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ABSTRACT
Profilin-1 (Pfn1) is an important actin-regulatory protein that is downregulated in human breast cancer and
when forcibly elevated, it suppresses the tumor-initiating ability of triple-negative breast cancer cells. In
this study, we demonstrate that Pfn1 overexpression reduces the stem-like phenotype (a key biologic
feature associated with higher tumor-initiating potential) of MDA-MB-231 (MDA-231) triple-negative
breast cancer cells. Interestingly, the stem-like trait of MDA-231 cells is also attenuated upon depletion of
Pfn1. A comparison of cancer stem cell gene (CSC) gene expression signatures between depleted and
elevated conditions of Pfn1 further suggest that Pfn1 may be somehow involved in regulating the
expression of a few CSC-related genes including MUC1, STAT3, FZD7, and ITGB1. Consistent with the
reduced stem-like phenotype associated with loss-of-function of Pfn1, xenograft studies showed lower
tumor-initiating frequency of Pfn1-depleted MDA-231 cells compared to their control counterparts. In
MMTV:PyMT mouse model, homozygous but not heterozygous deletion of Pfn1 gene leads to severe
genetic mosaicism and positive selection of Pfn1-proficient tumor cells further supporting the contention
that a complete lack of Pfn1 is likely not conducive for efficient tumor initiation capability of breast cancer
cells. In summary, these findings suggest that the maintenance of optimal stemness and tumor-initiating
ability of breast cancer cells requires a balanced expression of Pfn1.
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Introduction

Disrupted actin cytoskeleton is a hallmark of cancer cells.
Lower filamentous actin (F-actin) density correlates with higher
grade of breast cancer, suggesting that cytoskeletal disruption
likely contributes to aggressiveness of breast cancer cells.1

Deregulated expression and/or activity of various actin-binding
proteins and their upstream regulators are responsible for
altered cytoskeleton in various cancer cells. Along this line, pro-
filin-1 (Pfn1), the ubiquitously expressed isoform of Pfn family
of actin-binding proteins that also interacts with a diverse range
of protein ligands besides actin and even certain membrane lip-
ids, is downregulated but not totally depleted in human breast
cancer.2,3 There is experimental evidence for Pfn1’s ability to
strongly suppress tumor-initiating ability of triple-negative
breast cancer cell lines (CAL51, MDA-MB-231 (referred to as
MDA-231 from hereon)) when forcibly elevated even to a mod-
erate extent.2,4 Pfn1’s tumor-suppressive action in breast cancer
cells requires its interaction with actin.5However, the molecular
mediators and pathways responsible for Pfn1’s tumor-suppres-
sive action in breast cancer cells have not been clearly identi-
fied. Furthermore, whether Pfn1 downregulation has any

impact on tumor-initiating ability of breast cancer cells has not
been investigated.

Breast cancer is now widely recognized as a heterogeneous
disease that has cellular hierarchy similar to the normal tissue
stem cell hierarchy. Hierarchically organized tumor tissue con-
tains a small subpopulation of cancer cells that exhibits the
traits of stem cells with self-renewing property and ability for
sustenance of long-term clonal maintenance in the tumor. The
pool of breast cancer cells that have stem- or progenitor-like
characteristics have much higher tumor-initiating potential
than those in non-stem cell state (constitute the bulk of the
tumor), and are generally thought to be the true tumor-initiat-
ing cells in a neoplasm.6

A few reports have indicated involvement of Pfn in regulat-
ing stem cell fate. For example, Pfn1 has been shown to be
essential for maintenance of hematopoeitic stem cells (HSC).7

