A). Western blotting revealed almost

Volume 12 Issue 11

Do not distribute.

I0Science.

©2013 Landes B



1.04

© o ©
EN @ o0
1 1 1

Normalized mRNA quantity

©
N
1

0.0

MRTF-A

10% FBS
0.5% FBS 24H

MRTF-B

+ +
+ +

[ control siRNA

+ +
Il MRTF-A/B siRNA

control siRNA ~ + +
MRTF-A/B siRNA + +
10% FBS + +
0.5% FBS + +
MRTF-A/B g )
Tup [———

C 10% FBS 0.5% FBS, 24 hours
control siRNA MRTF-A/B siRNA control siRNA MRTF-A/B siRNA
1000 S:23.9% S:20.2% S:10.3% | 4000 ] S:13.7%
G2/M: 16.5% G2/M: 18.2% | *™7] G2/M: 4.5% G2/M: 12.1%
500 0
200
2 J
s ]
Q o
O 0
200 - 0]
200 ]

o 200 200

600 800

200 400 600 800 1K

o 20 4w &0 800 1K o 00 400 &0 800 1K ° 0 0 oo 80 ®
DNA fluorescence (propidium iodide)
D S population G2/M population
30+ *P=0.0118 30
[ control siRNA ** P=0.0067 [J control siRNA
| Il VIRTF-A/B siRNA Il MRTF-A/B siRNA
N
(%] S
£ 207 £ 207 l
©» ©»
@ @
o o
ks ks
c <
S 101 S 10
& &
© 7 24H  48H 24H  48H " 2kH  48H 2dH  48H
10% FBS ———— 10% FBS —— 10% FBS ————  10%FBS ——
0.5% FBS 0.5% FBS 0.5% FBS 0.5% FBS
E 10% FBS 0.5% FBS, 24 hours
control siRNA MRTF-A/B siRNA control siRNA MRTF-A/B siRNA
4
0 BrdU +ve: 38% | 3 BrdU +ve: 33% | 7 BrdU +ve: 4.8% | BrdU +ve: 10.8%
10° 10° o 10° 10% 4
e
T 10%
N
2
@ llll |
10 T T

DNA fluorescence (7-AAD)

www.landesbioscience.com

Cell Cycle

REPORT

1763

Do not distribute.

I0Science.

©2013 Landes B



Figure 1 (See opposite page). Effects of transient MRTF-A/B knockdown on cell cycle profiles of NIH 3T3 cells. (A) mRNA quantitation upon siRNA-
mediated MRTF-A/B double knockdown. MRTF-A and -B mRNA levels were normalized to Hprt (Error bars: +SEM, n = 3). (B) Representative western
blot analysis of the MRTF knockdown efficiency 24 h post-transfection. (C) Cells transfected with control siRNA or siRNA against MRTF-A/B were either
grown in 10% FBS-containing medium or serum-starved with 0.5% FBS for 24 h, followed by propidium iodide staining and FACS analysis. Cell cycle
histograms generated from 10,000 events after gating out cell doublets/aggregates. Representative histograms from three independents experi-
ments. (D) Quantification of S and G,/M phase distribution in NIH 3T3 cells transfected with siRNAs as in (C). Cell cycle histograms of propidium iodide-
stained cells were de-convoluted using Dean-Jet-Fox model and FlowJo software (error bars: +SEM, n > 3, p-value by unpaired Student’s t-test). (E)
siRNA-transfected cells grown as in (A), pulse-labeled with BrdU for 20 min, stained with anti-BrdU, FITC-labeled antibody and 7-AAD and analyzed by
FACS. Fifty thousand events were collected for each sample and dot plots generated after gating on single cell events. Gates on G, S and G,/M popula-
tions are shown. Representative dot plots of three independent experiments.

complete depletion of MRTF-A/B protein at the same time point
(Fig. 1B).

