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Regulation of cell proliferation by ERK and 
signal-dependent nuclear translocation of ERK 
is dependent on Tm5NM1-containing actin 
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ABSTRACT  ERK-regulated cell proliferation requires multiple phosphorylation events cata-
lyzed first by MEK and then by casein kinase 2 (CK2), followed by interaction with importin7 
and subsequent nuclear translocation of pERK. We report that genetic manipulation of a core 
component of the actin filaments of cancer cells, the tropomyosin Tm5NM1, regulates the 
proliferation of normal cells both in vitro and in vivo. Mouse embryo fibroblasts (MEFs) lack-
ing Tm5NM1, which have reduced proliferative capacity, are insensitive to inhibition of ERK 
by peptide and small-molecule inhibitors, indicating that ERK is unable to regulate prolifera-
tion of these knockout (KO) cells. Treatment of wild-type MEFs with a CK2 inhibitor to block 
phosphorylation of the nuclear translocation signal in pERK resulted in greatly decreased cell 
proliferation and a significant reduction in the nuclear translocation of pERK. In contrast, 
Tm5NM1 KO MEFs, which show reduced nuclear translocation of pERK, were unaffected by 
inhibition of CK2. This suggested that it is nuclear translocation of CK2-phosphorylated pERK 
that regulates cell proliferation and this capacity is absent in Tm5NM1 KO cells. Proximity li-
gation assays confirmed a growth factor–stimulated interaction of pERK with Tm5NM1 and 
that the interaction of pERK with importin7 is greatly reduced in the Tm5NM1 KO cells.

Monitoring Editor
Valerie Marie Weaver
University of California, 
San Francisco

Received: Oct 16, 2014
Revised: May 5, 2015
Accepted: May 7, 2015

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E14-10-1453) on May 13, 2015.
*These authors contributed equally.
†Present address: Wolfson Wohl Cancer Research Centre, University of Glasgow 
Garscube Estate, Bearsden, Glasgow G61 1BD, United Kingdom.
‡The laboratories of these authors contributed equally.
G.S., P.W.G., A.J.K., and V.B.S. wrote the manuscript with input from E.C.H. G.S. 
and A.J.K. designed, performed, and analyzed experiments. J.H., J.D.C., B.W., 
C.A.L., A.C., T.H., and I.P. performed and analyzed experiments. R.A., T.F., R.S., 
J.R.S., V.B.S., and B.T.K. supervised research. E.A.M. provided initial intellectual 
input to the study and critical editing of the manuscript. E.C.H. and P.W.G. di-
rected the study.
Conflict of interest: P.G. is a director and J.R.S. is an employee of Novogen, a 
company that is developing anti-Tm5NM1 drugs as anticancer therapeutics.
Address correspondence to: Peter W. Gunning (p.gunning@unsw.edu.au).

© 2015 Schevzov, Kee, Wang, et al. This article is distributed by The American 
Society for Cell Biology under license from the author(s). Two months after publi-
cation it is available to the public under an Attribution–Noncommercial–Share 
Alike 3.0 Unported Creative Commons License (http://creativecommons.org/ 
licenses/by-nc-sa/3.0).

“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: CK2, casein kinase 2; ERK1/2, extracellular signal-regulated 
kinases 1/2; Imp7, importin 7; JNK, c-Jun-N-terminal kinase; KO, knockout; 
MAPK, mitogen-activated protein kinase; MEK, MAP/ERK kinase; NTS, nuclear 
translocation sequence; PI3K, phosphatidylinositol 3-kinase; PLA, proximity liga-
tion assay; qRT-PCR, quantitative real-time-PCR; SPS, Ser-244/Pro-245/Ser-246; 
TEY, Thr-Glu-Tyr motif; TG, transgenic; Tm, tropomyosin; Tm5NM1, tropomyosin 
isoform 5 nonmuscle 1; WAT, white adipose tissue; WT, wild type.

 http://www.molbiolcell.org/content/suppl/2015/05/11/mbc.E14-10-1453v1.DC1.html
Supplemental Material can be found at: 

http://www.molbiolcell.org/content/suppl/2015/05/11/mbc.E14-10-1453v1.DC1.html


2476  |  G. Schevzov, A. J. Kee, B. Wang, et al.	 Molecular Biology of the Cell

essential for embryonic stem cell proliferation (Hook et al., 2011) 
and cancer cell survival (Stehn et al., 2013) and that expression of 
this isoform increases after release of NIH3T3 cells from quiescence 
back into the cell cycle (Percival et  al., 2000; Stehn et  al., 2013). 
These results point to Tm5NM1-containing actin filaments in actin-
mediated cell proliferation. We used genetically manipulated mice 
and cells derived from them to test the role of Tm5NM1 in regulat-
ing cell proliferation in vivo and in vitro. Tm5NM1 was found to be 
required for the regulation of cell proliferation by ERK and the sig-
nal-dependent nuclear translocation of ERK.

RESULTS
Tm5NM1 promotes cell proliferation in vitro
To determine whether Tm5NM1 has a role in cell proliferation, we 
analyzed primary MEFs isolated from wild-type (WT) and Tm5NM1 
knockout (KO) and transgenic (TG) mice. Tm5NM1 TG MEFs ex-
press twofold higher levels of Tm5NM1 than WT MEFs, whereas 
Tm5NM1 expression is undetectable in the KO MEFs (Figure 1, A 
and B). In cell proliferation assays using synchronized cells, we found 
that TG MEFs had an enhanced cell proliferation, whereas KO MEFs 
displayed reduced cell proliferation (Figure 1C). The observed de-
fect in cell proliferation was also evident at lower (2.5%) and higher 
(15%) serum levels (Supplemental Figure S1) We observed a similar 
reduced proliferation rate in Tm5NM1 KO MEFs harvested from 
mice of a different genetic background, indicating that the decrease 
in proliferation is robust (Supplemental Figure S2, A and B). Restora-
tion of Tm5NM1 expression by mating KO and TG mice rescued the 
phenotypes, and MEFs isolated from these mice have a proliferation 
rate similar to MEFs harvested from WT mice (Figure 1, D–F). Flow 
cytometry analysis of the Tm5NM1 KO MEFs showed no significant 
changes in the percentage of cells detected at different phases of 
the cell cycle compared with WT MEFs (Supplemental Figure S3A). 
This is an expected outcome. We predict that the observed prolif-
eration defect is likely due to a change in G1. Owing to the slow 
doubling time of these cells (36–48 h; unpublished data) together 
with the observation that ∼60% of the cells are in G1 (Supplemental 
Figure S3A), it is unlikely that a statistically significant change in the 
fraction of cells in G1 would be detected. In addition, knocking out 
or overexpressing Tm5NM1 does not result in compensation by 
other Tm isoforms (Supplemental Figure S3, B–D).