Specifically, this study showed that Pfn1 depletion compro-
mises HSC retention via promoting their apoptosis and induc-
tion of cell-cycle quiescence. Another study showed that Pfn2
(the minor isoform of Pfn) promotes stemness of colorectal
cancer cells.8 Although these studies support the ability of both
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Pfn isoforms to regulate stem cell fate, since overexpression of
Pfn1 alone is sufficient to suppress tumorigenic phenotype of
triple-negative breast cancer cells,2,4 in this study we explored
the effects of selective perturbations of Pfn1 on CSC-related
gene expression and stem-cell-like traits of breast cancer cells.
We show that either elevation or depletion of Pfn1 attenuates
stem-like phenotype of breast cancer cells. Correlated with
reduced stemness of breast cancer cells upon Pfn1 depletion,
we further showed that loss-of-expression of Pfn1 also reduces
the tumor-initiating potential of breast cancer cells. In light of
previous findings of Pfn1-induced suppression of tumorigenic-
ity of breast cancer cells,2,4 these data suggest that a balanced
level of Pfn1 is required for maintenance of optimal stemness
and tumor-initiating potential of breast cancer cells.

Results

A balanced level of Pfn1 promotes stemness of MDA-231
breast cancer cells

We previously reported that overexpression of GFP-Pfn1
completely suppresses the tumorigenic ability of orthotopi-
cally xenografted MDA-231 cells in nude mice. Since breast
cancer stem and progenitor cells have the ability to form
mammospheres on non-adherent substrates, to assess the
effect of Pfn1 overexpression on stemness of MDA-231 cells,
we performed mammosphere assays with sublines of MDA-
231 cells stably expressing either GFP (control) or GFP-Pfn1
(this cell line has a nearly 2-fold overexpression of Pfn19).
Note that MDA-231 cells have »100-fold lower Pfn2 level
(in a sub-micromolar range of concentration) than Pfn1 (in
tens of micromolar range of concentration) as previously
estimated by another group1 and furthermore, stable overex-
pression of GFP-Pfn1 in this cell line does not lead to any

appreciable change in Pfn2 expression (Fig S1). We found
that GFP-Pfn1 overexpressing MDA-231 cells formed signifi-
cantly fewer mammospheres than control GFP cells, suggest-
ing that Pfn1 elevation attenuates the stemness-enriched
pool of MDA-231 cells (Fig. 1A-B). Overexpression of Pfn1
also limited the growth of mammospheres as evident from
significantly higher fraction of mammospheres in smaller
sized groups (Fig. 1C). This may suggest that self-renewal
capacity of breast cancer stem/progenitor cells is also sup-
pressed by Pfn1 overexpression. As a complementary experi-
ment, we next investigated the effect of Pfn1 depletion on
mammosphere forming ability of MDA-231 cells using our
previously generated sublines of MDA-231 cells stably
expressing either Pfn1-shRNA (which had >90% knockdown
of Pfn1 expression) or control luciferase shRNA.3 Note that
Pfn2 expression is more or less unaffected upon stable
knockdown of Pfn1 expression in MDA-231 cells (Fig. S1)
and this is similar to our observation in transient knockdown
setting.10 Interestingly, similar to the effect of Pfn1 overex-
pression, there was a marked reduction in the number of
MDA-231 mammospheres in Pfn1 knockdown compared to
the control culture (Fig. 1D-E), suggesting that loss of Pfn1
expression also attenuates the stemness-enriched pool of
MDA-231 cells. However, unlike our observation in the over-
expression setting, the size distributors of mammospheres
between control and Pfn1 knockdown groups were compara-
ble (Fig. 1F). One possible interpretation of this finding
could be that Pfn1 depletion only reduces the stemness-
enriched pool but does not impact the sustained proliferation
of stem/progenitor-like cells. Overall, these data suggest that
a balanced level of Pfn1 is required for maintenance of opti-
mal stemness of breast cancer cells.