The distribution of cell cycle phases was analyzed in either
asynchronously growing cells in 10% FBS-containing medium
or in cells incubated with 0.5% FBS for 24 h. MRTF-A/B knock-
down did not lead to any significant differences in cell cycle phase
distribution when cells proliferated in the presence of serum for
a total of 42 h after the siRNA transfection (Fig. 1C). On the
contrary, cells that were serum-starved with 0.5% FBS displayed
elevated S and G,/M populations (Fig. 1C). Quantification of
DNA histograms revealed a significant increase in cells in S phase
and in cells with doubled DNA content upon MRTF knockdown
after 24 h of serum starvation (Fig. 1D). At 48 h of serum star-
vation this increase was still obvious, but fell short of statistical
significance (Fig. 1D).

To determine whether the observed increase in S phase was
due to slippage through G,-S checkpoint, we pulse-labeled trans-
fected cells with BrdU for 20 min and analyzed DNA content
distribution vs. FITC-BrdU signal in cells grown with 10 or
0.5% FBS in culture medium. The results of three independent
experiments confirmed that the increased S phase upon MRTF-
A/B knockdown contained newly synthesized DNA (Fig. 1E).
This indicates that the cells tend to override the G, arrest induced
by serum withdrawal upon MRTF depletion.

Consistent with propidium iodide staining, serum starved,
BrdU-labeled cells displayed an increased fraction of cells in G,
phase. At 48 h of serum starvation, the BrdU-positive S popula-
tion and G, population were also increased upon MRTF knock-
down, although to a lesser extent (data not shown). Cells grown
in 10% FBS displayed similar DNA profiles to propidium iodide
histograms, showing no discernible changes in cell cycle phases
between control and MTRF siRNA transfections (Fig. 1E).
Taken together, lack of MRTFs abolishes the ability of cells to
arrest in G, under starvation conditions.

MRTEF-A/B knockdown impairs proliferation of NIH 3T3
fibroblasts. In order to determine whether increased S, G, and
M populations upon MRTF-A/B knockdown also correlate with
the ability of these cells to proliferate in the presence of 0.5%
FBS, we generated growth curves of NIH 3T3 cells transfected
either with control or MRTF-A/B siRNA. MTT prolifera-
tion assays and direct cell counting were performed in parallel
(Fig. 2B and C). Details of the experimental setup are depicted
in Figure 2A: transfected cells were split 18 h post-transfection,
and the first time point was measured at 33 h after the transfec-
tion, followed by measurements every 12 h. When maintained
in 0.5% FBS, neither control cells, nor cells transfected with
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MRTF siRNA, showed any proliferation (Fig. 2B and C, right
panel), demonstrating that the increase in S and G,/M popula-
tions upon MRTF knockdown is not followed by cell division
and an increase in cell numbers. Thus, the cells that aberrantly
entered S phase in the absence of serum are likely to be arrested
and destined for apoptosis.

Moreover, when asynchronously grown in 10% FBS, MRTF
knockdown caused a reproducible reduction in proliferation rate
(Fig. 2B and C, left panel). These results indicate that lack of
MRTFs impairs proper proliferation even in cycling cells, pos-
sibly by affecting mitotic cell division in both starved and non-
starved cells.

MRTF-A/B knockdown changes the lengths of cell cycle
phases. To gain a better understanding of the effects that MRTE-
A/B knockdown has on cell cycle progression and to look for
potential clues for delayed proliferation rate, we created two stable
NIH 3T3 cell lines which allowed monitoring cell cycle phases
in real time. The first contained a modified fluorescent indica-
tor for cell cycle progression (FUCCI),” where both markers
were expressed from a single plasmid with the help of an IRES2
sequence (Fig. 3A). NIH 3T3-FUCCI cells display red fluores-
cence during G, phase, when Cdtl (30-120)-mKO2 fusion pro-
tein is accumulating. At the onset of S phase, it is quickly degraded
by the SCF¥** E3 ligase complex, resulting in disappearance of red
fluorescence. Simultaneous accumulation of Geminin (1-110)-
mAG fusion protein during transition to S phase brings up green
fluorescence, which persists through S, G, and early M phases.
During late mitosis, hGem (1-110)-mAG fusion is degraded by
APCS™ E3 ligase complex, which remains active until the end
of G, phase. An example of cell cycle-dependent fluorescence
changes in stable NTH 3T3 cell line is depicted in Figure 3B.

