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Hypoxia promotes breast cancer
cell invasion through HIF-1c-
“mediated up-regulation of the
e invadopodial actin bundling protein

Céline Hoffmann?, Xianqing Mao?, Joshua Brown-Clay?, Flora Moreau?, Antoun Al Absi?,
Hannah Wurzer'?, Barbara Sousa?, Fernando Schmitt?, Guy Berchem?, Bassam Janji(®* &
Clément Thomas?

Hypoxia is a common feature of solid tumours that promotes invasion and metastatic dissemination.
Invadopodia are actin-rich membrane protrusions that direct extracellular matrix proteolysis and
facilitate tumour cell invasion. Here, we show that CSRP2, an invadopodial actin bundling protein, is
upregulated by hypoxia in various breast cancer cell lines, as well as in pre-clinical and clinical breast
tumour specimens. We functionally characterized two hypoxia responsive elements within the proximal
promoter of CSRP2 gene which are targeted by hypoxia-inducible factor-1 (HIF-1) and required for
promoter transactivation in response to hypoxia. Remarkably, CSRP2 knockdown significantly inhibits

. hypoxia-stimulated invadopodium formation, ECM degradation and invasion in MDA-MB-231 cells,

: while CSRP2 forced expression was sufficient to enhance the invasive capacity of HIF-1a.-depleted

. cells under hypoxia. In MCF-7 cells, CSRP2 upregulation was required for hypoxia-induced formation of
invadopodium precursors that were unable to promote ECM degradation. Collectively, our data support
that CSRP2 is a novel and direct cytoskeletal target of HIF-1 which facilitates hypoxia-induced breast
cancer cell invasion by promoting invadopodia formation.

Metastasis, i.e. the spread of tumour cells from the primary tumour and subsequent colonization of distant
organs, is the most life-threatening aspect of cancer'. The hypoxic tumour microenvironment is a potent driver of
tumour aggressiveness and metastasis, and is highly associated with poor clinical outcomes in various cancers®™*.
A fundamental process underlying the pro-metastatic effect of hypoxia is the stimulation of tumour cell invasive
capabilities. At the subcellular level, hypoxia has recently been reported to promote the formation of actin-rich
membrane protrusions, termed invadopodia®. Invadopodia facilitate tumour cell invasion through dense extra-
cellular matrix (ECM) by recruiting transmembrane and secreted metalloproteinases (MMPs) that catalyze ECM
component degradation, and creating pores through which mesenchymal tumour cells can migrate®’. Both ex
vivo and in vivo studies have provided direct evidence of the critical roles of invadopodia during key steps of the
metastatic cascade, such as basement membrane breaching, intravasation and extravasation®!2. In addition, it
has been suggested that invadopodia may contribute to other important aspects of disease progression, such as
tumour growth and angiogenesis'>!4, further increasing interest in their potential as therapeutic targets.
Invadopodium biogenesis largely relies on cytoskeletal rearrangements orchestrated by a combination of
lamellipodial and filopodial actin machineries'>~'8. A critical step of invadopodium initiation is the assembly of
an actin core by the ARP2/3 complex and its associated regulators, such as N-WASP and cortactin. Invadopodium
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elongation is promoted by the expansion of the actin core in both branched networks and unbranched bundles.
At the tip of invadopodia, actin bundles presumably potentiate the protrusive force generated by actin polym-
erization, whereas the dendritic actin network progressively expands to fill and stabilize upstream regions'®'®.
The actin cytoskeleton proteins and upstream signalling pathways involved in invadopodium biogenesis have
been characterized to a great extent’. However, our understanding of how important components of the tumour
microenvironment, such as hypoxia, shape the invasive behavior of tumour cells remains fragmented>”.

Cysteine-rich protein 2 (CSRP2) is a short (21 kDa) two LIM domain-containing protein, which is upregu-
lated in invasive breast cancer cells, and localizes along the protrusive actin core of invadopodium®®. Similar to its
relatives CSRP1 and CSRP3/muscle LIM protein®**!, CSRP2 crosslinks actin filaments in stable bundles, suggest-
ing that it contributes to the assembly and/or maintenance of the invadopodium actin backbone'’. Accordingly,
CSRP2 knockdown significantly inhibits invadopodium formation in aggressive breast cancer cells, as well as
MMP secretion and 3D matrix invasion. It also strongly reduces tumour cell dissemination in two mouse models
of breast cancer metastasis. The clinical relevance of these findings to human breast cancer disease is supported
by microarray data identifying CSRP2 in a cluster of 14 upregulated genes characteristic of the highly aggressive
basal-like breast carcinoma subtype?. In addition, among basal-like tumour patients, those with high CSRP2
expression exhibit an increased risk for developing metastasis. In the present study, we show that hypoxia upregu-
lates CSRP2 in different breast cancer cell lines, and that such upregulation results from HIF-1-mediated transac-
tivation of the CSRP2 promoter. We provide evidence that CSRP2 depletion strongly reduces the ability of hypoxia
to enhance invadopodia formation, ECM degradation and invasion in highly invasive breast carcinoma cell lines,
such as MDA-MB-231 and mouse 4T1. In weakly invasive, epithelial-like, MCF-7 cells, hypoxia-induced CSRP2
expression was required for the formation of invadopodium precursors, which were unable to promote ECM
digestion due to the lack of MT1-MMP expression. Finally, we found that CSRP2 up-regulation correlates with
hypoxic regions in both pre-clinical and clinical breast tumour specimens, and is associated with poor prognosis
in breast cancer patients. Overall, our data point to an important role for CSRP2 in facilitating the pro-invasive
and -metastatic effects of hypoxia in breast cancer.

Results
Hypoxia promotes HIF-1 dependent CSRP2 up-regulation in breast cancer cells. The hypoxic
tumour microenvironment is a critical promoter of breast cancer progression and metastasis>?*. We assessed
the effects of hypoxia on the expression of the pro-invasive and -metastatic invadopodial protein CSRP2 in four
breast cancer cell lines, including luminal/epithelial-like MCF-7 and T47D (ER ™", PR"), and mesenchymal-like
MDA-MB-231 and Hs578T (ER™, PR™, HER2™, claudin-low). In agreement with our previous report!?, CSRP2
was absent or only weakly expressed in epithelial-like cells under normoxia, whereas it was expressed at signifi-
cant levels in mesenchymal-like cells (Fig. 1A and B). Exposing cells to hypoxia (0.1% p0,) for 24 hours induced a
significant up-regulation of CSRP2 in all four cell lines (Fig. 1A). Indeed, CSRP2 protein levels increased by about
ten times in epithelial-like cells and by about five times in mesenchymal-like cells, as compared to the respec-
tive normoxic controls. At 48 hours of hypoxia, high CSRP2 protein expression was maintained in all cell lines
(Fig. 1B). To extend these data, CSRP2 transcript levels were analysed in normoxic and hypoxic conditions using
real-time gRT-PCR. In the four breast cancer cell lines, hypoxia induced a significant and sustained elevation of
CSRP2 transcripts (Fig. 1C and D), suggesting that CSRP2 levels were regulated at the transcriptional level.
Tumour cells respond to hypoxic stress by an activation of HIFs, which drive the transcription of target genes
through binding to cis-regulatory elements, termed hypoxia responsive elements (HREs)?*. Accumulating evi-
dence indicates that HIF-1 functions as a master regulator of the hypoxic response in breast cancer>*. To evaluate
the role of HIF-1 in hypoxia-induced CSRP2 expression, its oxygen-regulated subunit (HIF-1c) was depleted
in MCF-7 cells prior exposure to hypoxia. HIF-1a knockdown significantly inhibited hypoxia-induced CSRP2
up-regulation at both protein and mRNA levels (Fig. 2A,C and D). Similar results were obtained by knocking
down HIF-1ain MDA-MB-231 cells (Fig. 2B,E and F), supporting that the gene encoding CSRP2 is a novel, and
direct downstream target of HIF-1.

HIF-1a drives CSRP2 transcription by direct binding to HRE motifs. The consensus core HRE
sequence 5'-[A/G]CGT-3’ was initially characterized based on the comparison of various known HIF target
genes”. Later on, flanking nucleotides were demonstrated to contribute additional information to the likelihood
of HIF-1 transactivation®. In silico analysis using the weight matrix-based program Alggen PROMO?, identified
two high-confidence HREs (HRE1 and HRE2) in the proximal promoter region of CSRP2, while manual scan-
ning found two additional lower confidence core HRE sequences further upstream (Fig. 2G).

To validate HIF-1o binding to these two putative HREs, we conducted ChIP analyses, using HIF-1a specific
antibody (Fig. 2H). Results revealed that HIF-1a significantly binds to both HREs, even under normoxic condi-
tions. Additionally, there was a dramatic and significant increase (>12 fold) in HIF-1a occupancy at these sites
under hypoxia (Fig. 2H-]).

To study the transactivation of CSRP2 by HIF-1q, the nucleotides —1,920 to +103 relative to the transcription
start site were cloned into a luciferase reporter vector. MCF-7 cells were chosen to conduct the reporter assays as
they express low levels of CSRP2 and HIF-1a under normoxic conditions (Fig. 2A). As shown in Fig. 2K, hypoxia
induced a significant increase in luciferase activity as compared to normoxia. A VEGFA promoter luciferase
reporter was used as a positive control of hypoxia-induced gene transcription. Confirming the ChIP results,
mutation of HRE1 decreased the hypoxic induction of transcriptional activity at the CSRP2 promoter, while
mutation of HRE2 reduced this induction to an insignificant amount (p =0.1237). These results suggest that
the HRE2 sequence is the major motif responsible for hypoxia-dependent induction of CSRP2 expression, while
HREI may also contribute to a lesser extent.