We next profiled expression of a panel of 84 CSC-related
genes in MDA-231 cells under both overexpression and

Figure 1. Effects of perturbations of Pfn1 on mammosphere forming ability of MDA-231 cells. (A, D) Representative images of mammosphere formation by GFP control vs
GFP-Pfn1 overexpressers (A) and control- vs Pfn1 shRNA expressers (D) of MDA-231 cells (scale bars – 200 mm). (B, C, E, F) Bar graphs (B, E) and pie charts (C, F) summarize
the number and the size distribution of MDA-231 mammospheres, respectively, in overexpression and knockdown settings of Pfn1. Data summarized from 3 independent
experiments and values are presented as mean § SD; ��p < 0.01; ���:p < 0.001).
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knockdown settings of Pfn1 by qPCR array. Filtering the
genes using a 1.5-fold cut-off revealed a dramatic alteration in
the expression profile of stem-cell associated genes upon Pfn1
overexpression as evident from differential expression of 25
out of a total of 84 profiled genes with 80% of those differen-
tially expressed genes found to be downregulated in Pfn1
overexpressing cells (Fig. 2A). These included genes that a)
are required for maintenance and self-renewal of stem cells
(e.g. SOX2- reduced by 3.8-fold; FGFR2- reduced by 67-fold;
CD44 – reduced by 2-fold; ITGB1 – reduced by 2-fold),11-14

b) expand the pool of breast CSC and increase their self-
renewal (e.g., IL8 - reduced by 11-fold; STAT3 – reduced by
2-fold),15,16 and c) enhance CSC activities of breast cancer
cells indirectly through facilitating their interactions with
tumor-associated macrophages (e.g., Thy1 - reduced by 11-
fold).17 Compared to the effect of Pfn1 overexpression, the
CSC gene expression signature of MDA-231 was much less
perturbed upon Pfn1 depletion. We found a total of 6 differ-
entially expressed genes (MUC1, CD24, Kit, FZD7, ITGB1
and STAT3) associated with Pfn1 knockdown (Fig. 2B).
Among these 6 genes, MUC1 (a gene that is overexpressed in
breast CSC and promotes self-renewal capacity of breast
CSC18,19) showed the most prominent change (> 6-fold
downregulation) in expression as a result of Pfn1 knockdown.
Breast CSC are also characterized by high CD44 and low
CD24 expression.11 Therefore, a 2-fold increase in CD24
expression also appears to be consistent with reduced stem-
like phenotype of breast cancer cells upon Pfn1 depletion.
Interestingly, the remaining 3 CSC-promoting genes including
Kit1, FZD7 (frizzled 7), ITGB1 and STAT3 were found to be
elevated although other than Kit1, the fold-change of remain-
ing genes was modest (< 2-fold). Note that 4 out 6 genes that
were differentially expressed upon knockdown of Pfn1
(MUC1, STAT3, FZD7, ITGB1) also showed a reverse trend
in the expression upon overexpression of Pfn1 which suggests
that Pfn1 may be somehow involved in regulating the path-
ways controlling the expression of at least some of this small
subset of genes. As a further proof-of- principle of Pfn1s link
to the regulation of some of these genes at the protein level,
we performed immunoblot analyses of STAT3 and MUC1 in
MDA-231 cells under depleted and overexpressed conditions
of Pfn1 (Fig. 2C). Consistent with the qPCR array results, we
found a trend of increased and decreased STAT3 expression
in response to knockdown and overexpression of Pfn1, respec-
tively. Similarly, MUC1 expression was increased upon over-
expression of Pfn1 as expected from the qPCR results
although MUC1 increase at the protein level (»2-fold) did
not quantitatively correlate with the fold-change in transcript
level (»12-fold). We were also unable to detect any significant
difference in the MUC1 protein level between control and
Pfn1 knockdown cells (the plausible reasons of discrepancies
between qPCR and immunoblot readouts are discussed later).