Using live-cell imaging microscopy, the lengths of cell cycle
phases were quantified in three independent experiments. MRTF
double knockdown led to a significant shortening of the G,
phase when compared with the control. The average duration of
the G, phase was reduced from 9.028 h in the control siRNA
transfection to 7.154 h in MRTF siRNA transfection (Fig. 3C).
S/G, populations have also been affected, but in the opposite
direction—the mean duration had increased from mean 12.65 to
13.54 h in the knockdown (Fig. 3C). However, there was no sig-
nificant difference in the total duration of the cell cycle between
control siRNA and siRNA against MRTF-A/B, although we did
notice that the cell cycle became slightly shorter when MRTFs
were depleted (Fig. 3D).

The second stable NIH 3T3 cell line expressed a histone
H2B-GFP fusion protein. This cell line allowed quantification of
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even more pronounced,due to the lack
of serum-induced p27%*" degradation
in control-transfected cells (Fig. 4B).
p21¥ protein levels have also been
slightly upregulated when the cells
were grown in 10% FBS-containing
medium after MRTF knockdown,
however the protein seemed to be sta-
bilized in the absence of serum (0.2%
BSA), while in the control transfec-
tion, levels of p21™*! were significantly

reduced (Fig. 4C). Total Rb protein
levels were not affected by the knock-

Oh 12h 24h 36h 48h 60h 72h

Oh 12h 24h 36h 48h 60h 72h

down (Fig. 4B). Cyclin D1 protein

level displayed a similar pattern to the

(n=3).

Figure 2. Proliferation of NIH 3T3 cells upon transient MRTF knockdown. (A) Scheme of experimental
set up used for proliferation assays. (B) NIH 3T3 cells transfected with control or MRTF-A/B siRNAs
were grown in 10 or 0.5% FBS-containing medium. MTT proliferation assay was performed at the in-
dicated time points. Proliferation values are expressed as an increase in the optical density at 560 nm
over the first time point (0 h). (C) In parallel, cells were grown as in (B) and counted using a Neubauer
chamber. Total cell numbers plotted against time points. For all experiments, error bars indicate + SEM

p21¥1 protein, with a weak upregula-
tion in full medium (10% FBS) and
impaired degradation in the absence
of serum growth factors (0.2% BSA)
(Fig. 4C). Together, the results show
that MRTF depletion critically affects

the duration of the mitosis. We scored the time that cells required
from the nuclear envelope breakdown to the complete cytokine-
sis, and found that depletion of MRTFs did not have a significant
effect on mitosis duration (Fig. 3E). Together this indicates that
the S and G, phases are extended on the expense of shorter G,
phases.

MRTEF-A/B knockdown influences cell cycle protein levels.
The observed changes in cell cycle dynamics raised the possibil-
ity that cyclin-CDK inhibitors might be affected by MRTF-A/B

www.landesbioscience.com
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several cell cycle regulators, which
may underly the observed alterations
in cell cycle progression.

MTREF-A/B knockdown leads to defects in chromosomal
stability. While performing live-cell imaging experiments with
H2B-GFP-expressing NIH 3T3 cells, we noticed a significant
increase in micronuclei and nuclear bud formation upon MRTF
double knockdown (Fig. 5A). This increase first became appar-
ent after more than 48 h post-transfection, and at 60 h, there was
approximately 3-fold increase in cells, displaying nuclear defects
in the form of either micronuclei or nuclear buds (Fig. 5A, lower

panel).
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Figure 3. Analysis of the duration of cell cycle phases in NIH 3T3 cells using FUCCI markers. (A) The scheme of the FUCCI expression vector used to
establish NIH 3T3 stable cell line. (B) The live-cell imaging of FUCCI-expressing NIH 3T3 cells showing cyclic changes of fluorescent markers during