SCIENTIFICREPORTS| (2018) 8:10191 | DOI:10.1038/s41598-018-28637-x 2



www.nature.com/scientificreports/

A 24h B 48h
T47D MCF-7 MDA-MB 231 Hs578T T47D MCF-7 MDA-MB-231 Hs578T KDa

= -
‘\L~I| & ==

EXPOS 2- - --
N H N H

T47D MCF-7 MDA-MB-231 Hs578T T47D MCF-7  MDA-| MB 231 Hs 578T

10 10 _
8
6
4
2
4
N H N H

24h 48h
T47D MCEF-7 MDA-MB 231 Hs578T T47D MCF-7 MDA-MB 231 Hs 578T
* * * * ok

*% _x 6
5
3
8 4
6 3 2
4 2
1
2 1
0 0 0 0

61 —— 4. —— 4 =
N H N H N H N H N H N H N H

Expos. 1 —25

| Expos. 1]

—35
ioeos 2- -

Expos. 1]

CSRP2

d Expos. 1

Expos. 2|

Actin

—_— 12

6
5
4
3
2
1
0

CSRP2 protein expression
(relative to normoxia)
o N & o ®

CSRP2 protein expression
(relative to normoxia)
ocr N WAL O N
orNWALON®
o r N w & G

=z
=
=z
T
=4
T
=z
T
=4

T
=4
T

(9]
o

Iy
|*
Iy

12
4 10

B e
S
1S

3

®

2

1

CSRP2 mRNA expression
(relative to normoxia)

on s o

ok N w s U O

CSRP2 mRNA expression
(relative to normoxia)

o N & o

Figure 1. Hypoxia upregulates CSRP2 protein and transcript levels in human breast cancer cells. (A,B)
Western blot analysis of CSRP2 and HIF-1a protein levels in epithelial (T47D, MCF-7) and mesenchymal
(MDA-MB-231, HS-578T) human breast cancer cells cultured for 24h (A) or 48 h (B) in normoxic (N) or
hypoxic (H) conditions. Short and long exposures for CSRP2 and HIF-1a blots are shown to better appreciate
the differences between the cell lines (“Expos. 1” and “2”, respectively). After quantification, protein levels were
normalized to 3-actin levels and CSRP2 protein levels in hypoxia were expressed as fold of normoxic control
(set to 1). The lower charts indicate the mean = s.e. calculated from at least 4 independent experiments. (C,D)
qRT-PCR analysis of CSRP2 transcript levels in the same four cell lines after 24 h (C) or 48 h (D) incubation

in normoxic (N) or hypoxic (H) conditions. Results are expressed as CSRP2 transcript levels in hypoxia
relative to normoxic control (set to 1). Shown are the mean =+ s.e. calculated from 3 (C) and 4 (D) independent
experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

To further confirm that the CSRP2 promoter is transactivated by HIF-1a, constitutively stable HIF-1c was
co-transfected into MCF-7 cells along with the luciferase reporter plasmids. Again, a VEGFA promoter luciferase
reporter construct was used as a positive control of HIF-1a transcriptional activity. As shown in Fig. 2L, HIF-1c
induced a significant transactivation of the CSRP2 promoter, supporting its role in hypoxia-promoted CSRP2
expression.

Taken together, ChIP and luciferase reporter experiments show that hypoxia induces binding of the HIF-1a
transcription factor to the CSRP2 promoter, primarily at the HRE2 site, and subsequent induction of CSRP2
expression.

CSRP2 mediates hypoxia-stimulated invadopodium formation. The role of CSRP2 in
hypoxia-stimulated invadopodium formation and activity was investigated in both a highly invasive cell line with
significant basal levels of CSRP2 (MDA-MB-231), and a weakly invasive cell line with low basal expression of
CSRP2 (MCE-7). First, fluorescent gelatin degradation assays were conducted with MDA-MB-231 cells following
transfection with control scrambled siRNAs (siCtr) or CSRP2 targeting siRNAs (siCSRP2 #1 and #2; Fig. 3A). As
illustrated in Figs 3B and S1, hypoxia promoted invadopodia-mediated ECM degradation in siCtr-transfected
cells, as shown by a significant overall increase in the density of dark punctate in the fluorescent matrix back-
ground. Quantitative analyses revealed that the percentage cells associated with local ECM degradation (% of
active cells) increased from about 50% in normoxia to about 70% in hypoxia (Fig. 3C, left panel). Even more
remarkably, hypoxia induced a 5-fold increase in the average surface of matrix degradation per cell (degradation
index; Fig. 3C, right panel).

Consistent with these data, siCtr-transfected MDA-MB-231 cells exhibited a higher number of mature inva-
dopodia (as defined by F-actin and cortactin co-labelled dots overlapping with areas of gelatin clearing) and were
significantly more invasive in hypoxia as compared to normoxia (Fig. 3D and E, respectively). CSRP2 knock-
down inhibited the stimulatory effects of hypoxia and decreased the percentage of active cells, the degradation
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Figure 2. HIF-1a regulates CSRP2 promoter activity. (A,B) Western blot analysis of CSRP2 and HIF-1a
protein levels in MCF-7 (A) and MDA-MB-231 (B) breast cancer cells incubated in normoxia or hypoxia and
transfected with control siRNAs (siCtr) or two different HIF-1a targeting siRNAs (siHIF-1o#1 and #2). (C,E)
After quantification, protein levels were normalized to 3-actin levels and CSRP2 and HIF-1a protein levels
were expressed relative to siCtr-transfected normoxic control (set to 1). Shown are the mean =+ s.e. calculated
from four (C) and five (E) independent experiments. (D,F) qRT-PCR analysis of CSRP2 transcript levels in
the same cell lines and culture conditions. Results are expressed as CSRP2 transcript levels in hypoxia relative
to siCtr-transfected normoxic control (set to 1). Shown are the mean = s.e. calculated from three (D) and four
(F) independent experiments. (G) A schematic representation of the putative HREs identified in the proximal
promoter of CSRP2. The position (relative to the transcriptional start site; TSS) of low and high confidence
HREs is indicated. (H) ChiP analysis for HIF-1a recruitment to CSRP2 promoter regions containing HRE1 and
HRE2 in MCF-7 cells cultured in normoxic (N) or hypoxic (H) conditions. (IJ) Quantification of ChiP data
for HRE1 (G) and HRE2 (H) from three independent experiments. Data are expressed as percentage of PCR
product signal obtained for chromatin fragments immunoprecipitated with HIF-1co antibodies or IgG (non-
specific binding control) relative to the corresponding input signal. (K) Luciferase reporter assays to evaluate
the normoxic and hypoxic activity of a wild type CSRP2 promoter with intact HRE1 and HRE2 (H1H2) and
two variants with point mutations in HRE1 (H1*H2) or HRE2 (H1H2*) in MCF-7 cells. VEGF promoter was
used as a positive control. Data are expressed as mean of luciferase signal & s.e. in hypoxia relative to normoxic
control (set to 1; n=3 independent experiments). (L) Luciferase assays for the wild type CSRP2 promoter

in MCEF-7 cells transfected with a control empty plasmid (pcDNA3) or HIF-1o expressing plasmid (p(HA)
HIF-1cv). Data are expressed as mean of luciferase signal £ s.e. in hypoxia relative to normoxic control (set to 1;
independent experiments). *p < 0.05; **p < 0.01.
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Figure 3. Hypoxia-dependent stimulation of MDA-MB-231 cell invasive potential is mediated by CSRP2.

(A) Western blot analysis of CSRP2 and HIF-1a protein levels in MDA-MB-231 cells transfected with non-
targeting (siCtr) or 2 different CSRP2-targeting (siCSRP2#1 and 2) siRNAs and cultured under normoxia

or hypoxia. (B) Gelatin degradation assay. Control and CSRP2 depleted cells were plated on Oregon Green
488-labelled gelatin-coated coverslips for 16 hours, fixed and stained for actin (green) and cortactin (red,

upper panels). (C,D) Quantitative analyses corresponding to experiments shown in (B) with actively ECM
degrading cells as expressed as percentage of the total cell population (C) left panel), degradation index (average
of degraded matrix per cell; (C) right panel) and the number of mature invadopodia per cell (F-actin and
cortactin co-labelled puncta overlapping with areas of gelatin clearing; D). The data originate from at least three
independent experiments (n > 60 cells). (E) Transwell invasion assay. Invading control and CSRP2 depleted
cells in normoxia and hypoxia at 24 h were quantified via MTT staining. Results were expressed relatively to

the invasion of siCtr-transfected hypoxic cells (set to 1). The data originate from 3 independent experiments.
(F) Transwell invasion assay with hypoxic MDA-MB-231 cells transfected with control (siCtr) or HIF-1a
(siHIF-1o#1 and #2) targeting siRNAs. CSPR2 and HIF-1a protein levels were analysed by western blot (left
panel). The data originate from 6 independent experiments. (G) Similar transwell invasion assay as in (F) with
MDA-MB-231 cells that were further transfected with an empty pCDNA3.1 expression plasmid (pEmpty) or a
CSRP2 overexpression vector (pCSRP2). Results were expressed relatively to the invasion of siCtr and pEmpty
co-transfected cells (set to 1). The data originate from 6 independent experiments. Bars = 15 um. *p < 0.05;

#kp < 0.01, #¥p < 0.001.

index and the number of invadopodia per cell to values similar to those obtained for control cells in normoxia
(Figs 3B-D and S1). In addition, CSRP2 knockdown inhibited tumour cell invasion under hypoxia with an almost
similar magnitude as HIF-1a knockdown (Fig. 3E and F). In contrast, CSRP2 depletion did not significantly
modify the MDA-MB-231 cell migration under normoxia or hypoxia, supporting that CSRP2 has a specific func-
tion in invasion (Fig. S2). Remarkably, CSRP2 forced expression was sufficient to increases the invasiveness of
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HIF-1a depleted MDA-MB-231 cells under hypoxia (Fig. 3G). In agreement with our previous report!®, CSRP2
knockdown also repressed invadopodia-mediated matrix degradation and invasion under normoxia (Fig. 3B-E).
Collectively, these data suggest that hypoxia promotes invadopodia-mediated breast cancer cell invasion by
upregulating CSRP2, a basic component of the invadopodial actin cytoskeleton machinery. To strengthen this
conclusion, we validated the role of CSRP2 in facilitating hypoxia-stimulated invadopodia formation, ECM deg-
radation and cell invasion in another invasive breast cancer cell line, namely the mouse 4T1 cell line (Fig. S3).