Loss of Pfn1 expression negatively impacts tumor-
initiating ability of breast cancer cells

Given our finding that depletion of Pfn1 also attenuates the
stemness-enriched pool of MDA-231 cells similar to the effect
of Pfn1 elevation, we next asked whether loss-of-expression of

Pfn1 has any negative impact on the tumor-initiating ability of
breast cancer cells. To address this, we performed orthotopic
xenograft experiments with control vs Pfn1-shRNA expressing
MDA-231 cells at 2 different inoculum conditions (1 and 2 mil-
lion). For each of these inoculum conditions, tumor incidence

Figure 2. Effects of perturbations of Pfn1 on CSC gene expression signature in
MDA-231 cells. (A-B) Cluster diagrams depicting differentially expressed (fold-
change cut-off D 1.5; p-value < 0.05) CSC-related genes in response to overex-
pression (A) and knockdown (B) of Pfn1 expression in MDA-231 cells, based on the
readouts of qPCR array. The tables alongside display the fold-change of each differ-
entially expressed gene (data summarized from 3 independent experiments). (C)
Immunoblot analyses of STAT3 and MUC1 expression from whole cell lysates of
control vs Pfn1 knockdown and GFP vs GFP-Pfn1 overexpressing MDA-231 cells
(tubulin blot serves as the loading control). The multiple bands of MUC1 represent
proteins with different degrees of glycosylation.
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frequency was scored and compared between the 2 groups of
animals following monitoring of the animals up to a period of
6 weeks, the results of which are shown in Fig. 3A. Control
shRNA transfectants were able to elicit primary tumors in
100% of animals for either of the inoculum conditions (8 out of
8 and 6 out of 6 for 1 million and 2 million cell injections,
respectively). The primary tumor-initiating frequency of

Pfn1-shRNA cells (50% (4 out 8) and 82% (5 out of 6) for
1- and 2-million cell injections, respectively) were lower than
the control cells, with the difference being more pronounced at
the lower inoculum conditions, suggesting that Pfn1 downregu-
lation reduces tumor-initiating ability of breast cancer cells.

Although widely used, xenograft experiments are performed
in immunodeficient background and involve experimental