cell cycle. Field 1 follows two cells in G, (green) undergoing nuclear envelope breakdown (75 and 375 min) followed by mitosis. Daughter cells in G,
become red. In field 2, two cells in G, undergoing a change from red to green color, indicating progression from G, to S phase. (C) Quantification of the
live-cell imaging using FUCCl-expressing NIH 3T3 cells. Durations of the red and green phases were calculated in three independent experiments and
the combined data are presented. n > 100 cells for every plot. Median and interquartile distances are indicated. (D) Cell cycle duration was calculated
as a total time between two divisions. n = 54 cells for control siRNA, n = 62 cells for MRTF siRNA (error bars: +SEM). (E) Quantification of the duration of
mitosis in control and MRTF-A/B siRNA-transfected NIH 3T3-H2B-GFP cells during live-cell imaging (n = 35 cells, error bars: +SEM). Statistical signifi-
cance was determined by the unpaired Student’s t-test (ns: not significant).

To quantify these defects, we transfected parental NIH 3T3  panel). Three independent experiments confirmed the findings
cells with either control siRNA or MRTF siRNA for 72 h, fixed from the H2B-GFP cell line and demonstrated a significant
the cells on coverslips and stained with DAPI (Fig. 5B, upper increase in nuclear defects-containing cells in the presence of
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Figure 4. Effect of MRTF-A/B knockdown on cell cycle regulators in NIH 3T3 cells. (A) Real-time PCR analysis of selected INK4 and Cip/Kip family of
cyclin-CDK inhibitors upon transient MRTF-A/B knockdown. Error bars: +SEM, n = 3, p value by unpaired Student’s t-test. (B) Western blot analysis
of p27Kip1 and total Rb proteins after MRTF knockdown. Representative pictures from three independent experiments are shown. (C) Western blot
analysis of cyclin D1 and p21Waf1 proteins following MRTF knockdown. Representative pictures from three independent experiments.
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siRNA against MRTFs (Fig. 5B, lower panel). We note, how-
ever, that the number of bi-nucleated cells remained unchanged
in comparison to the control transfection.

When MRTFs were stably knocked down in NIH 3T3 cells
using retrovirally delivered shRNA, the resulting stable pool
of cells became aneuploid after 3 weeks of selection (data not
shown). We further sub-cloned this pool and analyzed DNA
content in 37 individual clones. In parallel, DNA profiles of 28
clones derived from pSuper.retro.puro empty vector stable pool
were analyzed. In empty vector control clones, 11 out of 28 clones
displayed varying degrees of aneuploidization (Fig. 5C, upper
panel), which points toward some extent of inherent genomic
instability of the NIH 3T3 cell line. In shRNA-expressing cells,
however, all except one clone became aneuploid, with 17 out of 37
clones fully doubling their DNA content (Fig. 5C, lower panel).
It is worth noting that there was no apparent growth deceleration
in stable MRTF shRNA expressing clones, and some of them
were proliferating faster than parental NIH 3T3 cells (data not
shown).

Discussion

In the present study, we have analyzed the effects of MRTF
depletion in NIH 3T3 fibroblasts and established novel links
between the myocardin-related transcription factors and cell
cycle progression. We demonstrate that under normal growth
conditions (10% FBS), transient double knockdown of MRTF-A
and -B leads to the shortening of G, phase and slight lengthening
of the S and G, phases. In serum-starved conditions, MRTF-
A/B-depleted cells show a tendency to slip from G, into S and
G, phases, but this does not result in proliferation. Rather, the
knockdown decreases proliferation with concomitant accumula-
tion of cells carrying chromosomal segregation defects (micro-
nuclei and nuclear buds). Persistent depletion of MRTFs by
stable knockdown gives rise to aneuploid and polyploid cell lines.
Finally, we link MRTF-A/B knockdown to the changes in the
expression levels of several important cell cycle regulators, which
could at least in part explain the observed phenotype.