Contrary to MDA-MB-231 and 4T1 cells, MCF-7 cells failed to promote localized gelatin degradation under
both normoxia and hypoxia (Fig. 4A). This lack of activity was consistent with the fact that MCF-7 cells did
not express membrane type-1 MMP (MT1-MMP; Fig. 4B), a membrane-tethered MMP required for proteolytic
activity?*. However, hypoxia promoted cortactin relocalization to actin puncta, whose appearance and localiza-
tion at the ventral side of tumour cells were reminiscent of invadopodia (Fig. 4A). Similar ventral actin/cortactin
puncta were induced by hypoxia when MCF-7 cells were plated on non-denatured collagen (Fig. S4). To fur-
ther examined the nature of these structures, we used two additional invadopodium markers, namely N-WASP
and Tks5%. Both effectively labelled the actin/cortactin puncta that formed under hypoxia (Fig. 4F and G),
which were accordingly termed invadopodium precursors. As shown in Fig. 4H, CSRP2 was also recruited to
hypoxia-induced invadopodium precursors, suggesting it is required for, or possibly mediates, their formation. To
assess this possibility, the number of invadopodium precursors was determined in MCF-7 cells that were trans-
fected with control or CSRP2-targeting siRNAs prior to incubation in normoxic or hypoxic conditions. Under
normoxia, both siCtr- and siCSRP2-transfected cells exhibited about two invadopodium precursors on average
(Fig. 4C and D). Hypoxia increased invadopodium precursors density in control cells by almost 9-fold, with an
average of 17 invadopodium precursors per cell. Interestingly, this effect was associated with a significant increase
in the secretion of pro-MMP-2 and pro-MMP-9, suggesting that, although proteolytically inactive, these invado-
podium precursors are mature enough for MMP secretion (Fig. 4E). CSRP2 knockdown significantly lowered the
number of hypoxia-induced invadopodium precursors, with about eight precursors per cell on average (Fig. 4C
and D). Accordingly, it also inhibited hypoxia-promoted secretion of proMMP-2 and proMMP-9 (Fig. 4E). Thus,
although MCEF-7 cells lack MT1-MMP expression and matrix degrading activity, they assemble invadopodium
precursors in response to hypoxia in a CSRP2 dependent manner.

Collectively our data indicate that CSRP2 an important mediator of hypoxia-stimulated invadopodium for-
mation in breast cancer cells.

CSRP2 is upregulated in hypoxic, HIF-1o-positive regions of human breast cancer cell line
xenografts. To validate that CSRP2 is up-regulated by intratumoral hypoxia, MCF-7 and MDA-MB-231
cells were orthotopically injected in the mammary fat pad of immunodeficient mice, and the resulting primary
tumours were collected for immunofluorescence analyses. As shown in Fig. 5A, CSRP2 was strongly upregulated
in hypoxic, pimonidazole-stained, regions of both MCF-7- and MDA-MB-231-cell derived tumours. In addition,
tumour sections were co-labelled for CSRP2 and HIF-1a (Fig. 5B). Strong CSRP2 signals were very frequently
associated with HIF-1a positive regions in both MCF-7 and MDA-MB-231 tumour xenografts. Pixel intensity
correlation analyses confirmed a strong correlation between CSRP2 and HIF-1a expression in all tumour sec-
tions analysed, with Pearson coeflicient values ranging from 0.50 to 0.85 for MCF-7 cell-derived tumours, and
from 0.63 to 0.86 for MDA-MB-231 cell-derived tumours (n =22 and 21, respectively; Fig. S5). These data pro-
vide compelling evidence that CSRP2 expression is not only stimulated by experimental hypoxia produced in
low-oxygen incubators, but is also induced by in vivo tumour hypoxia.

Clinical significance of hypoxia-induced CSRP2 expression in breast cancer. We next assessed
the co-expression of CSRP2 and metastasis-effector genes reported to be regulated by HIF in patient tumours®!.
This analysis was conducted using a publicly available gene expression database of a large cohort of breast can-
cer patients (n=1,215). We found that CSRP2 expression positively correlates with the expression of 21 out
of 25 genes for which the expression data is available (p < 0.01; Table 1). Correlation coefficient values >0.3
were obtained for 9 of these 21 genes, and correlation coefficient values >0.5 were obtained for 2 genes, LOXL4
(r=0.54; p=1.5€-92) and MET (r=0.50; p=1.5e-79).

To more directly evaluate CSRP2 up-regulation in hypoxic areas of human breast tumours, we conducted
immunohistochemical analyses of clinical breast cancer specimens. Looking for hints of a hypoxic expression
profile, we found that CSRP2 was frequently upregulated in or near the centre of tumour nests, a presumably
highly hypoxic region (Fig. 5C). Next, we analysed and compared CSRP2 and HIF-1a protein expression in 48
triple negative breast cancer tissue array samples, and the results were scored by a pathologist (Table S1). 14/48
(>30%) cases showed weak to obvious HIF-1a expression, of which 11 (>78%) were also positive for CSRP2.
Rank analysis confirmed a statistically significant correlation between CSRP2 and HIF-1a protein levels in clin-
ical samples with a correlation coefficient value of 0.42 (p =0.0027). In addition, CSRP2 and HIF-1« exhibited
partially overlapping distribution in successive tumour sections (Fig. 5D). As previously reported'?, CSRP2 stain-
ing was also frequently observed in inflammatory/immune cells. Such staining likely account for the lower, yet
significant, correlation obtained for clinical samples as compared to mouse xenografts.

To evaluate the clinical relevance of our findings, the prognostic value of CSRP2 in breast cancer was eval-
uated by Kaplan Meier analysis using transcriptomics data sets including 1402 breast cancer patients®. High
CSRP2 mRNA expression was significantly associated with reduced overall survival for breast cancer patients.
The best cut off between low and high CSRP2 expression to discriminate the subgroups with different outcomes
was determined to be the upper quartile (HR = 1.6, logrank P=0.00011; Fig. 5E). Upper quartile survival, i.e.
time beyond which 75% of the patients are expected to survive, for patients with low and high CSRP2 expres-
sion was 118.8 and 64.8 months, respectively. Stratifying patients according to upper tertile or median CSRP2
expression values established weaker, yet significant, association between CSRP2 expression and overall survival
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Figure 4. Hypoxia-induced invadopodium precursors formation in MCF-7 cells requires CSRP2 upregulation.
(A) Gelatin degradation assay showing that normoxic (upper panels) and hypoxic (lower panels) MCF-7

cells do not promote (Oregon Green 488-labelled) gelatin degradation after 48 h. After fixation, MCF-7 cells
were stained for actin (in green) and cortactin (in red), and imaged using confocal microscopy. (B) Western
blot analysis of the MT1-MMP and HIF-1a protein levels in normoxic and hypoxic MCE-7 cells. (C) MCE-7
cells were transfected with non-targeting or 2 different CSRP2 siRNAs (siCSRP2#1 and 2), cultured under
normoxic or hypoxic conditions, and invadopodium precursors were detected by actin (green) and cortactin
(red) co-labelling. (D) Quantitative analysis of invadopodium precursor density in MCF-7 cells as in (C).

The data originate from 3 independent experiments (n = 60). (E) Gelatin zymography assay conducted with
the conditioned media collected from MCEF-7 cells cultured as in (C,D). The zymogram is representative of
three independent experiments. Similar data were obtained with siCSRP2#2. (F,G) Hypoxic MCF-7 cells were
labelled for actin (green), cortactin (red) and either N-WASP (immunolabelling, F) or Tks5 (Tks5-GFP, G). (H)
CSRP2-GFP co-localizes with actin (red) at invadopodium precursors in hypoxic MCF-7 cells. The insets show
magnification of invadopodium precursors. Bars = 15 um; *p < 0.05; **p < 0.01.