To confirm that the decrease in proliferation was due to an iso-
form-specific effect, we examined the effect of the loss of Tm4, an-
other low–molecular weight Tm isoform consistently expressed in 
both normal and cancer cells (Stehn et al., 2013), on cell prolifera-
tion. Functional knockout of Tm4 in Tpm4Plt53/Plt53 MEFs had no ef-
fect on proliferation relative to WT MEFs (Figure 1, G–I). Of impor-
tance, depletion of Tm4 protein had no effect on the levels of 
Tm5NM1 (Figure 1G). Collectively these data indicate that the effect 
on proliferation observed in the KO and TG MEFs is specifically a 
consequence of altered Tm5NM1 expression levels.

It is well established that cell proliferation is influenced by cell–
substratum interactions, and the actin cytoskeleton is implicated in 
this biological response (Assoian and Klein, 2008). In particular, 
cells display a graded proliferative response to changes in substra-
tum compliance (Klein et al., 2009). In this study, the reduced pro-
liferation rate of Tm5NM1 KO MEFs was unrelated to their ability 
to respond to changes in substratum compliance (Supplemental 
Figure S3E).

Tm5NM1 promotes cell proliferation in vivo
To determine whether perturbation of Tm5NM1 levels in vivo has 
any effect on cell proliferation, we analyzed tissues from Tm5NM1 

INTRODUCTION
Constitutive activation of the mitogen-activated protein kinase 
(MAPK) signaling pathways is the primary driver of cell proliferation 
in most cancers (Roberts and Der, 2007). These pathways consist of 
distinct tiers of conserved protein serine/threonine kinases that de-
fine each pathway and include the well-characterized extracellular 
signal-regulated kinases 1/2 (ERK1/2, termed here ERK), c-Jun-N-
terminal kinase (JNK), p38 MAPK (Roskoski, 2012), and ERK5 (Nithi-
anandarajah-Jones et al., 2012). Activation of each MAPK requires 
dual phosphorylation of specific residues within the activation loop. 
For example, ERK is initially phosphorylated by MAPK/ERK kinase 
(MEK) on the Thr-Glu-Tyr (TEY) motif (Seger and Krebs, 1995), with 
subsequent phosphorylation on the Ser-244/Pro-245/Ser-246 (SPS) 
nuclear translocation sequence (NTS) mainly by casein kinase 2 
(CK2) to generate pSPS-pERK (Chuderland et al., 2008; Plotnikov 
et al., 2011). These events lead to the nuclear translocation of ERK 
by the interaction of the phosphorylated NTS with the nuclear shut-
tling protein importin7 (Imp7) (Chuderland et al., 2008). This cas-
cade of well-defined events is essential for ERK-induced cell cycle 
regulation (Weber et al., 1997; Schwartz and Assoian, 2001).

The actin cytoskeleton is a key regulator of numerous cellular 
functions, including proliferation and entry into the S phase of the 
cell cycle (Bohmer et al., 1996; Huang et al., 1998; Huang and Ing-
ber, 2002; Reshetnikova et al., 2000); however, the mechanism by 
which the cytoskeleton regulates cell proliferation has not been well 
defined. There is increasing evidence of interaction between actin 
filaments and components of the MAPK signal transduction path-
ways, with early reports suggesting a dependence on actin filaments 
for MAPK-regulated cell proliferation (Leinweber et al., 1999; Aplin 
et al., 2001; McNicol et al., 2001; Harrison et al., 2004; Smith et al., 
2004; Jongstra-Bilen and Jongstra, 2006; Ren et al., 2007; White 
et al., 2009). Several reports detected ERK in the Triton X-100–in-
soluble fraction, which is consistent with an association with the ac-
tin cytoskeleton (Atten et al., 1998; Leinweber et al., 1999; Schrick 
et al., 2007). Morgan and coworkers showed costaining of ERK with 
actin stress fibers and found that release of ERK from stress fibers 
might be required for activation of ERK (Vetterkind et  al., 2013). 
Thus the actin cytoskeleton has been seen as a cytoplasmic anchor 
for ERK and potential inhibitor of ERK function.

The weakness with this view of the role of the actin cytoskeleton 
is the intrinsic assumption that the actin filaments as visualized by 
phalloidin staining or fractionated by Triton X-100 solubility are 
compositionally generic. Instead, it has become increasingly clear 
that this is not true (Michelot and Drubin, 2011). The two cytoskel-
etal actin isoforms are spatially segregated and functionally distinct 
(Schevzov et  al., 1992; Dugina et  al., 2009; Bunnell and Ervasti, 
2011). In addition, tropomyosin (Tm) is an integral component of 
most actin filaments in all metazoan cells (Gunning et al., 2008). The 
specific Tm incorporated into actin filaments, at least in yeast, is 
specified by the formin used to build the actin filament (Johnson 
et al., 2014). The functional diversity of actin filament populations is 
controlled, at least in part, by the Tm component of actin filaments 
(Gunning et al., 2008; O’Neill et al., 2008). It is therefore possible 
that if the actin cytoskeleton is involved in cell proliferation, it will be 
mediated by a specific population of actin filaments containing a 
specific Tm.

Transformation of cells is accompanied by profound changes in 
the Tm isoform composition of their actin cytoskeleton (Hendricks 
and Weintraub, 1984; Lin et al., 1985). There are only two Tm iso-
forms consistently retained by all human cancer cells thus far exam-
ined, tropomyosin isoform 5 nonmuscle 1 (Tm5NM1) and Tm4 
(Stehn et al., 2006, 2013). We previously reported that Tm5NM1 is 
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WAT mass was unchanged in a TG mouse overexpressing a dif-
ferent Tm isoform, Tm3 (Schevzov et  al., 2008), and in mice ex-
pressing a functional null Tm4 protein (Tpm4Plt53/Plt53; Figure 2, E 
and F). In addition, brain and kidney masses of the Tm3 TG and 
Tpm4Plt53/Plt53 mice were similar to those of their respective control 
mice (Figure 2, G and H). Collectively these data indicate an iso-
form-specific role for Tm5NM1 in the size of fat pads, brain, and 
kidney in vivo.

To assess whether the changes in TG and KO fat pad sizes were 
a consequence of altered proliferation of adipocytes, we measured 
DNA content. DNA content per whole fat pad was significantly in-
creased in adult WAT from TG mice and decreased in the KO WAT 
compared with WT WAT (Figure 3, A and B, respectively). These 
data are consistent with changes in adipocyte cell number ac-
counting for the changes in WAT mass in the Tm5NM1 TG and KO 
mice. Changes in cell proliferation in vivo were measured using the 
cell cycle marker Ki67 (Figure 3, C–E). The TG kidney showed a 

KO and TG mice described previously (Bryce et  al., 2003; Kee 
et al., 2004; Vlahovich et al., 2009). Most striking was the varia-
tion in weight of white adipose tissue (WAT) depots between 
these mouse lines (Figure 2, A and B). The weight of both 
abdominal (epididymal and retroperitoneal) and subcutaneous 
(inguinal) WAT depots as a percentage of body weight was 
increased in adult (3-mo-old) TG mice and reduced in KO mice 
compared with WT controls (Figure 2, A and B). Similar changes 
occurred in brain and kidney mass, with a significant decrease 
observed in KO mice and an increase in TG mice (Figure 2, C and 
D). Total body fat mass was higher in the TG mice and reduced in 
the KO mice (Supplemental Figure S4A). However, the body 
weights of TG and KO mice were similar to that of their WT con-
trols (Supplemental Figure S4B) since there was a significant 
decrease and increase in lean body mass in TG and KO mice, 
respectively, as determined by dual x-ray absorptiometry (Sup-
plemental Figure S4A).

