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Abstract

Background: Tropomyosin 1 alpha chain (Tm1) is an actin-binding protein that regulates the en-
dothelial cell response to oxidative stress following its phosphorylation at Serine 283 (S283). Tm1
is also a major tumor suppressor in breast cancer. In the present study, we investigated the role of
phosphorylation of Tm1 in regulating its tumor suppressor properties. Methods: MDA MB231
breast cancer cells stably overexpressing wild type form of Tm1 or Tm1 mutants (S283A and
S283E) were generated. Proliferation and cell viability were assayed by means of the enzymatic
cleavage of the tetrazolium salt WST-1 to formazan dye by cellular mitochondrial dehydrogenases.
Adhesion assays were performed at various periods of time on cells grown on plastic. Cell migra-
tion was evaluated by using the wound-healing assay and by measuring transendothelial migra-
tion of cancer cells. Malignant transformation in vitro was determined by using the anchorage-
independent growth assay on soft agar. Results: We found that cells expressing the phosphomimetic
form of Tm1 S283E/Tm1 are characterized by an increased adhesion to the substratum. Moreover,
the migration of MDA-MB231/S283E/Tm1 cells in a wound closure assay is reduced compared to
parental cells or those expressing the non-phosphorylatable form of Tm1 (S283A). Similarly, the
transendothelial migration of MDA-MB231/S283E/Tm1 cells is also reduced as compared to the
other cell lines. Moreover, we found that the cells expressing the S283A mutants form more colo-
nies in soft agar that those expressing the S283E mutants. Conclusion: Phosphorylation of Tm1 at
Ser283 contributes to its anti-tumor properties, and this effect results mainly from an increase in
cell adhesion associated with a decrease in their migratory and invasive potentials.
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1. Introduction

Breast cancer is the most common malignancy among women in Europe and North America. Despite its high
incidence, early detection and modern treatments have significantly increased patient survival. Nevertheless,
breast cancer remains the second leading cause of cancer death in women [1]. Breast cancer initiation and pro-
gression are characterized by multiple genetic and epigenetics alterations that activate dominant-acting onco-
genes and disrupt the functions of specific tumor suppressor genes [2]. Genome analyses indicate that there are
only a few genes that are commonly mutated in breast cancer. These genes include the oncogens ErbB2,
PI3KCA, MYC, and CCND1 as well as the tumor suppressors BRCA1/2 and p53 [2]. PTEN is another important
tumor suppressor that counteracts PI3K-mediated survival signaling from activated oncogenes such as ErbB2 [2].
On the other hand, many genes are less frequently mutated, which provides an explanation for the high hetero-
geneity of breast cancer.

The genes encoding for tropomyosins (Tm) are also frequently deregulated in breast cancer, and significant
changes in the expression of different tropomyosin isoforms accompany cell transformation. Mammals have four
genes (a, f3, y, o) that code for tropomyosins generating more than 40 alternatively spliced isoforms [3]. The Tm
genes have a similar organization. In humans, the o, S, y, o genes are known as TPM1 (located on the chromosome
15922) [4], TPM2 (located on chromosome 9p13) [5], TPM3 (located on chromosome 1qg22) [6] and TPM4 (lo-
cated on chromosome 19p13) [7], respectively. Intriguingly, a lot of confusion exists in the nomenclature of the
various forms of tropomyosins. In particular, the gene product of TPM2 is Tpm2, TM2 or TM2 and has pre-
viously been ascribed as coding for Tm1 in fibroblasts [8] [9]. On the other hand, TPM1 encodes for tropomyosin 1
alpha chain that is also frequently referred as tropomyosin-1 or Tm1 [10]-[12] (www.uniprot.org/uniprot/P09493).
For the sake of understanding and to keep in line with previous literature, we used herein TPM2/Tm1 to refer as
the gene product of TPM2 and Tm1 as the gene product of TPM1.