(HR=1.49, logrank P =0.00056, and HR = 1.28, log-rank p = 0.025, respectively; Fig. S6). In addition to overall
survival, CSRP2 overexpression significantly correlated with shorter distant metastasis- and relapse- free survival
(p=0.015 and 1.9¢-07, respectively; Fig. 5F and G). Comparison of CSRP2 expression in different breast cancer
subtypes revealed that CSRP2 expression is an order of magnitude higher in the basal subtype, compared to the
other subtypes and, accordingly, is a stronger predictor of distant metastasis-free survival (Fig. S7).
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Figure 5. CSRP2 co-localizes with HIF-1c in tumour xenografts and human breast cancer sections, and

is significantly associated with worse outcomes in breast cancer patients. (A,B) MCF-7 or MDA-MB-231
murine tumour xenografts were sectioned, stained with pimonidazole and immunolabelled for CSRP2 and/or
HIF-1a. A correlation coefficient for co-localization of CSRP2 and HIF-1« is indicated in (B). These results are
representative of at least 21 tumour sections originating from 4 animals for each type of xenograft (Fig. S5). (C)
Immunohistochemistry showing typical CSRP2 upregulation at the centre of a tumour nest (box) in a lymph
node of metastatic breast cancer. (D) Representative example of serial tissue sections of a triple negative breast
tumour stained for HIF-1aw and CSRP2 using immunohistochemistry. From the 48-sample TMA, a correlation
coefficient value of 0.42 was calculated by Spearman Rank analysis (p =0.0027; Table S1). (E-G) Kaplan-Meier
survival analyses in relation to CSRP2 expression (afty ID 207030s_at) in breast carcinoma using overall (E)
distant metastasis free (F) or relapse free (G) survival as an endpoint. The patient samples, hazard ratio with
95% confidence interval, and p value (Logrank test) are displayed on each chart. Upper quartile survival for
patients with low and high CSRP2 expression is indicated in (F). Bars =50 um.

Taken all together, our data suggest that tumour hypoxia promotes CSRP2 overexpression, exacerbating the
clinical outcome of breast cancer patients by enhancing tumour cell invasion and subsequent spread to distant
tissues.

Discussion

Both experimental and clinical studies have provided evidence that the hypoxic tumour microenvironment
is an important risk factor for distant metastasis in breast cancer®. Here, we identified a novel mechanism by
which hypoxia promotes mesenchymal invasion in breast cancer cells through the upregulation of CSRP2, a
structural component of the actin cytoskeleton machinery involved in invadopodium formation'®. Our func-
tional investigations revealed that CSRP2 knockdown in MDA-MB-231 cells inhibits hypoxia-stimulated inva-
dopodia formation and ECM degradation. Accordingly, it also significantly suppressed the stimulatory effect of
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Gene Correlation coefficient | p-value
LOXL4 0.539 1.5E-92
MET 0.505 1.5E-79
COX2/PTGS2 0.468 3.9E-67
SNAIL1/SNAIL 0.427 5.0E-55
TWIST1 0.388 5.7E-45
ANGPTL4 0.385 2.9E-44
LICAM 0.347 1.3E-35
LOX 0.331 1.9E-32
PLAUR 0.328 5.9E-32
MMP2 0.303 2.8E-27
LOXL2 0.3 1.3E-26
PLOD2 0.283 7.4E-24
PGF 0.274 2.7E-22
ANGPT2 0.263 1.1E-20
SDF-1/CXCL12 0.255 1.7E-19
CXCR4 0.248 1.8E-18
MMP14 0.242 1.3E-17
CXCR3 0.18 2.6E-10
AMEF/GPI 0.118 3.7E-05
P4HA2 0.097 6.9E-04
VEGFA 0.093 1.2E-03

Table 1. Co-expression of CSRP2 with a manually curated set of hypoxia-induced, pro-metastatic, breast
cancer genes. A manually formulated set of 26 genes consistently and directly found to be induced by HIF-1a,
as well as being drivers of invasion and/or metastasis of breast cancer cells, was analysed for co-expression with
CSRP2 in the large TCGA dataset of gene expression in invasive, human breast cancers (n =1,215). R values
were calculated using Pearson’s correlation or Spearman’s rho for those genes with a normal distribution or
otherwise, respectively, and the R value was used to calculate a p-value given the # of the sample set.

hypoxia on MDA-MB-231 cell invasiveness. Conversely, forced CSRP2 expression in HIF-1a-depleted hypoxic
MDA-MB-231 cells was sufficient to increase cell invasion to an extent similar as in control hypoxic cells.
Together these data support that CSRP2 is not only required for hypoxia-stimulated invasion, but contributes to
drive this process.

Contrary to MDA-MB-231 cells, MCF-7 cells were unable to carry out localized gelatin matrix degradation
under normoxia or hypoxia. In keeping with this, our western blot analyses revealed that both normoxic and
hypoxic MCF-7 cells do not express MT1-MMP, a membrane anchored MMP which is critically required for
tumour cell proteolytic activity?*?. Although proteolytically inactive, MCF-7 cells responded to hypoxia by
assembling invadopodium precursors characterized by the re localization of cortactin, N-WASP and Tks5 to
actin accumulations at the ventral cell membrane. This finding is highly consistent with a previous report showing
that MT1-MMP depletion in MDA-MB-231 cells strongly inhibits gelatin matrix degradation but only modestly
alters the onset of invadopodium formation®. In tumour cells, soluble MMP secretion is facilitated at invadopo-
dia®®. Thus, the increased secretion of MMP-2 and MMP-9 that is associated with the formation of invadopodium
precursors in hypoxic MCF-7 cells (Fig. 4E) represents another piece of evidence of the nature of these struc-
tures. Consistent with the fact that MT1-MMP catalyses MMP-2 activation by cleavage of its pro-domain®, and
that MMP-2 contributes to MMP-9 activation®>*, mostly inactive, high-molecular weight, forms of MMP-2 and
MMP-9 were detected in our serum-free gelatin zymography assays.

Since invadopodium assembly and activity seems to be decoupled in hypoxic MCE-7 cells, this cell line turned
out to be an appropriate experimental model to further characterize the mechanism by which CSRP2 mediates
hypoxia-stimulated invasion. Indeed, our quantitative data show that CSRP2 knockdown significantly reduced
the number of invadopodium precursors induced by hypoxia in MCF-7 cells, validating the structural role of
CSPR2 in invadopodium assembly we previously suggested'.

Our mechanistic investigations revealed that the proximal promoter of CSRP2 can be activated by either
hypoxic culture conditions or HIF-1a overexpression, and that it contains two HREs (HRE1 and 2) able to pro-
mote HIF-1 recruitment. Although both HREs were found to contribute to hypoxia-induced transactivation
of CSRP2 promoter, our data luciferase reporter assays suggest that HRE2 has a predominant role over HREI.
Consistent with ChIP and luciferase reporter data, CSRP2 and HIF-1« protein levels were significantly correlated
in both pre-clinical and patient tumour specimens, supporting that tumour hypoxia is an important determi-
nant of CSRP2 up-regulation in breast cancer. The four breast cancer cell lines we analyzed responded to exper-
imental hypoxia by increasing CSRP2 mRNA and protein expression. As previously reported!?, invasive cells
(MDA-MB-231 and Hs578T) exhibited significant basal CSRP2 levels under normoxia while weakly invasive
cells (T47D and MCF7) did not. We noticed that invasive cells frequently exhibited detectable amounts of HIF-1o
under normoxia (as evaluated by western blot, Fig. 1A and B). Normoxic stabilization of HIF-1c and activation
of HIF-1 signalling in triple negative breast cancer cells, such as MDA-MB-231 cells, was recently shown to be
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regulated by a long noncoding RNA, namely LINK-A?¥. This pathway may account, at least to some extent, for
normoxic expression of CSRP2 in triple negative breast cancer cells, which in turn contributes to maintain a con-
stitutive invasive phenotype'®. The significant basal expression level of CSRP2 in invasive normoxic cells (Fig. 1)
is not contradictory with the role of CSRP2 in mediating the pro-invasive effects of hypoxia, and shows that
hypoxia operates in breast cancer cells by up-regulating an actin regulatory protein that is also required for nor-
moxic invasion. Other hypoxia-invadopodia axes were identified in cancer of different origins, such as melanoma,
fibrosarcoma, and head and neck cells**-*1. To our best knowledge, our report is the first example where hypoxia
promotes cancer cell invasion by direct, HIF1-mediated, targeting of a basic structural cytoskeletal component
of invadopodia.

A recent study has provided evidence that pancreatic ductal adenocarcinoma (PDAC) invasion and metastasis
are promoted by HIF-1 dependent upregulation of another actin bundling protein, namely fascin®.. Although the
effects of fascin overexpression on PDAC cell invadopodium formation were not specifically evaluated, fascin has
been shown to be a critical invadopodial component in prostate cancer and breast cancer cells!®**#, Noticeably,
fascin and CSRP2 knockdown achieves comparable reduction in ECM degradation and 3-D invasion in inva-
sive breast cancer cells'®'**, suggesting a functional interaction/redundancy between these two actin bundling
proteins. Remarkably, fascin ranks first in the most highly correlated genes to CSRP2 in invasive breast cancer
tumours (publicly available TCGA data at the cBioPortal for Cancer Genomics, http://www.cbioportal.org), rais-
ing the possibility that hypoxia and HIF-1 coordinate CSRP2 and fascin upregulation to promote invadopodium
assembly/stabilization and invasion.