FIGURE 1:  Tm5NM1 regulates cell proliferation in vitro. (A) Representative Western blot of WT (wt/wt), Tm5NM1 TG 
(tg/tg), and KO (ko/ko) MEFs probed with γ/9d (Tm5NM1) and α-tubulin (to evaluate protein loading) antibodies. 
(B) Quantification of Tm5NM1 levels in A; WT was set at 1. *p < 0.05. (C) MEFs were growth arrested by serum 
deprivation and allowed to reenter the cell cycle with the addition of 10% (vol/vol) FBS, and cells were counted. 
Proliferation rate was determined from the slope of the linear regression curves and plotted as a fold change relative to 
WT MEFs (set at 1). n = 4; ***p < 0.001. (D) Representative Western blot of WT (wt/wt) and Tm5NM1 TGxKO (tg/ko) 
MEFs probed with γ/9d (Tm5NM1) and α-tubulin (to evaluate protein loading). (E) Quantification of Tm5NM1 levels in D; 
WT was set at 1. (F) Proliferation rates of WT and Tm5NM1 TG/KO MEFs determined as described in C (n = 3); WT was 
set at 1. (G) Representative Western blots of WT (wt/wt) and Tm4 functional KO (Plt53/Plt53) MEFs probed with δ/9d 
and δ/1b antibodies (which detect full-length and truncated Tm4 protein, respectively), CG3 (Tm5NM1), and α-tubulin 
(to evaluate protein loading). (H) Quantification of Tm4 and Tm5NM1 levels in G; WT was set at 1. (I) Proliferation rates 
of WT (wt/wt) and Tm4 functional KO (Plt53/Plt53) MEFs determined as described in C (n = 3); WT was set at 1.
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the effect of Tm5NM1 on tissue and organ 
weight is consistent with altered cell prolif-
eration in at least WAT and kidney and sug-
gests that the observed effect of Tm5NM1 
on MEF proliferation is of physiological sig-
nificance in the mouse.

ERK regulation of cell proliferation 
requires Tm5NM1
Cyclin D1 expression plays a significant role 
in controlling cell cycle progression through 
the G1 phase, and its expression has been 
linked to signaling by the ERK subfamily of 
MAP kinases (Weber et al., 1997). Further-
more, MAPK signaling via ERK and cyclin D1 
expression is actin dependent (Bohmer 
et al., 1996; Welsh et al., 2001). Therefore to 
determine whether Tm5NM1 is acting 
through the MEK/ERK/cyclin D pathway, we 
examined the expression of key members of 
this pathway in KO and TG MEFs and adi-
pose tissue from TG mice. Consistent with 
previous studies (Welsh et al., 2001), we ob-
served that addition of serum (24-h time 
point) to quiescent WT MEFs led to the in-
duction of cyclin D1 expression (Figure 4). In 
contrast, in the KO MEFs, addition of serum 
(24 h) failed to increase the level of cyclin D1 
expression, whereas a significant increase 
was observed in the TG MEFs.

The transcription factor Elk-1 is a major 
and direct nuclear downstream target of 
MAPK. Activation of the MAPK pathways 
and in particular ERKs results in the rapid 
and efficient phosphorylation and activation 
of Elk-1 (Yoon and Seger, 2006). Analysis of 
the nuclear localization of pElk-1 conducted 
in MEFs from both strains of mice (129/Svj 
and C57BL/6) showed that the KO MEFs 
displayed a significant reduction in the per-
centage of the cells with nuclear pElk-1 
(Figure 4, E–H) after serum stimulation.

We conducted microarray gene expres-
sion profiling on epidydimal adipose tissue 
of 14-wk-old TG vs. WT mice. The complete 
list of significantly altered genes (n = 1283) is 
available at the Gene Expression Omnibus 
(series record GSE25013). The Gene Ontol-
ogy categories most significantly overrepre-
sented (enriched) in the differentially regu-
lated genes were Cellular Growth and 
Proliferation and Cell Cycle (Figure 4I). The 
category terms Cell Morphology and DNA 
Transcription were also overrepresented in 
the TG epidydimal adipose tissue (Figure 
4I). To verify the changes in cell cycle gene 
expression detected by the microarray, we 
performed quantitative real-time PCR (qRT-
PCR) on cDNA synthesized from extracts of 

adult TG and WT control WAT (n = 10 samples/genotype). Both 
E2F1 and cyclin D2 (the major cyclin D isoform in fat) were signifi-
cantly enhanced in the TG WAT compared with control (Figure 4J). 

significant increase in cells positive for Ki67, whereas the KO kid-
ney trended to a reduced number of Ki67-positive cells but did not 
reach statistical significance (Figure 3, F and G). We conclude that 

FIGURE 2:  Tm5NM1 regulates organ mass. (A, B) Weight (Wgt) as a percentage of body weight 
(BW) of WAT depots (inguinal, epididymal [Epi], retroperitoneal [Retro] fat) from adult Tm5NM1 
TG (tg/tg) and KO (ko/ko) mice compared with the corresponding strain of WT (wt/wt) controls 
(n = 10–15/group; 14-to 15-wk-old male mice). (C, D) Weight as a percentage of BW of brains 
and kidneys from adult WT (wt/wt), Tm5NM1 TG (tg/wt), and KO (ko/ko) mice (n = 9–19/group; 
14-wk-old male mice). (E, F) Weight (Wgt) as a percentage of BW of WAT depots and 
(G, H) brains and kidneys from WT (wt/wt), Tm3 TG (Tm3/Tm3), and Tm4 functional KO (Plt53/
Plt53) mice (n = 7–12/group; 15-wk-old male mice). Data are mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 (ANOVA).
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proliferation rate compared with vehicle 
(Figure 5A). The KO MEFs were sensitive to 
inhibition of MEK, JNK, p38, and PI3K 
(Figure 5B) but completely resistant to 
ERK2 inhibition. We treated cells with two 
known ERK inhibitors, ERK inhibitor pep-
tide 1 (Rasola et  al., 2010) (Figure 5B,C) 
and the ERK11e inhibitor (Aronov et  al., 
2009; Figure 5, D and E), both shown to 
inhibit primarily ERK2. Moreover, the resis-
tance of the KO MEFs to ERK inhibitor pep-
tide 1 is independent of serum stimulation, 
as log phase (asynchronous cultures) re-
sponded in a similar manner (Figure 5F). 
Thus the KO MEFs have lost their ability 
to respond to ERK stimulation of cell 
proliferation.