The tropomyosins are members of a family of actin-binding proteins that play an important role in regulat-
ing the functions of actin filaments in both muscle and non-muscle cells [8] [13]. In striated muscle, tropomyo-
sin regulates the interaction between myosin and actin by forming a troponin complex that mediates muscle
contraction in response to calcium [14]. In nonmuscle cells, tropomyosins play a role in the formation and
stabilization of stress fibers by facilitating actomyosin interactions and protecting actin against the action of
cofilin and gelsolin [14]. The mechanims by which TPM2/Tm1 exerts its tumor suppressor functions in breast
cancer seem to be associated with cytoskeletal remodeling. As mentioned above, the TPM2/Tm1 reexpression
in MCF7 null cells suppresses the malignant phenotype, which alters the interaction of the E-cadherin-catenin
complex with the cytoskeleton, indicating that TPM2/Tm1-induced cytoskeleton dysregulation could play a
significant role in suppression of the malignant phenotype [15]. Moreover, the loss of TPM2/Tm1 in cancer
cells is associated with disorganization of actin filaments and thereby impaired cell migration [16].

Tropomyosins are subject to two types of posttranslational modification namely, NH,-terminal acetylation
and phosphorylation. The acetylation of Tm is essential for normal functions of muscle a-Tm and it is re-
quired for the strong binding of most Tms to actin [17] [18]. On the other hand, Tm1 phosphorylation modu-
lates its interaction with other proteins required for actin polymerization and stabilization, including caldes-
mon and HSP27 [19] [20]. Along these lines, the phosphorylation of cytoskeletal non-muscle Tm2 at Ser-61
by phosph-oinositide 3-kinase occurs at a late stage of endocytosis, which is consistent with a role in actin
polymerization [21]. In endothelial cells, we found that Tm1 alpha chain (herein named Tm1) is phosphory-
lated at Ser 283 in response to activation of the ERK/DAP kinase axis by oxidative stress. In turn, this triggers
the formation of stress fibers and confers resistance to oxidative stress-mediated membrane blebbing [10]-[12]
[22].

In the present study, we investigated the role of phosphorylation in regulating the tumor suppression proper-
ties of Tm1 in breast cancer.

2. Methods
2.1. Reagents and Antibodies

Anti-tropomyosin (clone TM311) monoclonal mouse antibody and anti-a-actin antibody produced in rabbit were
purchased from Sigma-Aldrich (Oakville, On, Canada). The anti-mouse and anti-rabbit 1gG-horseradish peroxi-
dase were purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
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2.2. Cells

MDA MB231 cells were obtained from the American Type Culture Collection (ATCC). MDA MB231 cells
were maintained in Dulbecco’s Modified Eagle Medium (DMED) containing 10% fetal bovine serum (FBS).
Cultures were incubated at 37°C in a humidified atmosphere containing 95% air and 5% CO,. MDA MB-231
were transfected with vectors expressing wild-type form of Tm1 (Tmiwt), a non phosphorylatable (Tm1 S283A:
MDA TM1 A) or a phosphomimetic (Tm1S283E: MDATM1 E) mutated form of Tm1 using the calcium chlo-
ride precipitation technique to generate cancer cell lines stably expressing tropomyosin-1. The cells were se-
lected by incubation in medium containing G418 at 400 pg/ml. A pool of resistant cells was obtained and frozen
or sub-cultured for the experiments of this project.

2.3. Plasmids

TPM1 (RecName: Full = Tropomyosin alpha-1 chain) cDNA was cloned as previously described (Houle et al. J
Cell Sci 2007) by PCR amplification from IMAGE clone 562592 (ATCC) into pIRES-hrGFP2a (Stratagene, La
Jolla, CA) vectors using the following primers:
5’-TAGAATTCTATGGACGCCATCAAGAAGAAGATGCAGATGC-3’ and
5’-CCTGCTCGAGTATATGGAAGTCATATCGTTGAGAGC-3’. The tropomyosin-1 Ser 283 Ala was gener-
ated by PCR site-directed mutagenesis on pIRES-hrGFP2a-tropomyosin-1 construct using the primers
5-ATGACTGCTATATAACTCGAGTACCCATATGACG-3’ and
5-TTATATAGCAGTCATATCGTTGAGAGCGTGG-3'.

The tropomyosin-1 S283E mutant was generated similarly using the primers

5" CGATATGACTGAAATAATACTCGAGTACCCATATG-3’ and
5-CGAGTTATATTTCAGTCATATCGTTGAGAGCG-3’ (NP_000357) [11].