Figure 3. Effect of loss of Pfn1 on tumorigenicity in MDA-231 xenograft and MMTV:PyMT breast cancer models. (A) A table showing primary mammary tumor induction
frequency following orthotopic inoculation of sh-control vs sh-Pfn1 MDA-231 cells in nude mice. (B) Top panel: A schematic diagram showing the positioning of lox sites
in Pfn1flox/flox mouse with respect to the exons (indicated by E1, E2 and E3) and the PCR primers used for genotyping (primers 1 and 2) and confirmation of allele excision
(primers 1 and 3) in PyMTC mice of various Pfn1 genotypes. bottom panel: Pfn1- and Cre PCRs performed with tail-clip DNA. (C) A Kaplan-Meier curve showing relative
survival of PyMTC mice of various Pfn1 genotypes (survival was measured based on the number of days for largest tumor to reach 2.0 cm in size). (D) A bar graph show-
ing the average tumor burden in PyMTC mice of various Pfn1 genotypes. (E) Pfn1 PCRs performed with tumor-derived DNA (240 bp: wild-type (WT) allele amplicon, 340
bp: floxed allele amplicon, 700 bp: excision-specific amplicon). Note that all Cre-negative mice were considered to be Pfn1C/C regardless of the nature of Pfn1 alleles
(WT/flox, flox/flox, WT/WT). (F-G) A representative immunoblot depicting (F) and a bar graph summarizing (G) the relative Pfn1 expressions in PyMT tumors of the indi-
cated Pfn1 genotypes. Three random tumors were analyzed per genotype; GAPDH immunoblot served as the loading control (data summarized from a pool of 18 random
tumor samples from 6 animals of each genotype). (H) Representative IHC images PyMT mammary tumors of the indicated Pfn1 genotypes (Pfn1: red; DAPI: blue) reveal
mosaic Pfn1 staining in Pfn1¡/¡ tumors (the area outlined by a dashed line represents a region of the tumor comprised of Pfn1-null cells; bar -100 mm). Values are pre-
sented as mean § SD (�p < 0.05, ���p < 0.001).
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implantation of a large number of tumor cells that fails to reca-
pitulate the initiation of human disease. Therefore, to further
determine whether loss of Pfn1 impacts spontaneously devel-
oping breast cancer, we crossed Pfn1flox/flox mice into an
MMTV-PyMT:MMTV-iCre background (PyMT: Polyoma
virus middle T antigen) to conditionally delete Pfn1 gene in the
mammary gland. We chose MMTV-PyMT tumorigenesis
model for several reasons. First, PyMT mammary tumors ini-
tially develop from a single or few apposed foci in the mam-
mary gland reflecting the initiation of human disease. Second,
PyMT tumors progress through 4 distinctly identified stages
(hyperplasia, adenoma, early and late stage carcinoma) mim-
icking the natural progression of human breast cancer. Third,
MMTV-PyMT mouse model resembles human luminal breast
cancer cells thus allowing us to investigate Pfn1’s role in mam-
mary tumorigenesis in a different disease sub-type setting20).
PyMT-positive female off-springs of various Pfn1 genotypes
(PyMT:Pfn1C/C, PyMT:PfnC/¡ and PyMT:Pfn1¡/¡) were iso-
lated based on PCR analyses of PyMT, Pfn1 (wild-type [WT]
allele: 240 bp amplicon; floxed allele: 340 bp amplicon) and
iCre on DNA isolated from the tails of the animals (Fig. 3B;
note that regardless of the status [WT or floxed] of Pfn1 alleles,
mice that are Cre-negative are termed as Pfn1C/C here). All
PyMT mice formed palpable tumors which progressed to carci-
noma. Kaplan-Meier survival analyses showed that PyMT:
Pfn1¡/¡ animals had significantly longer survival (time taken
for the largest tumor to reach 2.0 cm in size) than PyMT:
Pfn1C/C (p D 0.02) (Fig. 3C). Consistent with these survival
data, the total tumor burden at the time of sacrifice in PyMT:
Pfn1¡/¡ animals was also 33% lower than that calculated for
PyMT:Pfn1C/C animals, and this difference was fairly close to
statistically significant (p D 0.09) (Fig. 3D). We found no statis-
tically significant difference in either survival or tumor burden
between PyMT:Pfn1C/C andPyMT:Pfn1C/¡ animals, suggesting
that heterozygosity of Pfn1 does not cause any growth-related
phenotype in vivo.

It is known that MMTV-Cre functions incompletely in
mammary epithelium (MMTV promoter is active in only 70%
of mammary epithelial cells).21,22 In this model, inactivation of
tumor-initiating and/or -promoting genes leads to progressive
elimination of cells that are null for those genes due to competi-
tive outgrowth of population of cells which remain proficient
for those genes (these cells arise due to either escape from Cre
expression or incomplete recombination), and as a result,
genetic mosaicism occurs.23 In the conventional MMTV-
PyMT:MMTV-Cre transgenic mouse model (as used herein),
even though PyMT and Cre are driven by MMTV promoter,
they are not linked on the same allele allowing cells to express
PyMT without expressing Cre or vice-versa. Therefore, in this
model, complete inactivation of gene that is essential for
tumorigenesis can cause positive selection for PyMT-trans-
formed cells that are negative for Cre expression, as seen previ-
ously upon conditional inactivation of several genes.24,25 Our
PCR, immunoblot and IHC analyses of PyMT tumors for Pfn1,
as elaborated below, collectively suggest that homozygous but
not heterozygous deletion of Pfn1 leads to positive selection of
Pfn1-proficient cells. First, in the case of PyMT:PfnC/- tumors,
PCR analyses revealed complete loss of 340 bp amplicon and
appearance of 700 bp amplicon (this knockout-specific band

results only if the floxed allele is excised) suggesting efficient
excision of the floxed allele (Fig. 3E). As per immunoblot analy-
ses, the average Pfn1 expression of PyMT:Pfn1C/¡ tumors was
found to be 40% lower (p < 0.0001) than PyMT:Pfn1C/C