Nuclear translocation of pERK is 
reduced in Tm5NM1 KO MEFs
The failure of the KO MEFs to be respon-
sive to ERK stimulation of proliferation 
might be due to dysfunction at several 
steps in the ERK pathway. The first of these 
is activation of ERK by phosphorylation of 
its TEY motif by MEK. In agreement with 
previous studies (Welsh et  al., 2001), we 
observed activation of ERK after serum 
stimulation of synchronized MEFs (Figure 
6A). The levels of pERK were unchanged in 
Tm5NM1 TG and KO MEFs relative to WT 
after serum addition (Figure 6B). No 
change in the expression of total ERK was 
detected in either the TG or KO MEFs 
compared with WT cells (Figure 6A).

Nuclear trafficking of pERK is essential for 
G1-phase cell cycle progression (Chen et al., 
1992; Lenormand et al., 1993; Brunet et al., 
1999). To determine whether Tm5NM1 has a 
functional role in transporting pERK into the 
nucleus, we performed a single-cell immu-
nofluorescence assay to visualize nuclear 
pERK. A gradual increase in the number of 
cells with nucleus-localized pERK was seen in 
both WT and TG, with no significant differ-
ences detected between them during the 
first 30 min after serum stimulation (Figure 6, 

C and D). In contrast, KO MEFs had a significantly reduced fraction of 
cells with nuclear pERK after 10 min of serum stimulation compared 
with WT MEFs (57 ± 1.11% vs. WT MEFs, 69 ± 0.82%; Figure 6, C and 
D). Although a change in nuclear pERK was detected between the 
WT and KO MEFs, we found that this difference was insufficient to be 
detected by isolation of nuclear and cytoplasmic subfractions fol-
lowed by Western blotting (unpublished data). Restoration of 
Tm5NM1 in the KO MEFs rescued the pERK nuclear translocation 
defect seen in the KO MEFs (Figure 6E). This suggests a defect in the 
translocation of pERK to the nucleus in cells devoid of Tm5NM1.

Tm5NM1 is required for translocation of 
SPS-phosphorylated pERK into the nucleus
The defect in nuclear translocation of pERK in the KO cells could 
be due to a lack of phosphorylation of activated pERK on the 

An increase in E2F2 was also observed, although this was not statis-
tically significant (p = 0.07), and there was no significant change in 
cyclin D1 level (Figure 4J). Taken together, these results further sup-
port the hypothesis that Tm5NM1 can influence proliferation by 
regulating the expression of proteins responsible for progression 
through the G1 phase of the cell cycle.

The importance of the MAPK family and phosphatidylinositol 
3-kinase (PI3K) cascade in cell cycle progression is well docu-
mented (Chen et al., 1992; Brunet et al., 1999; Gera et al., 2004); 
therefore we evaluated the potential relationship between 
Tm5NM1-containing filaments and these signaling cascades. Syn-
chronized WT and Tm5NM1 TG and KO MEFs were treated with a 
range of MAPK and PI3K pathway inhibitors for 30 min, and cellu-
lar proliferation rates were compared. WT and TG MEFs were 
highly sensitive to all inhibitors, showing a significant decrease in 

FIGURE 3:  Evidence for altered cell replication in KO and TG mouse tissues. (A, B) DNA content 
(a measure of relative cell number) of epididymal fat pads from adult WT (wt/wt), Tm5NM1 TG 
(tg/tg), and KO (ko/ko) mice (n = 6–11/group; 14-wk-old male mice). (C–E) Representative 
images of kidneys isolated from the WT (wt/wt), TG (tg/wt), and KO (ko/ko) mice 
immunostained with the cell cycle marker Ki67 (red) and nuclear stain DAPI (blue) in 4-wk-old 
male mice. (F, G) Percentage of Ki67-positive nuclei determined in 4-wk-old male mice (n = 4 WT, 
n = 5 TG, and n = 8 KO). Scale bar, 50 μm. Data are mean ± SEM. *p < 0.05, **p < 0.01 
(ANOVA).
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SPS site by CK2 (Plotnikov et  al., 2011). 
We observed elevated (although not sta-
tistically significant) rather than reduced 
levels of SPS-phosphorylated pERK in the 
KO cells after serum stimulation and nor-
mal levels of CK2 (Figure 7, A and B). This 
suggests that Tm5NM1 is acting down-
stream of CK2 phosphorylation of pERK 
and predicts that the KO cells would be 
insensitive to inhibition of CK2. WT and 
KO MEFs were treated with a CK2 inhibi-
tor before serum stimulation. Proliferation 
of WT MEFs was significantly reduced by 
CK2 inhibition, whereas the growth of KO 
MEFs was unaffected compared with their 
respective vehicle controls (Figure 7, C 
and D). In addition, there was a 30% re-
duction in the translocation of pERK to 
the nucleus in serum-stimulated WT MEFs 
treated with the CK2 inhibitor (Figure 7E). 
This indicates that it is primarily the SPS-
phosphorylated nuclear ERK that is re-
sponsible for ERK-stimulated cell prolif-
eration and is significantly reduced by 
CK2 inhibition. The fraction of KO MEFs 
that were positive for nuclear pERK was 
similar to that of WT MEFs treated with 
the CK2 inhibitor, and the KO MEFs were 

FIGURE 4:  Evidence for changes in the 
expression of cyclin D, pElk-1, and E2F with 
altered Tm5NM1 levels. (A, C) Representative 
Western blots probed with cyclin D1 and 
α-tubulin antibodies of the 129/SvJ WT and 
KO MEFs and the C57BL/6 WT and TG 
MEFs, serum starved, and then stimulated to 
proliferate with the addition of serum for 24 
and 96 h. (B, D) Quantification based on n = 3 
blots using α-tubulin as loading control. *p < 
0.05, **p < 0.01. (E, G) WT (wt/wt) and KO 
(ko/ko) MEFs from the 129/SvJ and C57BL/6 
strains of mice, were synchronized by serum 
starvation, followed by addition of serum for 
15 min and immunofluorescence staining with 
pElk-1 (red). Nuclei were detected with DAPI 
(blue). Scale bar, 10 μm. (F, H) Percentage 
of cells with positive pElk-1 nuclear stain 
measured in the presence of 15 min of serum 
(>1500 cells/group). ****p < 0.0001. (I) Gene 
enrichment analysis of Illumina mRNA array 
data from 14-wk-old Tm5NM1 TG (tg/tg) 
white adipose tissue (epidydimal fat) 
indicates that Tm5NM1 affects preferentially 
cell proliferation and cell cycle genes. 
Ingenuity Systems Analysis was performed 
on all transcripts shown by Illumina array 
analysis to be up-or down-regulated by ≥1.5 
(n = 1283) in TG vs. WT fat. (J) Quantitative 
RT-PCR analysis of selected cell cycle genes 
of 14-wk-old TG (tg/tg) and WT (wt/wt) 
epididymal adipose tissue. Shown are the 
fold changes from WT controls. n = 10/group, 
*p < 0.05 (ANOVA).
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pERK) is responsible for cell proliferation and suggest that it is 
pSPS-pERK that is not translocated to the nucleus in the absence 
of Tm5NM1.

refractory to the CK2 inhibitor (Figure 7E). The data indicate that 
the fraction of nuclear pERK that depends on CK2 phosphoryla-
tion (pERK phosphorylated on the SPS site, referred to as pSPS-