The results suggest an important and complex role for MRTFs
in maintaining proper cell cycle progression and genomic sta-
bility. Indeed, myocardin family members have previously been
implicated in proliferation in a range of cell lines: overexpres-
sion of MRTF-A confers strong cytotoxicity in NIH 3T3 cells
that requires the transcriptional activation domain of MRTF-A,
and is in part due to the induction of apoptosis.”® Myocardin was
shown to markedly impair proliferation of vascular smooth mus-
cle (VSMC) and CHO cells* as well as leiomyosarcoma cells.”
In HT1080 fibrosarcoma cells, myocardin inhibits proliferation
at low cell density and abrogates colony formation in soft agar.'®
These observations lead to the hypothesis that the depletion of
MRTFs, which presumably control a similar set of target genes,
might give cells a proliferative advantage. However, our data pre-
sented here do not support this hypothesis.

The suggested molecular mechanisms underlying myocar-
din-induced growth impairment, however, remain conflicting.
Kimura and colleagues showed that myocardin in conjunction
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with SRF directly binds to the p21¥*" promoter and induces its
expression, which leads to a G, arrest. In contrast, Tang et al.
showed that p21¥" and p27%"! levels are not affected by the over-
expression of myocardin, but they observed downregulation of
c-myc, CDK1, CDK2 and S6K, which, in concert, results in a
G,-M arrest and accumulation of polyploid cells.

Our data presented here do not formally exclude that MRTFs

can directly activate the p21¥"!

promoter. However, the results
at least suggest additional regulatory mechanisms ensuring that
p21¥+ levels do not decrease upon MRTF knockdown. Moreover,
a gain-of-function experiment using inducible MRTF-A expres-
sion failed to detect increased levels of p21¥*"! mRNA and pro-
tein in our hands (A. Descot and G. Posern, unpublished).

It has been shown that in fibroblasts, p21¥*! protein is upreg-
ulated by serum, PDGF or TGF-B.%** Consistently, we observe
higher levels of p21¥*! in asynchronously cycling NIH 3T3 cells
in comparison to serum-starved cells, while MRTF knockdown
leads to the increase in p21¥*! protein in both conditions. In the
1% mRNA was minimal,

but we also observed upregulation of cyclin D1, which is known

absence of serum, upregulation of p2

to sequester p21¥*" and prevent its degradation.?® Therefore, the

elevated levels of p21¥!!

possibly represent a combined effect of
the increased mRNA production during normal culture condi-
tions in the presence of serum and the delayed degradation in
serum-starved conditions. Alternatively, the upregulation of the
pZI\Wafl

as a consequence of elevated genomic instability and the micro-

gene could reflect stabilized p53 which may accumulate

nuclei formation observed.

We showed that MRTF-depleted cells slip into S and G,
phases despite serum starvation. This could in part be explained
by the downregulation of p27**' upon MRTF double knock-
down. The observed decrease in mRNA levels suggests an
involvement of transcriptional regulation or mRNA stability.
However, under serum-starved conditions, the protein appears
to be more affected than the mRNA. It is known that in serum-
deprived cells, p27%*' accumulates in the nucleus and is stabi-
lized there via phosphorylation by the Mirk/Dyrklb kinase on
Serine-10 (ref. 27 and references therein). Similar to the effects
observed by MRTF knockdown, depletion of Mirk/Dyrk1b leads
to increased degradation of p27¥! and progression into the S
phase.?® Intriguingly, Mirk/Dyrklb is induced by RhoA, which
is also a potent inducer of the actin-MRTE-SRF pathway.*
Thus, it would be interesting to see if Mirk/Dyrk1b is affected by
MRTF knockdown.