The clinical significance of our findings is further supported by transcritomic-associated survival analysis
indicating that CSRP2 overexpression is associated with significantly shorter overall, metastasis- and relapse-free
survival. Besides its role in breast cancer, CSRP2 was recently identified as a downstream target of H19, the
long non-coding RNA with the strongest association with colorectal cancer patient survival®®. Patients with
high CSRP2 expression in colorectal tumours, display significantly shorter overall survival, and combined anal-
ysis of H19 with CSRP2 appears to be a powerful prognostic factor for overall survival. Another recent clinical
study established a significant association between CSRP2 expression and B-cell acute lymphoblastic leukemia
(ALL) relapse, and proposed CSRP2 as a prognostic marker for B-cell ALL patients with normal cytogenetics®.
Functional analyses suggest that CSRP2 promotes B-cell ALL cell proliferation, migration, and drug resistance.
Because hypoxia is a common feature of the bone marrow microenvironment that promotes HIF-dependent
blood cancer progression and resistance to therapy®, our data call for evaluation of hypoxia-regulated CSRP2
expression in blood cancers. Although the specific functions of CSRP2 in breast cancer, colorectal cancer and
B-cell ALL may differ, these studies all point to the deleterious clinical consequence of CSRP2 overexpression.

Collectively, our data indicate that hypoxia exerts a direct control on invadopodium-mediated tumour cell
invasion through HIF-1-mediated upregulation of the actin-bundling protein CSRP2 and provide a new mecha-
nistic basis for the pro-metastatic effects of tumour hypoxia in breast cancer.

Methods

Celllines. MCEF-7 cells were purchased from ATCC. MDA-MB-231, Hs578T, T47D and 4T1 cells were avail-
able at the Luxembourg Institute of Health. These cell lines were regularly tested for mycoplasma contamination
and cultured in complete growth medium following ATCC recommendations. A standard tissue culture incuba-
tor was used for a normoxic culture conditions (21% O,; 5% CO,). For hypoxic treatment, cells were placed in a
hypoxia work station (Invivo2 400, Ruskinn) for 24 hours or 48 hours, calibrated to maintain a hypoxic atmos-
phere of 0.1% O, and 5% CO, by continuous flow of nitrogen. The CSRP2-depleted 4T1 and corresponding
control cell lines by lentiviral transduction. CRP2 knockdown was achieved by pGIPZ lentiviral shRNAs (clone
ID: V3LMM_417823 from GE Dharmacon, gene set RMM4532). A non-silencing shRNAs (RHS4346, sh-; GE
Dharmacon) was used as a control. Lentivirus production was achieved by co-transfecting lentiviral pGIPZ shR-
NAs with packaging and envelope plasmids in HEK293T cells using Xtreme transfection reagent (Roche). 4T1
cells were infected with virus, and transduced cells were selected with 0.5 ug/ml puromycin (Sigma-Aldrich).

Western blot analysis. Total protein extracts from cells was prepared in RIPA lysis buffer (Millipore) sup-
plemented with protease and phosphatase inhibitor mixture (Roche). The extracts were subjected to Western
blot using antibodies directed against CSRP2 (HPA045617, Sigma), Actin (A2066, Sigma), HIF-1a (610959, BD
biosciences), and MT1-MMP (ab51074, Abcam. Protein bands were detected using Western Lightning Ultra
(Perkin Elmer) and visualized with CL-Xposure film (Thermo Scientific). Protein levels were quantified using
Image] (NIH, Bethesda, USA).

siRNAtransfection. CSRP2 knockdown was achieved by transfection of 10nM of 2 different predesigned siRNAs
directed against human CSRP2 (siCSRP2#1, S104283727, target sequence 5- ACAGTGGCAATTCACGATGAA-3'
and siCSRP2#2, S104251863, target sequence 5'-ACAGGCCTACAACAAATCCAA-3’; QIAGEN) using
DharmaFECT™ transfection reagent (GE Dharmacon) and following manufacturer’s instructions. HIF-1a knock-
down was achieved using 2 different predesigned, functionally verified, siRNAs directed against human HIF-1a
(siHIF1#1, SI02664053, targeted sequence 5'-AGGAAGAACTATGAACATAAA-3’, Qiagen and siHIF1#2, targeted
sequence 5'-TACGTTGTGAGTGGTATTATT; Eurogentec), while non-targeting siRNAs were used as a control
(Eurogentec). Freshly transfected cells were incubated 24 h under normoxia prior subsequent treatment or analysis.

Quantitative RT-PCR. Total RNA was isolated using the miRCURY RNA Isolation Kit (Exiqon) following
the manufacturer’s instructions. Purified RNA was reverse transcribed to cDNA using the Reverse Transcriptase
Core kit (Eurogentec). Quantitative real-time PCR reactions were performed using SYBR Green I (Qiagen)
on an Applied Biosystems ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). The primers used were
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5'-GATCTCGGACTCCCTGGAC-3 (forward) and 5-TCCCCAGACAGGCATTTT-3' (reverse) for CSRP2 and
5'-TGTCCTGAATGTGGTCACCTGA-3' (forward) and 5-CTGCAGTCTCCTTGCACACCT-3' (reverse) for
mitochondrial ribosomal protein L32 (MRPL32). To calculate the relative abundance of the mRNA transcripts,
the AACt method was used, with MRPL32 used as a reference mRNA. The Y-axis reflects fold change in gene
expression.

Chromatin immunoprecipitation assay. MCF-7 cells were grown in 15cm plates. Once the cells had
reached 70% confluence, they were subjected to 24 hours of normoxia or hypoxia, as indicated. Chromatin was
isolated and sheared using the Bioruptor Pico sonicator (Diagenode), with 10 cycles of 30 seconds on at high
power, followed by 30 seconds off. Sheared chromatin was used for ChIP, with anti-HIF-1A« (ChIP grade, Active
Motif, 39665) or negative control antibodies, with the ChIP-IT Express kit (Active Motif), according to the man-
ufacturer’s protocol. Pulled-down chromatin was then purified using the Chromatin IP DNA Purification Kit
(Active Motif) and RT-PCR was performed using the following primer pairs: 5-AAGTCCCTCTCCAAGTCC-3'
(forward) and 5'-CCACCAGGAGACAAAAGG-3' (reverse) for HRE1, and 5'-TGCCTTTTGTCTCCTGGTG-3’
and 5-ATGGGGATGTCGGAGGAGA-3' (forward) for HRE2.

Luciferase reporter assay. Genomic DNA was purified from MCF-7 cells, using the AllPrep DNA/RNA/
Protein Mini Kit (Qiagen). A region corresponding to —1,920 to 4103 bp relative to the transcription start site of
the human CSRP2 gene was PCR amplified using the primers 5-GATCACGCGTCAGGGACAGACAGCAGAAACA
-3’ (forward) and 5'-GATCAGATCTTTGAGTCGGAGGCGGGAGCACGTAC-3' (reverse), and inserted into
theMIuI-BglII multiple cloning site of the pGL3-Promoter vector (Promega). The HRE1 and HRE?2 sites were
mutated using overlapping PCR strategy and the following primer pairs: 5-GAGGGAGCGGTCCCGGGAGCTGGGA
AG-3/ (forward) and 5-CGCCCGGCATCTTCCCAGCTCCCGG-3’ (reverse) for HRE1*, and 5-CTAGCTCCGCCTG
CGGTAGCTGCTCC-3 (forward) and 5-CTCACTTGAGTCGGAGGCGGGAGCAGCTACCGC-3’ (reverse) for
HRE2*. The VEGF promoter luciferase reporter plasmid was provided by Dr. Amato J. Giaccia (Standford University
school of Medicine, CA, USA). Briefly, 7 x 10* cells were seeded in each well of a 24-well plate. Six hours after plating,
cells were transfected with the promoter luciferase reporter constructs, pGL4.73 [hRluc/SV40] vector (which con-
tains the Renilla luciferase sequence downstream of the SV40 promotor), and, where indicated, a constitutively stable
mutant HIF-1« expression vector (Addgene ref #52636), using Turbofect (Thermo Fisher Scientific), according to the
manufacturer’s protocol. Immediately after transfection, the plates were placed in either a normoxic or hypoxic incuba-
tor, as indicated. Twenty four hours after transfection, firefly and Renilla luciferase activities were measured using the
Dual-Luciferase Reporter assay kit (Promega) and the ratio of firefly/Renilla luciferase was determined.

Cellinvasion and migration assays. CSRP2- or HIF-1-depleted cells and control cells were incubated for
24 hours in hypoxia or normoxia. Fifty thousand cells were subsequently transferred onto 8.0 um-pore transwell
inserts (Greiner) in serum free DMEM, as previously described'®. For invasion assays, transwell inserts were
pre-coated with 100 ul of EHS matrix (330 ug/ml in serum-free DMEM) and incubated for 1 hour at 37°C to
allow polymerization. For migration assays, transwell inserts were pre-coated with collagen (100 ug/ml, collagen
L, Millipore). The wells were filled with DMEM supplemented to 10% FBS as a chemoattractant. After 18 hours
(MDA-MB-231 cell migration), 24 hours (MDA-MB-231 cell invasion) or 48 hours (4T1 cell invasion) incuba-
tion in hypoxia or normoxia, the total number of cells and the number of invasive cells were evaluated by MTT,
and the percentage of invasion was calculated and normalized to siCtr-transfected normoxic cells (set to 1). For
some specific assays, cells were co- transfected with HIF-1A targeting siRNAs and a plasmid allowing CSRP2
overexpression. The latter plasmid was generated by inserting CSRP2 coding sequence into the XhoI-BamHI
cloning site of modified pCDNA 3.1- (Invitrogen) including a terminal HA tag. The primers used to PCR
amplify CSRP2 coding sequence were 5'-GATCCTCGAGATGCCTGTCTGGGGAGGTGG-3’ (forward) and
5/-GATCAGGATCCCGCTGGGCATGAACAAGAGCCC-3/ (reverse). An empty pCDNA 3.1- was used as a
control.