FIGURE 5:  Tm5NM1 KO MEFs are refractory to ERK2 inhibition. (A, B) Serum-starved, synchronized WT (wt/wt), 
Tm5NM1 TG (tg/tg), and KO (ko/ko) MEFs were pretreated for 30 min with vehicle alone (DMSO) or the MEK1/2 
(UO126, 2.5 μM), ERK peptide 1 (2.5 μM), JNK (JNK1/2/3, 1 μM), p38 (SB202190, 10 μM), or PI3K (LY294002, 2.5 μM) 
inhibitor, replated with serum, and cells counted. Proliferation rate was determined from the slope of the linear 
regression curves and plotted as a fold change relative to DMSO-treated MEFs. (C, D) Representative proliferation 
curves for serum-stimulated WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs in the presence of DMSO or ERK-specific 
inhibitor (peptide inhibitor 1 or ERK11e). (E) Proliferation rates of WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs in the 
presence of the ERK11e inhibitor determined as described in A and B. (F) Representative proliferation curves for 
asynchronous WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs in the presence of DMSO or the ERK-specific peptide 
inhibitor 1. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 6:  pERK nuclear translocation is impaired in Tm5NM1 KO MEFs. (A) Serum-starved WT (wt/wt), Tm5NM1 TG 
(tg/tg), and KO (ko/ko) MEFs were serum stimulated for 5 and 15 min and cell extracts analyzed by Western blotting 
using pERK, total ERK and α-tubulin (to evaluate protein loading). Representative blots are shown. (B) Quantitation of 
pERK. (C) WT (wt/wt), Tm5NM1 TG (tg/tg), and KO (ko/ko) MEFs were synchronized by serum starvation, followed by 
addition of serum for 15 min, and immunofluorescence stained with pERK. Nuclei were detected with DAPI. Arrows 
indicate nuclei. Scale bar, 10 μm. (D) Percentage of cells with greater nuclear pERK signal relative to cytoplasm 
measured in the absence, 0 min, and the presence of serum for 3, 5, 10, 15, and 30 min (n = 3). (E) Percentage of cells 
with greater nuclear pERK signal relative to cytoplasm measured in Tm5NM1 TGxKO (tg/ko) MEFs after 15 min of 
serum addition. **p < 0.01.
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filaments are involved in the organization of signal transduction  
networks, and there is increasing evidence for a direct associa-
tion between actin filaments and components of the MAPK path-
way (Leinweber et al., 1999; Harrison et al., 2004; Jongstra-Bilen 
and Jongstra, 2006; Ren et  al., 2007; White et  al., 2009). The 
specific nature of this interaction has been difficult to interpret, 
however, due to the use of anti-actin drugs. More recently, 
Dugina et al. (2015) showed that γ-actin, which usually contains 
Tpm3.1 in its filaments (Schevzov et al., 1993), promotes tumori-
genesis and interacts with activated ERK1/2. This aligns strongly 
with our results. Our identification of a specific role for Tm5NM1 
in the ERK/MAPK pathway provides the opportunity to both dis-
sect the mechanism in molecular detail and also provide an ex-
planation for why tumors consistently retain Tm5NM1 (Stehn 
et al., 2006, 2013)

At least two mechanisms have been identified for the nuclear 
translocation of ERK. Phosphorylation by CK2 on the SPS nuclear 
translocation sequence of pERK is vital for both passive diffusion 
and active transport (Chuderland et  al., 2008; Plotnikov et  al., 
2011). Both passive energy-independent and active nuclear 
transport appear to be facilitated by the association of ERK phos-
phorylated on the SPS site with Imp7 (Chuderland et al., 2008). In 
our study, WT cells were sensitive to CK2 inhibition, indicating 
dependence on CK2-associated phosphorylation of the SPS do-
main of ERK for cell proliferation. In contrast, Tm5NM1 KO MEFs 
were insensitive to CK2 inhibition, although phosphorylation of 
the SPS site of pERK is still intact. This suggests that it is the 
phosphorylation of the SPS nuclear translocation sequence in 
ERK and subsequent nuclear translocation of pSPS-pERK that is 
largely responsible for ERK regulation of cell proliferation in 
MEFs.

The results from the KO cells indicate that it is the interaction of 
pSPS-pERK with Imp7 that is dependent on Tm5NM1-containing 
actin filaments (Figure 9). There are two types of interactions that 
might explain this dependence on Tm5NM1. First, the interaction 
between pSPS-pERK and Imp7 might require Tm5NM1-containing 
actin filaments to facilitate their physical interaction, possibly via a 
scaffolding role. Second, a myosin motor might be required to phys-
ically transport pSPS-pERK to a site near the nucleus where the in-
teraction with Imp7 can occur. We cannot discriminate between 
these possibilities at this time.

Knockout of Tm5NM1 was previously shown to lead to partial 
embryonic lethality (∼50%) in two different mouse backgrounds 
(Hook et al., 2011), and knockout of all isoforms from the gene that 
produces Tm5NM1 leads to complete embryonic lethality in the 
preimplantation embryo (Hook et al., 2004). Furthermore, knockout 
of Tm5NM1 in mouse embryonic stem cells in cell culture results in 
complete lethality (Hook et  al., 2011). It is possible that at least 
some of this loss of viability might be due to the effect on ERK2 
signaling. Knockout of mouse ERK2 results in complete embryonic 
lethality (Saba-El-Leil et al., 2003; Yao et al., 2003), and ERK2-knock-
out MEFs show reduced cell proliferation similar to that seen with 
the Tm5NM1 KO (Voisin et al., 2010).

The finding that Tm5NM1 KO MEFs proliferate at a rate sub-
stantially greater than WT cells treated with the ERK 2 and CK2 in-
hibitors suggests that the KO cells shifted their reliance from pERK 
onto alternate signal transduction pathways to drive cell growth. 
There are numerous reports of cross-talk within the MAPK signaling 
cascades and between the MAPK and PI3K pathways in the regula-
tion of cell survival (Mendoza et  al., 2011). In particular, there is 
strong cross-talk and compensation between the ERK/MAPK and 
PI3K cascades, which makes sole targeted therapy in constitutively 

Inhibition of WT MEFs with cytochalasin D had a similar effect on 
nuclear translocation of pERK to that seen in the KO MEFs (Figure 7, 
F and G). However, nuclear translocation of pERK in the KO MEFs 
was insensitive to cytochalasin D (Figure 7, F and G). This suggests 
that the effect of cytochalasin D on pERK nuclear translocation is 
dependent on Tm5NM1 and mediated by Tm5NM1-containing ac-
tin filaments.