It remains possible that the downregulation of p27*¥! alone
is sufficient to allow NIH 3T3 cells to progress into S and G,
phase in the absence of serum; however, additional downregu-
lation of p18"< and p19"*4 on mRNA level might also con-
tribute to this phenomenon. Despite slippage into S-G, phases,
MRTF-depleted cells fail to proliferate, suggesting that they
become arrested before or during mitosis. Elevated p21¥*"!, which
is known to target cdc2 kinase for degradation® might contribute
to this arrest.

p21¥+! expression is controlled by Ras, Raf and the TCF
Elk-1.323%In serum-starved Swiss 3T3 cells (but not in NIH 3T3),
activated Ras leads to accumulation of p21¥*! and G, arrest, while
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Figure 5. Effects of MRTF-A/B knockdown on genomic stability of NIH 3T3 cells. (A) Stable NIH 3T3-H2BGFP cells were transfected either with control
or MRTF-A/B siRNA and 24 h post-transfection, live imaging was performed for 48 h. Number of micronuclei-containing cells was counted at the last
time point and normalized to 50 cells. Representative micrographs and the quantified results are shown. Significance was calculated using the un-
paired Student’s t-test (ns, not significant). (B) NIH 3T3 cells transfected with control or MRTF siRNA for 72 h were fixed and stained with DAPI.
Bi-nucleated cells and micronuclei-containing cells were counted in three independent experiments. At least 200 cells were counted per experiment.
Representative micrographs and quantified results are shown (error bars: +SEM, p values indicate unpaired Student’s t-test). (C) Clonal selection of the
NIH 3T3 cells stably transfected with empty vector or expressing shRNA against MRTF-A/B. After 3 wk of selection, clonal lines were analyzed for DNA
content using propidium iodide staining and flow cytometry. DNA content was scored as tetraploid compared with parental NIH 3T3 cells,
aneuploid/mixed, or the same ploidy as parental cells. Representative histograms and the quantified distribution of the DNA content in the clonal
lines are shown.
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the presence of serum inhibits Ras-dependent p21™*' accumula-

tion through RhoA activity.**>*¢ One could therefore speculate
that p21¥*! is subject to the described competition between Ras-
and Rho-dependent SRF coactivators, and that MRTF depletion
somehow elevates a Ras-Elk1 dependent p21¥*! expression.*¥3?

Slight lengthening of S-G, phases in NIH 3T3 cells grown in
full medium upon MRTF knockdown also resembles previously
observed 1 h delay in entering mitosis upon blocking RhoA with
C3 exoenzyme in Hela cells.®” It is possible that RhoA func-
tion during G,-M transition, via its effects on the actin cytoskel-
eton, could involve MRTFs. Moreover, it is clear that the role
of RhoA in cell cycle extends beyond MRTF-dependent regu-
lation of transcription, because RhoA-null phenotype confers
more severe defects in proliferation when compared with MRTF
knockdown.!

While MRTF-A/B-depleted cells do not display obvious
defects in mitosis short-term (up to 48 h), at longer time points
increased micronucleation points to the errors in chromosomal
segregation, which is reminiscent of the phenotype seen in H-Ras
overexpression and activation of MAPK pathway studies, once
more hinting at the potential imbalance of two pathways activat-
ing SRE.“* Similarly, RhoA-null MEFs displayed micronuleation
and increased number of bi-nucleated cells.”! While we could not
detect an increase in bi-nucleated cells up to 72 h of MRTEF-A/B
knockdown, clonal selection of stable MRTF-depleted NIH 3T3
cells revealed that 36 out of 37 clones became aneuploid or com-
pletely doubled their DNA, suggesting that MRTFs are indeed
required for maintenance of genomic stability.

Materials and Methods

Plasmids, antibodies and reagents. siRNA and shRNA sequences
against murine MRTF-A/B were described previously.”” Control
siRNA was Silencer® Negative Control siRNA (Applied
Biosystems, AM4635). MRTF-A/B shRNA was cloned into
pSuper.retro.puro vector (Oligoengine) as previously reported.?
H2B-GFP fusion was expressed from pBOS-H2BGFP (BD
PharMingen). FUCCI markers were expressed from pGIC plas-
mid. Complete sequences are available upon request. Antibodies
used were rabbit anti-MRTF-A/B serum #79 (home-made),
monoclonal mouse anti-a-tubulin, clone DMIA (Sigma,
T9026), monoclonal mouse anti-p21V*"', Ab-4 (Calbiochem,
OP76), mouse monoclonal anti-cyclin D1 (Millipore, 05-815),
monoclonal mouse anti-p27¥¥! (BD Biosciences, 610242) and
rabbit anti-Rb (C-15; Santa Cruz Biotechnology, sc-50).