2.4. Western Blot

Total proteins from cells grown in 60 mm Petri dishes were extracted with 100 pl loading buffer. Proteins were
quantified using the Lowry method and equal amounts of proteins from each sample were separated on 10%
SDS-PAGE, and the gels were transferred onto nitrocellulose membranes for Western blotting. The membranes
were blocked with 5% non-fat milk in PBS-Tween 20 for one hour at room temperature. Membranes were then
incubated over night at 4°C in blocking buffer containing 1:1000 dilution of the primary anti-tropomyosin (clone
TM311) monoclonal mouse antibodies (Sigma-Aldrich, Oakville, On, Canada). For loading control, 1:3000 di-
lution of anti-a-actin antibody produced in rabbit (Sigma-Aldrich, Oakville, On, Canada) was used. Afterward,
membranes were washed and incubated for one hour with the respective horseradish peroxidase-conjugated
secondary antibody (anti-lgG antibody) diluted 5000 times. Protein signals were visualised with chemilumines-
cence Reagent (PerkinElmer, Waltham, MA, USA).

2.5. Cell Proliferation and Viability Assay

Cell viability has been determined by using the Quick Cell Proliferation Assay Kit from BioVision. This cell
proliferation and viability assay is based on the enzymatic cleavage of the tetrazolium salt WST-1 into formazan
dye by cellular mitochondrial dehydrogenases that are active in viable cells only. The formazan dye produced by
viable cells is quantified by measuring the absorbance of the dye at 440 nm. The exact procedure that was fol-
lowed was as described in the BioVision protocol sheet.

2.6. Cell Adhesion Assays

MDA MB231-Tm1 cells (3 x 10* cells/well) were seeded on plastic in 96 well plates containing DMEM 10%
FBS for 1 hour at 37°C. Then, the cells were washed twice with fresh DMEM 10% FBS and fixed with 100 pl
formaldehyde 3.7% for 30 minutes at room temperature. Thereafter, the cells were washed once with Phosphate
Buffered Saline (PBS) and stained with 50 pl of crystal violet for 15 min at room temperature. Then, they were
washed twice with PBS and lysed with 100 pul of SDS 1%. Absorbance of each well was measured at 550 nm.

2.7. Anchorage-Independent Growth Assays

Liquefied 2% agarose was mixed with an equal volume of DMEM 2X growth medium lacking serum and sup-
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plemented with G418 (400 ug/ml). One milliliter of the mixture was layered on 35 mm Petri dishes to create a 1%
agarose base. Liquefied 0.6% agarose was mixed with an equal volume of DMEM 2x medium, and 10 ml of this
solution was mixed with 1 ml of growth medium containing 10* cells in 0.27% agarose. One ml of this cell sus-
pension was layered on top of the 1% agarose base, and 1 ml of DMEM medium containing 10% FBS was
added. The cells were incubated for 14 days, after which colonies present in representative fields were photo-
graphed using phase-contrast microscopy (20x and 40x on a Nikon-TE300 inverted microscope) [23].

2.8. Cell Migration Assays

Cell migration was evaluated by using two methods:

2.8.1. Wound Healing Assay

MDA MB231, MDA MB231/Tmlwt, MDA MB231/Tm1l S283A and MDA MB231/Tm1 S283E were culti-
vated in complete growth medium. Cells were seeded at high density in 35 mm Petri dishes in complete growth
medium. One day later, a straight scratch was done using a p200 micropipette tip. Thereafter, cells were washed
three times with fresh DMEM and incubated in the same medium. The movements of cells in the scratched area
were monitored by capturing images every 15 minutes for a total duration of 24 h using a 10x objective lens of a
phase contrast microscope (TE2000, Nikon). Then, migrated cells were counted manually.

2.8.2. Transendothelial Cell Migration Assays

Cell migration was assayed using a modified Boyden chamber assay. HUVEC (150 x 10°) were grown to con-
fluence (48 h) on an 8.0 m pore size gelatinized polycarbonate membranes (Corning, NY, USA) separating the
two compartments of a 6.5 mm Transwell. Tumor cells in suspension were stained with 500 nM calcein-AM
(Sigma-Aldrich, Oakville, On, Canada) for 30 min at 37°C, and then added in migration buffer (199 medium, 10
mM HEPES pH 7.4, 1 mM MgCl,, and 0.5% bovine serum albumin) on the endothelial monolayer. The cham-
bers were incubated for 6 h at 37°C in a 5% CO, atmosphere. The cells in the upper part of the chamber were
removed with a cotton swab. Then, fluorescent tumor cells that crossed the membrane were counted in five
fields using a 20x lens on a Nikon-TE300 inverted microscope [24].