pERK and Imp7 interactions are impaired in the absence 
of Tm5NM1
The simplest interpretation of these data is that Tm5NM1-
containing actin filaments are required for the interaction of pERK 
with Imp7. To test this, we used the Duolink in situ proximity liga-
tion assay (PLA) to evaluate the interaction of Tm5NM1 with 
pERK and the effect of the Tm5NM1 KO on the ability of pERK to 
interact with Imp7 (Soderberg et al., 2006). pERK interacts with 
Tm5NM1 in a serum-responsive manner, with a significantly 
higher number of PLA signal dots in the WT MEFs after serum 
addition relative to serum-starved cells (Figure 8, A and C). We 
then examined the interaction of pERK with its nuclear shuttling 
protein Imp7 (Chuderland et al., 2008). In WT MEFs, serum stimu-
lation resulted in a significant increase in the number of pERK and 
Imp7 interactions (Figure 8, B and D). In Tm5NM1 KO MEFs, se-
rum stimulation resulted in an increase in pERK and Imp7 interac-
tions; however, the number of interactions was significantly lower 
than in the WT MEFs (Figure 8, B and D). This is not due to 
changes in Imp7 levels, as the WT and KO MEFs have similar 
levels of expression of Imp7 (Figure 8). We also confirmed that in 
the presence of the ERK2 inhibitor, there is a significant reduction 
in the number of pERK/Imp7 interactions in both the WT and KO 
MEFs (Figure 8G). Finally, the decrease in pERK and Imp7 interac-
tions occurs in a Tm isoform-specific manner, as no significant 
change in the number of interactions between these proteins is 
seen in the Tm4 KO MEFs after 15-min serum stimulation (Figure 
8H). This suggests that Tm5NM1-containing actin filaments are 
required for the association of pSPS-pERK with Imp7 and subse-
quent nuclear importation of pSPS-pERK to promote cell 
proliferation.

DISCUSSION
One of the difficulties with identifying the physiological roles of the 
actin cytoskeleton is that anti-actin drugs cause such widespread 
disruption of the cell cytoplasm that it becomes difficult to separate 
primary from secondary effects. In contrast, the total genetic elimi-
nation of specific tropomyosin isoforms is a potentially powerful 
approach to identifying the function of subsets of actin filaments 
containing just one or two tropomyosins in mammals (Vlahovich 
et al., 2009; Hook et al., 2011) and yeast (Drees et al., 1995; Skau 
et al., 2009; Clayton et al., 2010; Coulton et al., 2010). These previ-
ous studies detected the effect of tropomyosin isoforms on cell 
structure and myosin motor function, which is not unexpected, 
given the fundamental role of actin filaments in these processes. 
However, this report is the first to identify a role for a tropomyosin 
at a specific step in a signaling pathway and raises the possibility 
that other tropomyosin isoforms might regulate distinct steps in 
signaling pathways.

The MAPK signal cascade plays a vital role in cell proliferation 
through its ability to regulate cell cycle entry (Chen et al., 1992; 
Lenormand et al., 1993; Diehl et al., 1998; Brunet et al., 1999), 
and constitutive activation of the ERK/MAPK pathway has been 
identified as the driver of uncontrolled cancer cell growth (Rob-
erts and Der, 2007). Previous studies provided evidence that actin 
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FIGURE 7:  CK2 inhibition has no effect on the proliferation or nuclear translocation of pERK in the Tm5NM1 KO MEFs. 
(A) Serum-starved WT (wt/wt) and KO (ko/ko) MEFs, each from two separate mice, before (–) and after (+) 15 min serum 
stimulation were analyzed by Western blotting using p(SPS)-ERK, CK2, and total ERK (to evaluate protein loading) 
antibodies. (B) Fold induction in p(SPS)-EKK and CK2 determined after serum addition. n = 3. (C) Representative 
proliferation curves of serum-starved, synchronized WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs pretreated for 30 min 
with vehicle alone (DMSO) or CK2 inhibitor (TCMB, 0.5 μM), replated with serum, and cells counted. (D) Proliferation 
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resulting in the expression of a mutant Tm4 protein that lacks the last 
24 amino acids at the C-terminus and hence cannot form a polymer 
along the length of the actin filament (Tobacman, 2008; Martin et al., 
2010).

Cell culture
Primary MEFs were isolated from day 13.5 embryos and cultured as 
previously described (Schevzov et al., 2005). WT and Tm5NM1 KO 
MEFs were derived from mice of two genetic backgrounds: 129/SvJ 
(129-Tpm3tm1(neo;Δ9d)Pgun) and C57BL/6JArc (B6-Tpm3tm2(Δ9d)Pgun). WT 
and KO MEFs from at least two embryos of each mouse strain were 
analyzed. Tm5NM1-overexpressing MEFs were derived from the 
B6.F-Tg(ACTB-TPM3.Tm5NM1)52Pgun line, and MEFs homozygous 
for the transgenic locus were used for experiments. The TG/KO 
MEFs were derived from a cross between the Tm5NM1 TG and the 
Tm5NM1 KO mice on a C57BL/6J background (B6.F-Tg(ACTB-
TPM3.Tm5NM1)52Pgun × B6-Tpm3tm2(9d)Pgun). TPM4Plt53/Plt53 and 
corresponding BALB/c WT MEFs were isolated from three littermate 
embryos each per genotype. Cultured cells were maintained in 
DMEM with 10% (vol/vol) fetal bovine serum (FBS) (Invitrogen, Life 
Technologies, Melbourne, Australia) at 37°C and 5% CO2. DNA con-
tent was analyzed by flow cytometry after propidium iodide staining 
(FACs Canto II flow cytometer; BD). G0/G1, S, and G2/M cell cycle 
phases were quantified with FACs Diva software.

Proliferation assays
MEFs were initially arrested in the G1/S phase of the cell cycle by 
culturing cells in DMEM containing 0.1% (vol/vol) FBS for 72 h. 
Cells (1 × 104/well) were seeded onto a 24-well plate in the pres-
ence of DMEM supplemented with 10% (vol/vol) FBS to allow 
reentry into the cell cycle. Cells were counted using a hemocy-
tometer. For inhibitor studies, synchronized cells were treated 
with inhibitors for 30 min while suspended in trypsinization me-
dium before plating in the presence of DMEM containing 10% 
(vol/vol) FBS. LY294002 (2.5 μM), U0126 (2.5 μM), ERK Activation 
Inhibitor Peptide 1 (2.5 μM), JNK Inhibitor I (L)-Form (1 μM), and 
SB202190 (10 μM) were purchased from Calbiochem, Merck Mil-
lipore, Melbourne, Australia. ERK11e (50 nM) and 2-(4,5,6,7-tet-
rabromo-2-(dimethylamino)-1H-benzo[d]imidazol-1-yl)acetic acid 
(TMCB) CK2 (0.5 μM) inhibitors were from Tocris Biosciences (Bris-
tol, UK).