Gelatinase zymography assays. Four hundred thousand MCF-7 cells were plated in each well of a
six-well plate. Six hours later, they were transfected with either control or CSRP2-targeting siRNAs. Twenty-four
hours later, cells were washed with PBS, incubated with serum-free DMEM, and the plates were incubated in nor-
moxic or hypoxic conditions for 32 hours. The conditioned media was collected and concentrated using Amicon
Ultra Centrifugal Filters, 30kDa cut-off (Merck Millipore, 803024), from an initial volume of two ml to a final
volume of 22 ul. The conditioned media was then subjected to gelatinase zymography analysis. Briefly, the condi-
tioned media was mixed with 4x sample buffer (0.25 Tris/HCI pH 6.8, 40% glycerol, 8% SDS and 0.1% bromophe-
nol blue) and resolved on a 10% SDS-polyacrylamide gel containing 0.01% porcine gelatin (Sigma, G-8150). The
MMPs were then renatured by soaking the gel in renaturing buffer (2.5% Triton in dH,0) for 30 minutes. The gels
were then washed several times with dH,O and incubated for 30 minutes with developing buffer (0.05 M Tris-HCIl
pH 7.8, 0.2M NaCl, 0.005 CaCl,, and 0.02% Brij-35). The buffer was then poured out, fresh buffer added and the
gel was incubated overnight at 37 C. The following day, the gels were visualized with Coomassie blue staining.

Fluorescent gelatin degradation assays. Fluorescent gelatin slides were prepared similarly as described
in Artym et al.?®. In brief, 16-mm coverslips were coated with poly-L-Lysine (25 pg/ml, 20 minutes at room tem-
perature) and crosslinked with glutaraldehyde (0.5%, 15 minutes at room temperature). After extensive PBS
washing, coverslips were inverted on a 60 ul drop of 0.2% gelatin solution containing a mix of 1:20 Oregon green
488-labelled gelatin (Molecular Probes) and unlabeled porcine gelatin (Sigma). After a 15-minute incubation, and
3 washes, coverslips were sterilized with 70% ethanol for 30 minutes and subsequently incubated with complete
medium for 30 minutes. MDA-MB-231 cells were pre-incubated for 32 hours in hypoxia or normoxia before they
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were transferred onto gelatin-coated coverslips for a 16-hour incubation period in the same culture conditions.
A low-density seeding was used to avoid cell clustering and facilitate the analysis. MCF-7 and 4T1 cells were
directly loaded onto gelatin-coated coverslips and incubated for 48 hours in hypoxia or normoxia. Then, tumour
cells were fixed and stained for actin and cortactin (see “Confocal microscopy and cell imaging” subsection).
Active cells were defined as cells with dark dots (corresponding to fluorescent gelatin-cleared areas) underneath
actin-cortactin co-labelled invadopodia. Digested gelatin areas were quantified with the threshold tool in Image]
software, and an average degradation index (degraded matrix area per cell) was calculated.

Confocal microscopy and cell imaging. Imaging was performed on a laser scanning confocal microscope
(LSM880 FastAiry, Carl Zeiss) equipped with a x63/1.4 numerical aperture (NA) oil immersion Plan-Apochromat
objective for cell imaging or a x40/1.3 oil immersion Plan-Apochromat for tumour slice imaging. All pictures
were acquired with multitrack configuration with a confocal optical slice set at 1 um thickness. MDA-MB-231,
4T1 and MCF-7 cells were plated on gelatin-coated coverslips (see “Fluorescent gelatin degradation assays” sub-
section) for 16 hours or 48 hours. MCF-7 cells were also plated on collagen-coated coverslips (100 ug/ml, collagen
I, Millipore) for 48 hours. Pre-fixation was performed in 3.5% PFA and 0.3% Triton X-100 in PEM (100 mM
PiPES, pH6.9, 1 mM EGTA and 1 mM MgCl,) for 3 minutes whereas fixation was performed in PFA 3.5% in PEM
for 20 minutes. Cortactin and N-WASP were immunodetected using mouse monoclonal antibodies (clone 4F11,
Millipore) and rabbit monoclonal antibodies (clone 30D10, Cell Signalling), respectively. The actin cytoskeleton
was labelled using Acti-stain 488 or 555 or 670 (Cytoskeleton) phalloidin depending on the experimental condi-
tions. To facilitate evaluation, actin cytoskeleton was always depicted in green regardless of the type of staining
used. Before confocal microscopy imaging, coverslips were mounted in Fluoromount medium (Sigma). In some
experiments, MCF-7 cells were transfected using Lipofectamine 2000 (Thermo Fisher Scientific) with a construct
coding for GFP-fused Tks5 (Tks5-GFP; kind gift from Dr. Sara A. Courtneidge, Portland, USA) or a construct
coding for GFP-fused CSRP2 (CSRP2-GFP). The latter was obtained by inserting the CSRP2 coding sequence
into the pEGFP-N1 plasmid vector via Xhol and BamHI restriction sites. After 48 hours in hypoxic conditions,
MCEF?7 cells expressing CSRP2-GFP were incubated 4 hours with live cell imaging actin probe (siR-Actin 1 uM,
Cytoskeleton) before observation under the microscope in hypoxic conditions (5% CO, and 0.1% O,).

In vivo xenograft assays and immunofluorescent staining.  Animal work was conducted in accord-
ance with the national and international regulations. The protocols were reviewed and approved by the animal
welfare body of LIH (protocol LECR-2016-07), and received an authorization from the Ministry of Agriculture
and Ministry of Higher Education and Research. Five million of MCF-7 or MDA-MB-231 tumour cells in 50 ul
matrigel diluted 1:1 in PBS were subcutaneously implanted into the mammary fat pad of NOD scid gamma (NSG;
NOD.Cg-Prkdcd [12rg1Wil/Sz]), 8-week-old female mice (Charles River). Primary tumour dimensions (length,
width and height) were periodically measured using calipers and the tumour volume was calculated according to
the formula: %2 x L x W x H. When tumours reached a size of approximately 200 mm?, they were harvested and
flash frozen in isopentane.

The tumours were sectioned with a cryostat (Leica SM1850 UV) in 120 um thick sections and fixed in 4%
paraformaldehyde for 15 min. Then sections were permeabilized for 15min in 0.1% Triton followed by 3 baths in
0.1% NaBH4. HIF-1aw and CSRP2 were immunolocalized using mouse monoclonal (610959, BD Biosciences) and
rabbit polyclonal antibodies (HPA045617, Sigma), respectively. For correlation analyses, sections were fixed in
acetone:chloroform (1:1) for 5min at —20 °C, which results in a better preservation of CSRP2. HIF-1 and CSRP2
co-localization was estimated by calculating Pearson’s coefficient values using the JACoP plugin from Image]J
software*. Twenty-one and 22 sections originating from 4 independent MCF-7 and MDA-MB-231 xenograft
tumours, respectively, were used for calculations. Scattered plots were generated using the Zen 2.1. software of the
confocal microscope (LSM880 FastAiry, Carl Zeiss). Staining of tumour hypoxic regions was achieved using The
Hydroxyprobe™-1 Plus Kit (Hydroxyprobe hpi, Burlington, MA, USA). Mice were injected intraperitoneally with
a pimonidazole HCL solution at a dosage of 60 mg/kg body weight 30 minutes prior sacrifice. FITC-conjugated
IgG1 mouse monoclonal antibody from the same Kit was used for immunofluorescence staining.

Immunohistochemistry. Human triple negative breast cancer tissue arrays (BRC964) including 48 cases
were purchased from Pantomics, Inc. (Richmond, CA, USA). Immunohistochemical staining was performed as
previously described'® using rabbit polyclonal antibodies against human CSRP2 (HPA045617, Sigma-Aldrich;
1/250) and rabbit monoclonal antibodies against HIF-1a (EP118; Epitomics). Rabbit anti-cytokeratin and nor-
mal rabbit serum were used as positive and negative controls. The results were semi-quantitatively scored by
a pathologist as followed: 0: no signal, 0.5: insufficient signal, 1: weak signal, 2: moderate signal, and 3: strong
signal. Values below 1 were considered as negative. For statistical analyses, an intensity index was calculated by
multiplying the intensity score by the percentage of positive cells. Intensity index values were used to rank all the
samples for Spearman rank correlation test.

Statistical analysis. All numerical data are shown as mean + SEM. Error bars represent standard errors.
Statistical significance was determined by Spearman rank correlation test for the in vivo immunohistochemical
results, paired two-tailed Student’s t distribution test for transwell cell invasion assay, and unpaired two-tailed
Student’s t test for the other analyses. For the analysis of the active cell population on gelatin, p values were cal-
culated from the Z-score for 2 population proportion. P values < 0.05 were considered statistically significant.
The expression analysis of HIF-1a target genes and of CSRP2 in human breast cancer here is wholly based upon
data generated by the TCGA Research network: http://cancergenome.nih.gov/. The TCGA breast cancer gene
expression data was downloaded from the UCSC Cancer Genome Browser. Normality of the distribution of expres-
sion values for each gene was assessed using the D’Agostino-Pearson omnibus test. CSRP2 expression was normally
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distributed, so for genes that had a normal expression distribution, a Pearson’s correlation coefficient was calculated.
For genes that were not normally distributed, a Spearman’s rank correlation coefficient was calculated. These values
were then used to calculate a p-value, given the n of the sample size (1,215 in this case). To compare CSRP2 across
different breast cancer subtypes, one-way ANOVA was used to confirm that the groups were statistically significantly
different and two-tailed t-tests were performed to compare the groups in a pair-wise fashion.