2.9. Statistics

Values are expressed as mean + SD. Student t tests were used for comparison between two means. A p value
<0.05 was considered as statistically significant.

3. Results
3.1. Adhesion of MDA MB231 Cells Depends on Phosphorylation of Tm1 at Ser 283

Different isoforms of tropomyosins have been shown to exert tumor suppressor properties in breast cancer cells
[8]. Along these lines, parental MDA MB231 cells are highly invasive and they do not express Tm1 (Figure 1)
and [25]. Accordingly, they proliferate faster than pooled clonal MDA MB231 cell lines expressing a wt form of
Tm1l (Figure 2). However, the mechanisms underlying the tumor suppressors functions of Tm1 are still unclear.
We reported previously that Tm1 is phosphorylated at S283 in endothelial cells exposed to oxidative stress,
which contributes to maintain the integrity of the endothelium [11] [12] [22]. Here, we hypothesize that phos-
phorylation of Tm1 at S283 contributes to regulate its tumor suppressor functions. To this end, we generated
clonal MDA MB231 breast cancer cells that stably express non-phosphorylatable (S283A) or phosphomimetic
(S283E) mutated forms of the protein (Figure 1). Thereafter, we pooled the clonal cell lines and used them to
investigate the role of Tm1 phosphorylation in modulating its function of tumor suppressor.

We first verified whether the phospohorylation of Tm1 regulates cellular adhesion by means of adhesion as-
says performed directly on plastic dishes. Results showed that the cells that express the S283E/Tml phos-
phomimetic mutant were those that adhere more strongly to the substratum either after 1h and 2h. Conversely,
the parental cells and the cells that express the non-phosphorylatable mutant S283A/Tm1 were those that adhere
the less (Figure 3). Overall, these findings suggest that phosphorylation of Tm1 at S283 increased the adhesion
of MDA231 cells. Interestingly, consistent with the fact that MDA MB231/S283E/Tm1 has a higher adhesive
ability than the two other cell lines, we previously reported that these cells express thick stress fibers whereas
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Figure 1. Generation of MDA MB-231 cells stably expressing wild
type forms of Tm1 or phosphomimetic or nonphosphorylatable forms
of Tml. MDA MB-231 were transfected with vectors expressing
wild-type form of Tml (Tmilwt), a non phosphorylatable (Tml
S283A: MDA TM1 A) or a phosphomimetic (Tm1S283E: MDATM1
E) mutated form of Tml using the calcium chloride precipitation
technique. The cells were selected by incubation in medium contain-
ing G418 at 400 pg/ml. A pool of resistant cells were obtained and
used in experiments described in the paper. Western blot was carried
out with proteins extracted from the cell lines expressing the various
forms of Tm1, using tropomyosin antibody.
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Figure 2. Tropomyosin-1 expression in MDA MB231 cell lines
reduces their proliferation. Parental MDA MB231 cells and MDA
MB231 expressing wt Tm1 (TMwt) were incubated with medium
supplemented with 10% FBS for 96 h. Cell proliferation was determ-
ined using a colorimetric method based on conversion of tetrazolium
salt WST-1 to a colored compound. Values are average = SD from an
experiment done in triplicates. P value was determined by a Student’s
t-test. The experiment was performed at least three times in tripli-
cates.

3.2. Phosphorylation of Tm1 at S283 Reduced Cell Migration

parental MDA MB231 cells as well as MDA MB231/S283A/Tm1 cells are devoid of stress fibers [11]. Indeed,
stress fibers are well recognized to be associated with increased cellular adhesion [26] [27].