5-Ethynyl-2′-deoxyuridine incorporation
WT and KO MEFs were serum starved as described and seeded 
onto matrix-coated acrylamide hydrogels (0.03–0.3% acrylamide; 
Klein et  al., 2007, 2009). S-phase entry was determined by 
measuring 5-ethynyl-2′-deoxyuridine incorporation (Klein et  al., 
2007).

activated ERK/MAPK cancers so challenging (Wee et  al., 2009; 
Villanueva et al., 2010). Failure of signal transduction through one 
pathway leads to up-regulation of alternate pathways. To maintain 
proliferative capacity in the Tm5NM1 KO cells, multiple pathways 
within the complex network of signaling events must be providing 
a protective compensatory mechanism, albeit of reduced efficiency, 
due to the disrupted signal from ERK to the nucleus. That the KO 
cells have the same sensitivity to the MEK inhibitor UO126 as WT 
cells indicates that at least signaling downstream of MEK, but inde-
pendent of ERK2, is likely to be involved. That Tm5NM1 KO MEFs 
are partially resistance to the PI3K inhibitor LY294002 might also 
reflect this reorganization of signal transduction pathway usage 
away from both the pERK and PI3K cascades to maximize the po-
tential to proliferate.

We conclude that Tm5NM1 provides a nonredundant isoform-
specific function essential for cell proliferation. This effect is me-
diated through the ERK/MAPK signaling cascade, where 
Tm5NM1 is essential for regulating CK2-dependent nuclear 
translocation of p-SPS-pERK to facilitate cell proliferation. Taking 
together the results presented in this study and the reported 
prevalence of the deregulation of the ERK pathway in numerous 
cancers (Roberts and Der, 2007), where Tm5NM1 is the predomi-
nant Tm isoform (Stehn et al., 2006), it is possible that the anti-
tumor effect of the recently published anti-Tm5NM1 compound 
might act at least in part by inhibition of the ERK/MAPK pathway 
in addition to its effect on the integrity of the actin cytoskeleton 
(Stehn et al., 2013).

MATERIALS AND METHODS
Mice
Animal experiments were performed in accordance with UNSW Aus-
tralia Animal Care and Ethics Committee approval and Australian 
National Health and Medical Research Council guidelines. The 
Tm5NM1 (F-Tg(ACTB-Tpm3.Tm5NM1)52Pgun) and Tm3 (F-
Tg(ACTB-Tpm1.Tm3)70Pgun) TG mouse lines and Tm5NM1 (B6-
Tpm3tm2(∆9d)Pgun) KO mouse line were reported previously (Bryce 
et al., 2003; Kee et al., 2004; Vlahovich et al., 2009). The Tm5NM1 
and Tm3 TG mice (FVB/N genetic background) express the human 
and rat forms of Tm5NM1 and Tm3, respectively, under the control 
of the human β-actin promoter (Schevzov et  al., 2008). The B6-
Tpm3tm2(∆9d)Pgun mouse line is a KO for both the Tm5NM1 and 
Tm5NM2 isoforms. However, phenotypes in this study are attribut-
able to lack of Tm5NM1, since Tm5NM1 is the predominant or sole 
isoform in the cell types examined (unpublished data). Therefore, in 
these studies, this mouse line is termed Tm5NM1 KO. WT control 
mice for TG and KO mice were age-matched, of the same back-
ground strain, and bred in the same facility, and male mice were 
used. The Tm4 functional null mouse line (Tpm4Plt53//Plt53) was identi-
fied in an N-ethyl-N-nitrosourea mutagenesis screen. This mouse 
line carries a single–base pair mutation that disrupts splicing, 

rate of WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs exposed to the CK2 inhibitor determined from the slope of the linear 
regression curves and plotted as fold change relative to DMSO vehicle control. n = 3, ****p < 0.0001. (E) Nuclear 
translocation of pERK determined in serum-starved WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs pretreated with vehicle 
alone (DMSO) or TMCB (CK2 inhibitor; 0.5 μM, 2 h), followed by 15 min of serum stimulation before fixing and 
treatment with the pERK antibody. (F) WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs were serum starved for 24 h and 
exposed for 90 min to DMSO or 500 nM cytochalasin D, followed by serum addition for 15 min. Cells were fixed and 
immunostained with pERK1/2 (red) and phalloidin (green) to confirm the effect of cytochalasin D. Nuclei were detected 
with DAPI. Arrow indicates pERK-positive nucleus. Scale bar, 10 μm. (G) Nuclear translocation of pERK quantitated as in 
E. n = 3; *p < 0.05, **p < 0.01, ****p < 0.0001.
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Western blotting
Mouse adipose tissue was prepared as pre-
viously described (Schevzov et  al., 2008). 
Cell lysates were harvested in radioimmuno-
precipitation assay (RIPA) buffer (20 mM Tris, 
pH 7.4, 150 mM sodium chloride, 1% [vol/
vol] Nonidet P-40, 0.5% [vol/vol] sodium 
deoxycholate, 1 mM EDTA, 0.1% [vol/vol] 
SDS, Complete Mini Protease Inhibitor 
EDTA free tablet [Roche Diagnostics], and 
PhosSTOP phosphatase inhibitor cocktail 
tablet [Roche Diagnostics]). Antibodies used 
included α/9d (mouse monoclonal; Tm1, 
2, 3, 5a, 5b, 6), γ/9d (sheep polyclonal; 
Tm5NM1; Schevzov et  al., 2005), LC1 
(mouse and human Tm5NM1; Sung et  al., 
2000), CG3 (Novy et al., 1993), δ/9d (rabbit 
polyclonal; Tm4; Hannan et al., 1998), and 
δ/1b (mouse monoclonal; Tm4; Schevzov 
et al., 2011). Also used were phospho–p44/
p42 MAPK (ERK1/2; Thr-202/Tyr-204), total 
p44/p42 MAPK (ERK1/2) and cyclin D1 (A-
12) antibodies (Cell Signaling Technology, 
via Genesearch, Brisbane, Australia), anti–
phospho-SPS-ERK (obtained from Rony 
Seger, Weizmann Institute of Science, Re-
hovot, Israel), α-tubulin (clone DM 1A) anti-
body (Sigma-Aldrich, Sydney, Australia) and 
Imp7 IPO7 monoclonal antibody (M07), 
clone 4G6 (Sapphire Biosciences, Sydney, 
Australia). Anti-rabbit, anti-sheep, and anti-
mouse immunoglobulin G–conjugated 
horseradish peroxidase secondary antibod-
ies were from GE Healthcare, Sydney, 
Australia. Western blots were quantified 
using ImageJ software (National Institutes of 
Health, Bethesda, MD).

Body fat and adipose tissue analysis
After starvation for 14-16 h, total body fat 
and lean tissue composition of male mice 
(14–15 wk old) was assessed using a Mouse 
GE Lunar PIXImus densitometer (GE 
Healthcare; MacArthur et  al., 2008). DNA 
content of epididymal adipose tissue of 
14- to 15-wk-old mice after 14–16 h of star-
vation (n = 8/group) was determined as 
previously reported (Labarca and Paigen, 
1980).