Cell lines, transfections and infections. NIH 3T3 mouse
fibroblasts were maintained at 37°C, 10% CO,, in high-glucose
(4.5 g/L) DMEM (Invitrogen), supplemented with 10% FBS
and 100 units Pen-Strep (Invitrogen). For generation of stable
cell lines, NIH 3T3 cells were transfected using Lipofectamine
2000 (Invitrogen) in 10 cm dishes, according to manufactur-
er’s protocol. Twenty-four hours post-transfection, cells were
split into 15-cm dishes and incubated in medium containing
appropriate antibiotics. NIH-pGIC stable pool was generated
by FACS sorting the cells six times, using BD Aria II. The
first and the second sorts included mAG-hGem (1-110)-only
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positive cells; the third sort included mKO2-hCdt (1-130)-only
positive cells, and sorts 4—6 were for double-positive cells. NIH-
H2BGEFP cells were FACS-sorted for GFP-positive cells two
times. NIH-pGIC pool was maintained in presence of 800 g/
mL G418 and NIH-H2BGFP pool in 1 wg/mL puromycin. For
generation of a stable MRTF-A/B knockdown cell line, retrovi-
ral infections were employed. Detailed procedure is described
elsewhere." Briefly, 6 x 10° cells of the Phoenix E packaging cell
line were transfected with 20 g of pSuper.retro.puro-shMRTF
vector using the calcium phosphate method. Viruses were pro-
duced for 24 h, subsequently concentrated from supernatant
with Vivaspin 20 columns (30 kDa cut-off, Sartorius, V§2032)
and used to infect 1.5 x 10° NIH 3T3 cells. Infection was
repeated once more 8 h later. Twenty-four hours post-infection,
cells were split 1:20 into medium containing 1 pg/mL puromy-
cin and astable pool was selected for 3 wk. For clonal selection,
the stable pools were split at 1:25 into 15 cm dishes, and 2 wk
later single clones were picked using cloning cylinders (Sigma,
C1059). Transient transfections with MRTF-A/siRNA were
done using Lipofectamine RNAIMAX (Invitrogen) according
to manufacturer’s instructions. 100 pmol of siRNA was used
for 6 cm dishes.

Cell cycle analysis. Propidium iodide staining was done as
described.®® Briefly, 18 h post-transfection, cells were split into
6-cm plates and grown for indicated periods of time. Cells
were collected by trypsinization and fixed with 70% ethanol.
After washing with PBS, cells were stained for 30 min with
50 pwg/mL propidium iodide (Sigma, 81845) in PBS, sup-
plemented with 200 pg/mL RNase A (Sigma, R6513). BD
FACSCalibur (BD Biosciences) was employed to measure fluo-
rescence from 10,000 events per sample. Data was analyzed using
FlowJo software v7 (TreeStar). DNA histograms were generated
by gating on single cell events and cell cycle phases de-convo-
luted using built-in Dean-Jet-Fox algorithm. BrdU staining was
performed using FITC BrdU Flow kit (BD Pharmigen, 559619)
according to manufacturer’s protocol. Briefly, cells were pulse-
labeled with 10 wM BrdU for 20 min in medium, trypsinized
and fixed. After DNA digestion, cells were stained with FITC-
labeled anti-BrdU antibody for 20 min, co-stained with 7-AAD
and analyzed with FACSCalibur flow cytometer. Fifty thousand
events were collected per sample, and dot plots of single events
were generated with the FlowJo software.