tumors (Fig. 3F-G). Since heterozygosity should theoretically
result in 50% reduction of protein expression, Pfn1 expression
downregulation correlated reasonably well with the genotype
status in PyMT:Pfn1C/¡ tumors. Consistent with these data,
IHC of PyMT:Pfn1C/¡ tumors revealed uniform Pfn1 downre-
gulation when compared with PyMT:Pfn1C/¡ tumors
(Fig. 3H). Collectively, these data suggest that PyMT:PfnC/-

tumors derived almost exclusively from cells that are heterozy-
gous for Pfn1 gene. By contrast, PCR analyses of PyMT:Pfn¡/¡

tumors revealed genetic mosaicism of Pfn1 as demonstrated by
the presence of both 340 bp and 700 bp amplicons (Fig. 3E).
Accordingly, immunoblots of PyMT:Pfn1¡/¡ tumor extracts
consistently showed bands that were indicative of either negli-
gible Pfn1 expression (suggesting presence of Pfn1-null cells in
at least these sampled tumor regions) or Pfn1 expression com-
parable to or higher than the level of PyMT:Pfn1C/- tumors.
Although the average Pfn1 expression of PyMT:Pfn1¡/¡

tumors was statistically significant lower than either PyMT:
Pfn1C/C or PyMT:Pfn1C/¡ tumors, the overall protein reduc-
tion clearly did not correlate with the expected inactivation sta-
tus (Fig. 3F-G). In further support of these findings, IHC data
revealed highly mosaic Pfn1 expression status in PyMT:Pfn¡/¡

tumors where the expression ranged from undetectable to a
level as high as that seen in PyMT:PfnC/C tumors (Fig. 3H).
Since the overall phenotype of PyMT:Pfn1¡/¡ tumors is likely
determined by both Pfn1-null and –proficient cells, and the
number of animals was small, a p-value fairly close to but not
less than 0.05 signifying the difference in the mean tumor bur-
den between PyMT:Pfn1C/C and PyMT:Pfn1¡/¡ tumor
(Fig. 3D) was not at all surprising. Prominent selection of
Pfn1-proficient cells in Pfn1¡/¡ genetic background leading to
mosaic Pfn1 status in PyMT:Pfn1¡/¡ tumors is consistent with
a scenario in which Pfn1-null cells are out-competed by Pfn1-
proficient cells in terms of their tumor-initiating ability.
Although indirect, these data support a general contention that
a complete lack of Pfn1 may not be conducive for efficient
tumor-initiating capability of breast cancer cells, similar to the
effect of elevated level of Pfn1 as reported previously.2,4 Based
on these findings, we conclude that a balanced level of Pfn1
promotes efficient tumor-initiation by breast cancer cells.

Discussion

Stemness is a key biologic feature that is associated with greater
tumor-initiating potential of cancer cells. In this study, we dem-
onstrated for the first time that Pfn1 is an important determi-
nant of stemness of MDA-231 triple-negative breast cancer
cells. We showed that the mammosphere-forming efficiency (a
common experimental readout for stem-like characteristics of
tumor cells) of MDA-231 cells was reduced when Pfn1 expres-
sion was either depleted or elevated, suggesting requirement of
a balanced level of Pfn1 for optimal maintenance of stem-like
state of MDA-231 cells. These observations seem to be consis-
tent with previously established Pfn1’s ability to completely
suppress tumor-initiation capability of MDA-231 cells when
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overexpressed3 and the present finding of reduced tumor-
initiating efficiency of xenografted MDA-231 cells upon deple-
tion of Pfn1. Since stem-like attributes enhance metastatic
competency of cancer cells, this may also explain why meta-
static outgrowth from isolated extravasated MDA-231 cells in
the lungs is severely impaired upon depletion of Pfn1 as
recently demonstrated by our group.3 As the present study is
exclusively focused on Pfn1s effect on stem-like traits of MDA-
231 cells (a limitation of this study), we do not know whether
Pfn1 impacts the stemness of other triple-negative breast can-
cer cells in a similar manner — this needs to be investigated in
the future.