FIGURE 8:  Tm5NM1 is required for efficient interaction of pERK with Imp7. (A) WT (wt/wt) 
MEFs were synchronized by serum starvation, followed by addition of serum for 15 min, and 
the Duolink PLA was performed to detect pERK and Tm5NM1 interactions. Nuclei are 
detected with DAPI. (B) WT (wt/wt) and Tm5NM1 KO (ko/ko) MEFs were synchronized by 
serum starvation, followed by addition of serum for 15 min, and the Duolink PLA was 
performed to detect pERK1/2 and Imp7 interactions. Nuclei were detected with DAPI. Scale 
bar, 10 μm. (C, D) Number of pERK/Tm5NM1 or pERK/Imp7 interactions quantitated using 
Image J. n = 3; ****p < 0.0001. (E) Serum-starved WT (wt/wt), Tm5NM1 TG (tg/tg), and KO 
(ko/ko) MEFs were stimulated to proliferate with the addition of serum for 0, 5, and 15 min. 
Cell extracts were analyzed by Western blotting using antibodies to Imp7 and α-tubulin (to 
evaluate protein loading). Representative blots. (F) Quantification of Imp7 levels using 
α-tubulin as loading control (n = 3). WT was set at 1. (G) Serum-starved, synchronized WT (wt/
wt) and Tm5NM1 KO (ko/ko) MEFs were pretreated for 30 min with vehicle alone (DMSO) or 
the ERK11e inhibitor (50 nM), followed by addition of serum for 15 min, and the Duolink PLA 

performed to examine pERK1/2 and Imp7 
interactions. (H) WT (wt/wt) and Tm4 
functional KO (Plt53/Plt53) MEFs were 
treated as described in B, and the Duolink 
PLA was performed to examine pERK1/2 
and Imp7 interactions. The number of 
interactions was quantitated using ImageJ  
(n = 3). Nuclei were detected with DAPI. 
****p < 0.0001.
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score equal to 1, and all probes except the genes with an Illumina 
detection score equal to 1 were filtered out to remove probes with-
out adequate expression levels. A parametric Welsh test (unequal 
variance) was performed (p cut-off of 0.05), and multiple testing 
correction (Benjamini and Hochberg false discovery rate) was then 
applied to genes that passed the Welch test (PASW Statistics 18 
software; SPSS). After the statistical filtering, 70 genes were found 
to be changed by ≥2.0-fold and 483 by ≥1.75-fold. Ingenuity Path-
way Analysis (www.ingenuity.com) was performed on genes with 
positive or negative fold changes between TG and WT tissue of 
>1.5 (1283 transcripts).

qRT-PCR analysis
RNA was extracted from epididymal adipose tissue using TRI-Re-
agent (Sigma-Aldrich) and further purified using a mini-RNeasy kit 
(Qiagen). cDNA was synthesized from 1 μg of total RNA using M-
MLV Reverse Transcriptase (Promega, Sydney, Australia) primed by 
random hexamers, according to the manufacturer’s instructions. 
qRT-PCR was performed on epididymal adipose tissue (n = 10/
group). The primers were either purchased from Qiagen or de-
signed using the Primer 3 Input (version 4.0) or Primer-Blast (Na-
tional Center for Biotechnology Information); see Supplemental 
Table S1 for primer sequences). PCR was performed in a final vol-
ume of 20 μl, consisting of diluted cDNA sample, 1× Brilliant II 
SYBR Green QPCR Master Mix (Stratagene, via Integrated Sci-
ences, Sydney, Australia), primers optimized for each target gene, 
and nuclease-free water. qRT-PCR was performed using a Mx300P 
machine (Stratagene) and was conducted over 40 cycles of 95°C 
for 30 s, 60°C for 1 min, and 72°C for 1 min preceded by an initial 
95°C for 10 min. Relative quantities of target transcripts were cal-
culated from triplicate samples after normalization of the data 
against HPRT using the standard curve method. For each target 
gene, qRT-PCR was performed at least twice. TG versus WT mice 
were compared using two-tailed Student’s t test assuming unequal 
variances.

Immunofluorescence
MEFs were plated onto glass chamber slides and immunostained 
with pERK1/2 (Aplin et al., 2001), followed by donkey/anti-rabbit/555 
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). 
Phospho–Elk-1 (Ser-383) (Cell Signaling Technology) immunostain-
ing was conducted after fixation of the cells in 4% (vol/vol) parafor-
maldehyde and blocking of nonspecific binding; dilution of the anti-
body (1/500) was in 1% (vol/vol) bovine serum albumin (BSA), 10% 
(vol/vol) normal goat serum, and 0.1% (vol/vol) Triton X-100. The 
cytochalasin D (Sigma-Aldrich) experiment was conducted by first 
seeding and culturing cells for 24 h, serum starving them for 24 h, 
and treating them for 90 min with cytochalasin D (500 nM) or di-
methyl sulfoxide (DMSO). MEFs were fixed and stained with phal-
loidin ATTO 488 (ATTO-TEC, Siegen, Germany) as previously de-
scribed (Schevzov et  al., 2008). Coverslips were mounted using 
FluorSave Reagent (Calbiochem). Images were captured with a Zeiss 
Axioskop 40 FL (Carl Zeiss, Oberkochen, Germany) using the 
40×/0.65 numerical aperture (NA) or 10×/0.25NA objectives and 
photographed using a Zeiss AxioCam MRc charge-coupled device 
(CCD) camera.

Kidneys were dissected from 4-wk-old Tm5NM1 TG (n = 5), WT 
(n = 4), and KO (n = 8) mice, all on a C57BL6 background. Kidneys 
were fixed in 10% neutral buffered Formalin and embedded in par-
affin using an Excelsior tissue processor (Thermo Scientific, 
Melbourne, Australia) and sectioned at 4 μm. Antigen retrieval was 
performed in 10 mM citrate buffer, pH 5.8, in an RHS-1 microwave 

Illumina BeadArray analysis
Gene expression profiling was performed on epididymal adipose 
tissue from Tm5NM1 TG and WT control mice (14- to 16-h–fasted, 
4-mo-old male mice; n = 5 and 4/group, respectively) using Illu-
mina (Scoresby) 46K mouse BeadArrays as previously outlined 
(Pearen et  al., 2009). RNA was purified using a mini-RNeasy kit 
(Qiagen, Sydney, Australia) according to the manufacturer’s instruc-
tions. Integrity of the total RNA samples was assessed using the 
Agilent Bioanalyzer 2100, and RNA integrity scores >7.8 were pres-
ent in all samples. Amplified cRNA (1.5 μg) was hybridized to Sen-
trix Mouse-6.v1 BeadChip arrays (Illumina, San Diego, CA). Bead-
Chip arrays (Accession GPL6283) were scanned with an Illumina 
BeadStation Scanner and the data imported into Gene-Spring GX 
v7.3.1 software (Agilent, Santa Clara, CA) for data analysis. Data 
were normalized to control genes, genes with an Illumina detection 

FIGURE 9:  Model proposing a potential role for Tm5NM1-containing 
actin filaments in ERK nuclear translocation. On growth factor 
stimulation, ERK is phosphorylated on the TEY site by MEK, followed 
by further phosphorylation on the nuclear translocation signal (SPS) 
primarily by CK2. We postulate that Tm5NM1-containing actin 
filaments are required to coordinate interaction between pSPS-pERK 
and Imp7, possibly via function as a scaffold and/or recruitment of a 
myosin motor to assist in the physical transportation of pSPS-pERK 
through the cytoplasm to interact with Imp7.
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