Kaplan-Meier survival plots, hazard ratio with 95% confidence intervals and log-rank p values were generated

using the Kaplan-Meier Plotter tool* to test for associations between CSRP2 expression (Affy probe 207030s_at),
and overall-, metastasis- and relapse-free survival in breast cancer patients. Gene expression data and survival
information were downloaded from GEO, EGA and TCGA. Only Affymetrix HG-U133A, HG-U133 Plus 2.0 and
HG-U133A 2.0 arrays were included. Biased arrays were excluded and redundant samples were removed.

References

1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Steeg, P. S. Targeting metastasis. Nat Rev Cancer 16, 201-218, https://doi.org/10.1038/nrc.2016.25 (2016).
2.

Gilkes, D. M., Semenza, G. L. & Wirtz, D. Hypoxia and the extracellular matrix: drivers of tumour metastasis. Nat Rev Cancer 14,
430-439, https://doi.org/10.1038/nrc3726 (2014).

. Semenza, G. L. The hypoxic tumor microenvironment: A driving force for breast cancer progression. Biochim Biophys Acta 1863,

382-391, https://doi.org/10.1016/j.bbamcr.2015.05.036 (2016).

. Rankin, E. B. & Giaccia, A. J. Hypoxic control of metastasis. Science 352, 175-180, https://doi.org/10.1126/science.aaf4405 (2016).
. Gould, C. M. & Courtneidge, S. A. Regulation of invadopodia by the tumor microenvironment. Cell Adh Migr 8, 226-235 (2014).
. Linder, S. The matrix corroded: podosomes and invadopodia in extracellular matrix degradation. Trends in cell biology 17, 107-117,

https://doi.org/10.1016/j.tcb.2007.01.002 (2007).

. Eddy, R. J., Weidmann, M. D., Sharma, V. P. & Condeelis, J. S. Tumor Cell Invadopodia: Invasive Protrusions that Orchestrate

Metastasis. Trends in cell biology, https://doi.org/10.1016/j.tcb.2017.03.003 (2017).

. Leong, H. S. et al. Invadopodia are required for cancer cell extravasation and are a therapeutic target for metastasis. Cell reports 8,

1558-1570, https://doi.org/10.1016/j.celrep.2014.07.050 (2014).

. Stoletov, K. & Lewis, J. D. Invadopodia: a new therapeutic target to block cancer metastasis. Expert Rev Anticancer Ther 15,733-735,

https://doi.org/10.1586/14737140.2015.1058711 (2015).

Tokui, N. et al. Extravasation during bladder cancer metastasis requires cortactinmediated invadopodia formation. Mol Med Rep 9,
1142-1146, https://doi.org/10.3892/mmr.2014.1965 (2014).

Gligorijevic, B. et al. N-WASP-mediated invadopodium formation is involved in intravasation and lung metastasis of mammary
tumors. Journal of cell science 125, 724-734, https://doi.org/10.1242/jcs.092726 (2012).

Gligorijevic, B., Bergman, A. & Condeelis, J. Multiparametric classification links tumor microenvironments with tumor cell
phenotype. Plos Biol 12, 1001995, https://doi.org/10.1371/journal.pbio.1001995 (2014).

Blouw, B. et al. The invadopodia scaffold protein Tks5 is required for the growth of human breast cancer cells in vitro and in vivo.
Plos One 10, €0121003, https://doi.org/10.1371/journal.pone.0121003 (2015).

Hotary, K. B. et al. Membrane type I matrix metalloproteinase usurps tumor growth control imposed by the three-dimensional
extracellular matrix. Cell 114, 33-45 (2003).

Albiges-Rizo, C., Destaing, O., Fourcade, B., Planus, E. & Block, M. R. Actin machinery and mechanosensitivity in invadopodia,
podosomes and focal adhesions. Journal of cell science 122, 3037-3049, https://doi.org/10.1242/jcs.052704 (2009).

Schoumacher, M., Goldman, R. D., Louvard, D. & Vignjevic, D. M. Actin, microtubules, and vimentin intermediate filaments
cooperate for elongation of invadopodia. The Journal of cell biology 189, 541-556, https://doi.org/10.1083/jcb.200909113 (2010).
Yamaguchi, H. & Condeelis, J. Regulation of the actin cytoskeleton in cancer cell migration and invasion. Biochim Biophys Acta
1773, 642-652, https://doi.org/10.1016/j.bbamcr.2006.07.001 (2007).

Linder, S., Wiesner, C. & Himmel, M. Degrading devices: invadosomes in proteolytic cell invasion. Annual review of cell and
developmental biology 27, 185-211, https://doi.org/10.1146/annurev-cellbio-092910-154216 (2011).

Hoffmann, C. et al. CRP2, a new invadopodia actin bundling factor critically promotes breast cancer cell invasion and metastasis.
Oncotarget 7, 13688-13705, https://doi.org/10.18632/oncotarget.7327 (2016).

Hoffmann, C. et al. Human Muscle LIM Protein Dimerizes along the Actin Cytoskeleton and Cross-Links Actin Filaments.
Molecular and cellular biology 34, 3053-3065, https://doi.org/10.1128/MCB.00651-14 (2014).

Tran, T. C,, Singleton, C., Fraley, T. S. & Greenwood, J. A. Cysteine-rich protein 1 (CRP1) regulates actin filament bundling. BMC
Cell Biol 6, 45 (2005).

Hu, Z. et al. The molecular portraits of breast tumors are conserved across microarray platforms. BMC Genomics 7, 96, https://doi.
org/10.1186/1471-2164-7-96 (2006).

Liu, Z. ], Semenza, G. L. & Zhang, H. F. Hypoxia-inducible factor 1 and breast cancer metastasis. ] Zhejiang Univ Sci B 16, 32-43,
https://doi.org/10.1631/jzus.B1400221 (2015).

Semenza, G. L. Hypoxia-inducible factors: mediators of cancer progression and targets for cancer therapy. Trends Pharmacol Sci 33,
207-214, https://doi.org/10.1016/j.tips.2012.01.005 (2012).

Semenza, G. L. et al. Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters contain
essential binding sites for hypoxia-inducible factor 1. J Biol Chem 271, 32529-32537 (1996).

Wenger, R. H., Stiehl, D. P. & Camenisch, G. Integration of oxygen signaling at the consensus HRE. Sci Stke 2005, re12, https://doi.
org/10.1126/stke.3062005re12 (2005).

Messeguer, X. et al. PROMO: detection of known transcription regulatory elements using species-tailored searches. Bioinformatics
18, 333-334 (2002).

Munoz-Najar, U. M., Neurath, K. M., Vumbaca, E. & Claffey, K. P. Hypoxia stimulates breast carcinoma cell invasion through MT1-
MMP and MMP-2 activation. Oncogene 25, 2379-2392, https://doi.org/10.1038/sj.onc.1209273 (2006).

Artym, V.V, Zhang, Y,, Seillier-Moiseiwitsch, F, Yamada, K. M. & Mueller, S. C. Dynamic interactions of cortactin and membrane
type 1 matrix metalloproteinase at invadopodia: defining the stages of invadopodia formation and function. Cancer research 66,
3034-3043, https://doi.org/10.1158/0008-5472.CAN-05-2177 (2006).

Sharma, V. P. et al. Tks5 and SHIP2 regulate invadopodium maturation, but not initiation, in breast carcinoma cells. Curr Biol 23,
2079-2089, https://doi.org/10.1016/j.cub.2013.08.044 (2013).

Gilkes, D. M. & Semenza, G. L. Role of hypoxia-inducible factors in breast cancer metastasis. Future Oncol 9, 1623-1636, https://doi.
org/10.2217/fon.13.92 (2013).

Gyorffy, B. et al. An online survival analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using microarray
data of 1,809 patients. Breast cancer research and treatment 123, 725-731, https://doi.org/10.1007/s10549-009-0674-9 (2010).

Jacob, A. & Prekeris, R. The regulation of MMP targeting to invadopodia during cancer metastasis. Front Cell Dev Biol 3, 4, https://
doi.org/10.3389/fcell.2015.00004 (2015).