How genetic loss of Pfn1 impacts cancer initiation has been
studied before. Although indirect, the findings from our
PyMT-based knockout mouse model studies tend to support
the general idea of the requirement of some minimum level of
Pfn1 for efficient spontaneous initiation of tumors of luminal
subtype from either single or apposed foci in the mammary
gland. However, an improved transgenic model capable of trig-
gering coupled expression of PyMT and Cre (eliminates the
problem of genetic mosaicism) in an inducible manner (such as
one recently developed by the Muller group21 with additional
xenografts studies with luminal breast cancer cells will be
needed in the future for a definitive proof of this tenet.

Attenuation of stemness-enriched pool of MDA-231 upon
stable knockdown of Pfn1 expression as shown herein is consis-
tent with previously reported reduced in vivo retention of nor-
mal HSC upon genetic knockout of Pfn1.7 In the context of
normal HSC, Pfn1 depletion compromises stem cell retention
via promoting apoptosis and induction of cell-cycle quiescence.
Since we do not see any general evidence of increased cell death
in MDA-231 cells upon knockdown of Pfn1 (data not shown),
we speculate that at least in in vitro culture, increased apoptosis
does not account for reduced mammosphere forming efficiency
of Pfn1-depleted MDA-231 cells compared to their control
counterparts.

Although mammosphere formation was reduced under both
depleted and elevated conditions of Pfn1, interestingly, mam-
mosphere growth (an indicator of self-renewal ability of stem-
like cells) was affected only when Pfn1 expression was elevated.
This was not totally surprising given that overexpression of
Pfn1 had a much more robust effect on the expressions of
CSC-related genes when compared with that elicited by Pfn1
depletion. Out of the 84 genes we probed, we only found 4
genes that showed opposite trends of gene expression upon
overexpression and knockdown of Pfn1 expression, and we
performed immunoblot analyses of 2 of these genes (MUC1
and STAT3) to validate Pfn1-dependent changes at the protein
level. Of particular importance is the prominent 6-fold reduc-
tion and 12-fold increase in MUC1 mRNA abundance upon
depletion and overexpression of Pfn1, respectively. It has been
shown that MUC1-C, the transmembrane C-terminal domain
of MUC1 generated by the natural autocleavage of the
full-length protein with oncogenic function, is expressed at an
elevated level in the stem-like subpopulation of breast cancer
cells. Mammosphere-forming efficiency of breast cancer cells is
enhanced upon overexpression of MUC1-C, and conversely, it
is reduced upon knockdown of MUC1 suggesting that MUC1
is an important promoter for stemness of breast cancer cells.26

Although we were able to validate the increase of MUC1
expression at the protein level upon Pfn1 overexpression, the
fold-increase in the protein level (»2-fold) was significantly
lower than the corresponding fold-change of the mRNA level.
One potential explanation for this discrepancy could be that
our immunoblot analyses were performed with the whole cell
lysate and therefore did not analyze the secreted fraction of
MUC1. It is also known that MUC1 undergoes alternative
splicing to generate several variants.27 Since the antibody used
for immunoblot analyses targets the APDTR epitope in the
VNTR (variable number of tandem repeats) region of MUC1
and does not detect those alternatively spliced isoforms devoid
of the VNTR region (usually <50 kDa), it is also possible that
we were not able to assess these splice variants. Therefore, if
Pfn1 knockdown somehow affected either the secreted fraction
or any of the alternative spliced forms of MUC1, it would be
undetected by the present analysis and this, if true, could
potentially explain why we were unable to see changes in
MUC1 expression at the protein level from the whole cell lysate
despite a dramatic 6-fold decrease in the mRNA level upon
knockdown of Pfn1. Although MUC1 promotes self-renewal
capacity of breast cancer stem cells,26 lack of growth-related
phenotype could be due to the balancing act resulting from
upregulation of several self-renewal promoting genes such as
integrin b1, STAT3 and Fzd7 (Frizzled – a key mediator of
Wnt signaling) in Pfn1 knockdown setting. Interestingly, a
recent study reported downregulation of cell-surface integrin
b1 expression and Wnt signaling in a bladder cancer cell line
upon knockdown of Pfn1 expression.28 While this may suggest
apparent contradictory effects of Pfn1 knockdown between
breast and bladder cancer cells, because of differences in experi-
mental parameters between the 2 studies (e.g., surface protein
expression vs mRNA level of integrin b1) it is difficult to recon-
cile these results. Cell-specific differences in the results will not
be totally surprising given that Pfn1 has context-specific effects
in normal vs cancer cells and even between different cancer cell
lines.29,30,31