Increased cell migration is an inherent feature that characterized invasiveness during metastatic dissemination
[28]. We thus evaluated next whether phosphorylation of Tm1 at S283 regulates cell migration by means of a
wound-healing assay applied to the different MDA MB231 cell lines. We found that the migration potential of
MDA MB231/S283E/Tm1 cells was reduced as compared to parental cells that do not express Tm1 or to the
MDA 231/S283A/TmL1 cells. This is evidenced by the larger number of cells from the latter two cell lines that
invade the scratch (Figure 4(a), Figure 4(b)). These findings suggest that phosphorylation of Tm1 at S283 re-
duced the invasive properties of metastatic MDA MB231 cells. Incidentally, these results are in line with the
fact that Tm1 phosphorylation at S283 has conferred increased adhesion of the cells to the substratum rendering
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them less motile.

Transendothelial migration and extravasation of circulating cancer cells are key events of metastatic dissemi-
nation [29] [30]. Here we found that the transendothelial migration of MDA MB231/S283E/Tm1 cells was re-
duced in comparison to the other cell lines (Figure 5). This result indicates that the phosphorylation of Tm1l

p<0.001
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Figure 3. Phosphorylation of Tm1 at S283 increases their adhesion to substratum.
Parental MDA MB231-Tm1 or MDA MB-231 cells stably expressing non phosp-
horylatable (Tm1S283A: TMA) or a phosphomimetic (Tm1S283E: TME) were
incubated with medium supplemented with 10% FBS for 1 - 2 hours at 37°C.
Thereafter, the cells were fixed with formaldehyde 3.7%, washed with PBS,
stained with crystal violet and lysed with SDS 1%. Absorbance was used as the
measure of adhesion. Values are average + SD from an experiment done in
triplicates. The experiments were performed at least three times in triplicates. p
value was determined by a Student’s t-test.
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Figure 4. Phosphorylation of Tm1 at S283 reduces cell migration in MDA MB231.
(a) Cell migration was evaluated by means of a scratch test assay applied to
parental MDA MB231 and MDA MB231 cells stably expressing Tm1S283A
(TMA) or Tm1S283E (TME). The black lines represent the initial wound and
were used to visualize the cells that invaded the scratch. (b) The cells that crossed
the lines were manually counted from four different fields. Their average number
+ SD from two separate experiments are indicated in ordinate. p value was
determined by a Student’s t-test.

impairs the migration of MDA MB231 through endothelial layer.

Overall, this series of results indicate that phosphorylation of Tm1 at S283 reduces the migration of MDA
MB231 cells and thereby their metastatic potential, which is consistent with the fact that phoshorylation of Tm1

regulates its functions of tumor suppressor.

788
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Figure 5. Phosphorylation of Tm1 at S283 reduces transendothelial cell migra-
tion of MDA MB231. Transendothelial cell migration of parental MDA MDA
MB231 and MDA MB231 cells stably expressing Tmi1S283A (TMA) or
Tm1S283E (TME). Briefly, HUVEC (150 x 10°) were grown to confluence (48 h)
on a 8.0 m pore size gelatinized polycarbonate membranes separating the two
compartments of a 6.5 mm Transwell. MDA MB231 cells in suspension were
stained with 500 nM calcein-AM for 30 min at 37°C, and then added in migration
buffer on the endothelial monolayer. The chambers were incubated for 6 h at
37°C in a 5% CO, atmosphere. The cells in the upper part of the chamber were
removed with a cotton swab. Then, fluorescent MDA MB231 cells that crossed
the membrane were counted in five fields using a 20x lens on a Nikon-TE300
inverted microscope [24]. Values are average = SD from two independent
experiments done in triplicates. P value was determined by a Student’s t-test.
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Figure 6. Phosphorylation of Tml at S283 reduces the formation of MDA-
MB231 colonies on soft agar by cells. Liquefied 0.6% agarose was mixed with an
equal volume of DMEM 2x medium. Ten ml of this solution was mixed with 1
ml of growth medium containing 10* cells in 0.27% agarose. One ml of this cell
suspension was layered on top of 1% agarose base, and 1 ml of DMEM medium
containing 10% FBS was added. The cells (parental MDA MB231, MDA MB231
S283A (TMA) or MDA MB231S283E (TME) were incubated for 14 days, after
which colonies present in 5 representative fields were counted. P value was
determined by a Student’s t-test.
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3.3. Phosphorylation of Tm1 at S283 Reduces the Formation of MDA MB231 Colonies on
Soft Agar