Live-cell imaging. Cells were seeded into non-coated, four-
chambered Cellview™ glass-bottom dishes (Greiner Bio-One,
627871) 18 h post-transfection and incubated for 6 h before
live imaging was started. During live imaging, cells were main-
tained at 37°C, 10% CO, in a Carl Zeiss Observer.Z1 micro-
scope equipped with incubator XL S1 (Pecon), TempModule
S, CO, module S and heating unit XL S. Images were captured
every 5 min for 48 to 65 h with AxioCam MRm camera and
Plan-Apochromat 10x/0.45 objective (FUCCI markers) or Plan-
Apochromat 20x/0.8 objective (H2BGFP). GFP and mAG fluo-
rescence was imaged using Zeiss Filter Set 38HE (BP470/40, FT
495, BP 525/50), mKO2 fluorescence was imaged using Zeiss
Filter Set 43HE (BP 545/25, FT570, BP 605/70). Exposures
were 200 ms for mAG, 400 ms for mKO2 and 90 ms for GFP.
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Images were saved with AxioVision 4.7 software. For analysis,
TIFFs were exported to Image] software (US National Institute
of Health) and manually analyzed for individual cell phase dura-
tion, total cell cycle length and duration of mitosis.

Proliferation assays. For MTT assay, cells were seeded into
96-well plates in quadruplicates 18 h post-transfection and incu-
bated for further 15 h before the first time point. One hour before
the time point, 40 pl of MTT solution (5 mg/mL; Sigma, M5655)
was added to the well, and cells were incubated for 1 h. Medium
was removed, and MTT Formazan crystals were dissolved in
150 wl DMSO. Absorbance was measured at 560 nm using the
Labsystems Multiscan RC (Thermo Scientific). For cell count
ing, cells were seeded into 12-well plates in duplicates (10,000 for
10% FBS-containing medium, 35,000 for 0.5% FBS-containing
medium). At the indicated time points, cells were trypsinized
and counted using an improved Neubauer chamber. Nine quad-
rants were counted per sample.

Quantitative RT-PCR. Total RNA was prepared using
RNeasy kit (Qiagen, 74104). First-strand cDNA was synthesized
from 1 wg of RNA using oligo-dT primer and Verso cDNA syn-
thesis kit (Thermo Scientific, AB-1453) according to manufac-
turer’s instructions. qQPCR was performed using 2.5 pl cDNA
(1:5 dilution), 0.5 mM primers and Fast SYBR Green master
mix (Applied Biosystems, 4385612) in 15 pl reaction volume
using the StepOne Plus instrument (Applied Biosystems). Primer
sequences used were as follows: Hprt, forward: TCA GTC AAC
GGG GGA CAT AAA, reverse: GGG GCT GTA CTG CTT
AAC CAG; MRTF-A, forward: CCA GGA CCG AGG ACT

ATT TG, reverse: CGA AGG AGG AAC TGT CTG CTA;
MRTE-B, forward: CCC ACC CCA GCA GTT TGT TG,
reverse: TGC TGG CTG TCA CTG GTT TCA TC; p27%#,
forward: TAA TTG GGT CTC AGG CAA ACT C; reverse:
AGA ATC TTC TGC AGC AGG TC; p21¥, forward: ACA
AGA GGC CCA GTA CTT CC; reverse: TGG AGT GAT AGA
AAT CTG TCA GG; p18"*, forward: GCT GCA GGT TAT
GAA ACT TGG:; reverse: GTT AAC ATC AGC CTG GAA
CTC; p19™kd, forward: CTT GCA GGT CAT GAT GTT
TGG; reverse: GTC CAG GGC ATT GAC ATC AG.
Immunofluorescent staining. Cells were grown on coverslips,
fixed with 4% PFA for 15 min and permeabilized with 0.2%
Triton X-100 for 5 min. Coverslips were subsequently incubated
with 1:10,000 dilution of DAPI (Invitrogen, D1306) in PBS
for 20 min and mounted onto glass slides with Mowiol reagent
(Sigma, 324590), supplemented with 2.5% DABCO (Sigma,
D2522). Pictures were acquired with Plan-Apochromat 20x/0.8
objective on Observer.Z1 microscope (Catl Zeiss) using Zeiss
Filter Set 49 (G365, FT395, BP 445/50) and AxioVision 4.7

software.
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