Finally, CSCs offer resistance to therapy and are thought to
cause relapse of breast cancer cells. Therefore modulating the
stemness of breast cancer cells through perturbation of Pfn1
could be a possible strategy to sensitize breast cancer cells to
chemotherapy in vivo. In fact, in cell culture model, there is
already evidence for increased susceptibility of breast cancer
cells to cytotoxic agents upon overexpression of Pfn1.32,33

Material and methods

Animal experiments, DNA isolation and protein extraction

Orthoptopic implantation assays involving MDA-231 cells have
been described previously.3 For conditional knockout of Pfn1,
Pfn1flox/flox mice (C57B6xCBA)34 were backcrossed 5 generations
into FVB background before breeding into MMTV:PyMT-
MMTV:iCre background. Animals were killed when the diame-
ter of the largest tumor reached 2.0 cm. All animal experiments
were performed according to the University of Pittsburgh Insti-
tutional animal welfare guidelines. Genomic DNA was isolated
using the Wizard Genomic DNA Purification Kit (Promega,
Madison, WI) according to manufacturer’s protocol before
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subjecting to PCR analyses (see Table S1 for PCR reaction
details). Tumor lysate was prepared with RIPA buffer with 0.2%
SDS, homogenized 2X for 15 sec and clarified by centrifugation
at 18000 g for 30 min before SDS-PAGE/ immunoblot analyses.
(see Table S2 for source and concentration of different antibod-
ies). Pfn1/DAPI staining of tumor histosections was performed
according to our published protocol.35

Cell culture

Generation and culture of MDA-231 cell lines stably expressing
GFP, GFP-Pfn1, control- and Pfn1-shRNAs have been
described previously.3,4

Mammosphere assay

MDA-231 cells were trypsinized, filtered through a 40 mm cell
strainer, and then plated in 12 well ultra-low attachment plates
at a density of 1000 cells/well in serum-free mammary epithe-
lium basal medium (Lonza, Walkersville, MD) supplemented
with 1% antibiotics, 2% B27 (Life Technologies, Grand Island,
NY), 5 mg/mL Insulin, 1 mg/mL hydrocortisone (Sigma-Aldrich,
St. Louis, MO), 20 ng/mL EGF (R&D Systems, Minneapolis,
MN), 20 ng/mL bFGF (StemCell Technologies, Inc., Vancouver,
BC) and b-mercaptoethanol (1:25,000). After 8 d incubation, the
mammosphere number was counted under an inverted micro-
scope with a 10X objective and the mammopsherere size was
measured.

Cancer Stem Cell (CSC) gene expression analyses

Total RNA was extracted from MDA- 231 cells using RNeasy
Mini Kit (Qiagen, Valencia, CA). The first strand cDNA syn-
thesis was conducted using RT2 First Strand Kit and PCR was
performed using in Human Cancer Stem Cells PCR Array
(Qiagen) according to the manufacturer’s instructions.

Statistical analysis

Statistical differences were assessed by Student’s T-test or one
way ANOVA followed by Tukey post-hoc test, and a p-value of
less than 0.05 was considered significant.
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