The anchorage-independent growth assay for colony formation in soft agar, is a stringent assay for detecting
malignant transformation of cells in vitro and is considered as a hallmark of malignant transformation [31]. We
thus used this assay as an additional end-point to evaluate the role of Tm1 phosphorylation as a regulatory
mechanism underlying the tumor suppressor properties of Tm1 in breast cancer. As shown in Figure 6, the ex-
pression of the S283E mutant reduced by 70% the number of colonies formed by the parental MDA MB231
cells in soft agar. In contrast, the formation of colonies by cells expressing Ser283A was twice higher than those
expressing the S283E mutant. The results indicate that phosphorylation of Tm1 at Ser283 reduces the anchor-
age-independent growth of MDA MB231 cells, which is consistent with the fact that phosphorylation of Tm1
contributes to its tumor suppressor properties.

4. Discussion

High-molecular weight tropomyosins such as Tm1 play major roles as tumor suppressor in breast cancer [13] [32].
However, the mechanisms underlying the tumor suppressor properties of Tm1 are ill defined. Here we provided
the first evidence showing that phoshorylation of Tm1 is a major mechanism that regulates its tumor suppressor
functions. This is supported first by the observation showing that MDA MB231 cells that express the phos-
phomimetic mutant S283E adhere more strongly to the substratum than the parental cells and those that express
the non-phosphorylatable mutant S283A. Indeed, this finding is consistent with the fact that MDA MB231/
S283E/Tml are less motile and invasive given that are sticked to the substratum, an effect explained by the fact
that MDA MB231/S283E/Tm1 cells contains more stress fibers [11]. Along these lines, a second argument sup-
porting the role of phosphorylation of Tm1 at Ser283 in mediating its tumor suppressor functions is that MDA
MB231/S283E/Tm1 are less motile than the parental cells and the cells that express the non-phosphorylatable
mutant of Tm1 in the wound closure assay. Indeed, it is well known that increased invasive properties are associ-
ated with increased cell migration [28]. Third, MDA MB231/S283E/Tm1 cells have a lower capacity to transmi-
grate across an endothelial layer than the parental cells and the cells that express the non-phosphorylatable mutant
of Tm1. This observation is a strong argument favoring the point that phosphorylation of Tm1 at S283 is involved
in conferring tumor suppression and antimetastatic potential to Tm1 given that TEM is a well-known prerequesite
to metasasise [29]. We previously reported that TEM of colon cancer cells require interactions between adhesion
receptors present on endothelial cells and their counter-receptors on cancer cells. We showed that E-selectin is a
typical endothelial adhesion receptor that is induced by inflammatory cytokines and that binds to Death Receptor
3 expressed by colon cancer cells to enable their transendothelial migration and extravasation [24] [29] [33].
However, it does not seem that the TEM of MDA MB231 cells do require the expression of E-selectin given that
they cross the endothelial layer even when endothelial cells do not express E-selectin. Hence, in the present study,
our results suggest that Tm1-dependent TEM of MDA MB231 cells is importantly dependent on its phosphoryla-
tion at Ser283. Finally, the fact that cells expressing the phosphomimetic mutant of Tm1 form less colonies in soft
agar is a major argument supporting that Tm1 phosphoryation at Ser 283 confers tumor suppressor functions to
Tm1, given that this test is well accepted as reflecting malignancy in vitro [31]. Nevertheless, the finding that the
cells expressing S283A mutant also form less colonies than the parental cells, but more than the S283E, cells in-
dicate that other factors than just phosphorylation are involved in tumor suppression by Tm1.

Overall our results constitute the first evidence that phosphorylation of Tm1 regulates its tumor suppressor
functions in breast cancer cells.

5. Conclusion

In this study, we have shown that MDA-MB231 cells stably express a pseudophosphorylated form of Tm1 at
Ser283 (S283E) adhere more firmly to the substratum and are less motile that the parental cells and cells that
express a non-phosphorylatable form of the protein (S283A). Moreover, the Tm1 S283E expressing MDA-231
cells form fewer than the TM1 S283A expressing cells colonies in soft agar. We thus conclude that phosphoryation
of Tm1 at Ser283 is a major mechanism that contributes to the tumor and metastatic suppressor properties of Tm1.
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