SCIENTIFICREPORTS| (2018) 8:10191 | DOI:10.1038/s41598-018-28637-x 13


http://dx.doi.org/10.1038/nrc.2016.25
http://dx.doi.org/10.1038/nrc3726
http://dx.doi.org/10.1016/j.bbamcr.2015.05.036
http://dx.doi.org/10.1126/science.aaf4405
http://dx.doi.org/10.1016/j.tcb.2007.01.002
http://dx.doi.org/10.1016/j.tcb.2017.03.003
http://dx.doi.org/10.1016/j.celrep.2014.07.050
http://dx.doi.org/10.1586/14737140.2015.1058711
http://dx.doi.org/10.3892/mmr.2014.1965
http://dx.doi.org/10.1242/jcs.092726
http://dx.doi.org/10.1371/journal.pbio.1001995
http://dx.doi.org/10.1371/journal.pone.0121003
http://dx.doi.org/10.1242/jcs.052704
http://dx.doi.org/10.1083/jcb.200909113
http://dx.doi.org/10.1016/j.bbamcr.2006.07.001
http://dx.doi.org/10.1146/annurev-cellbio-092910-154216
http://dx.doi.org/10.18632/oncotarget.7327
http://dx.doi.org/10.1128/MCB.00651-14
http://dx.doi.org/10.1186/1471-2164-7-96
http://dx.doi.org/10.1186/1471-2164-7-96
http://dx.doi.org/10.1631/jzus.B1400221
http://dx.doi.org/10.1016/j.tips.2012.01.005
http://dx.doi.org/10.1126/stke.3062005re12
http://dx.doi.org/10.1126/stke.3062005re12
http://dx.doi.org/10.1038/sj.onc.1209273
http://dx.doi.org/10.1158/0008-5472.CAN-05-2177
http://dx.doi.org/10.1016/j.cub.2013.08.044
http://dx.doi.org/10.2217/fon.13.92
http://dx.doi.org/10.2217/fon.13.92
http://dx.doi.org/10.1007/s10549-009-0674-9
http://dx.doi.org/10.3389/fcell.2015.00004
http://dx.doi.org/10.3389/fcell.2015.00004

www.nature.com/scientificreports/

34. Nishida, Y. et al. Activation of matrix metalloproteinase-2 (MMP-2) by membrane type 1 matrix metalloproteinase through an
artificial receptor for proMMP-2 generates active MMP-2. Cancer research 68, 9096-9104, https://doi.org/10.1158/0008-5472.CAN-
08-2522 (2008).

35. Toth, M., Chvyrkova, I, Bernardo, M. M., Hernandez-Barrantes, S. & Fridman, R. Pro-MMP-9 activation by the MT1-MMP/MMP-
2 axis and MMP-3: role of TIMP-2 and plasma membranes. Biochem Biophys Res Commun 308, 386-395 (2003).

36. Li, Z., Takino, T., Endo, Y. & Sato, H. Activation of MMP-9 by membrane type-1 MMP/MMP-2 axis stimulates tumor metastasis.
Cancer Sci 108, 347-353, https://doi.org/10.1111/cas.13134 (2017).

37. Lin, A. et al. The LINK-A IncRNA activates normoxic HIFlalpha signalling in triple-negative breast cancer. Nat Cell Biol 18,
213-224, https://doi.org/10.1038/ncb3295 (2016).

38. Hanna, S. C. et al. HIFlalpha and HIF2alpha independently activate SRC to promote melanoma metastases. ] Clin Invest 123,
2078-2093, https://doi.org/10.1172/JCI66715 (2013).

39. Diaz, B., Yuen, A, lizuka, S., Higashiyama, S. & Courtneidge, S. A. Notch increases the shedding of HB-EGF by ADAMI12 to
potentiate invadopodia formation in hypoxia. The Journal of cell biology 201, 279-292, https://doi.org/10.1083/jcb.201209151
(2013).

40. Arsenault, D., Brochu-Gaudreau, K., Charbonneau, M. & Dubois, C. M. HDAC6 deacetylase activity is required for hypoxia-
induced invadopodia formation and cell invasion. Plos One 8, €55529, https://doi.org/10.1371/journal.pone.0055529 (2013).

41. Lucien, E, Brochu-Gaudreau, K., Arsenault, D., Harper, K. & Dubois, C. M. Hypoxia-induced invadopodia formation involves
activation of NHE-1 by the p90 ribosomal S6 kinase (p90RSK). Plos One 6, €28851, https://doi.org/10.1371/journal.pone.0028851
(2011).

42. Zhao, X. et al. Hypoxia-inducible factor-1 promotes pancreatic ductal adenocarcinoma invasion and metastasis by activating
transcription of the actin-bundling protein fascin. Cancer research 74, 2455-2464, https://doi.org/10.1158/0008-5472.CAN-13-3009
(2014).

43. Li, A. et al. The actin-bundling protein fascin stabilizes actin in invadopodia and potentiates protrusive invasion. Curr Biol 20,
339-345, https://doi.org/10.1016/j.cub.2009.12.035 (2010).

44. Van Audenhove, L. et al. Stratifying fascin and cortactin function in invadopodium formation using inhibitory nanobodies and
targeted subcellular delocalization. FASEB journal: official publication of the Federation of American Societies for Experimental
Biology 28, 1805-1818, https://doi.org/10.1096/1).13-242537 (2014).

45. Ohtsuka, M. et al. H19 Noncoding RNA, an Independent Prognostic Factor, Regulates Essential Rb-E2F and CDK8-beta-Catenin
Signaling in Colorectal Cancer. EBioMedicine 13, 113124, https://doi.org/10.1016/j.ebiom.2016.10.026 (2016).

46. Wang, S. J. et al. Cysteine and glycine-rich protein 2 (CSRP2) transcript levels correlate with leukemia relapse and leukemia-free
survival in adults with B-cell acute lymphoblastic leukemia and normal cytogenetics. Oncotarget, https://doi.org/10.18632/
oncotarget.16416 (2017).

47. Schito, L., Rey, S. & Konopleva, M. Integration of hypoxic HIF-alpha signaling in blood cancers. Oncogene, https://doi.org/10.1038/
onc.2017.119 (2017).

48. Bolte, S. & Cordelieres, F. P. A guided tour into subcellular colocalization analysis in light microscopy. ] Microsc 224, 213-232,
https://doi.org/10.1111/j.1365-2818.2006.01706.x (2006).

Acknowledgements

The authors are grateful to Monika Dieterle, Arnaud Muller, Pter Nazarov and Muhammad Zaeem Noman
(Oncology Department, LIH, Luxembourg) for technical assistance, support in statistical analyses and
constructive discussions. The authors also warmly thank Sara A. Courtneidge for the gift of the Tks5-GFP
construct (Oregon Health and Science University, Portland, USA). This work was mainly supported by a
research grant from “Fondation Cancer” Luxembourg (FC/2016/02), and the National Research Fund (C16/
BM/11297905). Joshua Brown Clay is recipient of a Postdoctoral fellowship from “Fonds De La Recherche
Scientifique” - FNRS “Télévie” (7.4512.16). Antoun Al Absi and Hannah Wurzer are recipients of PhD fellowships
from the National Research Fund, Luxembourg (AFR7892325 and PRIDE15/10675146/ CANBIO, respectively).

Author Contributions

C.T. conceived and designed the overall study with input from X.M. and C.H. C.H. and X.M. performed most
of the experiments with technical assistance from EM. ].B.C. and H.W. conducted luciferase reporter and gel
zymography analyses. A.A.A. conducted ChIP experiments. E.S. and B.S. provided significant support for
immunohistochemistry analyses. G.B. and B.J. provided technical support and conceptual advice. C.T. and X.M.
wrote the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-28637-x.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10191 | DOI:10.1038/s41598-018-28637-x 14


http://dx.doi.org/10.1158/0008-5472.CAN-08-2522
http://dx.doi.org/10.1158/0008-5472.CAN-08-2522
http://dx.doi.org/10.1111/cas.13134
http://dx.doi.org/10.1038/ncb3295
http://dx.doi.org/10.1172/JCI66715
http://dx.doi.org/10.1083/jcb.201209151
http://dx.doi.org/10.1371/journal.pone.0055529
http://dx.doi.org/10.1371/journal.pone.0028851
http://dx.doi.org/10.1158/0008-5472.CAN-13-3009
http://dx.doi.org/10.1016/j.cub.2009.12.035
http://dx.doi.org/10.1096/fj.13-242537
http://dx.doi.org/10.1016/j.ebiom.2016.10.026
http://dx.doi.org/10.18632/oncotarget.16416
http://dx.doi.org/10.18632/oncotarget.16416
http://dx.doi.org/10.1038/onc.2017.119
http://dx.doi.org/10.1038/onc.2017.119
http://dx.doi.org/10.1111/j.1365-2818.2006.01706.x
http://dx.doi.org/10.1038/s41598-018-28637-x
http://creativecommons.org/licenses/by/4.0/

	Hypoxia promotes breast cancer cell invasion through HIF-1α-mediated up-regulation of the invadopodial actin bundling prote ...
	Results

	Hypoxia promotes HIF-1 dependent CSRP2 up-regulation in breast cancer cells. 
	HIF-1α drives CSRP2 transcription by direct binding to HRE motifs. 
	CSRP2 mediates hypoxia-stimulated invadopodium formation. 
	CSRP2 is upregulated in hypoxic, HIF-1α-positive regions of human breast cancer cell line xenografts. 
	Clinical significance of hypoxia-induced CSRP2 expression in breast cancer. 

	Discussion

	Methods

	Cell lines. 
	Western blot analysis. 
	siRNA transfection. 
	Quantitative RT-PCR. 
	Chromatin immunoprecipitation assay. 
	Luciferase reporter assay. 
	Cell invasion and migration assays. 
	Gelatinase zymography assays. 
	Fluorescent gelatin degradation assays. 
	Confocal microscopy and cell imaging. 
	In vivo xenograft assays and immunofluorescent staining. 
	Immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Hypoxia upregulates CSRP2 protein and transcript levels in human breast cancer cells.
	Figure 2 HIF-1α regulates CSRP2 promoter activity.
	Figure 3 Hypoxia-dependent stimulation of MDA-MB-231 cell invasive potential is mediated by CSRP2.
	Figure 4 Hypoxia-induced invadopodium precursors formation in MCF-7 cells requires CSRP2 upregulation.
	Figure 5 CSRP2 co-localizes with HIF-1α in tumour xenografts and human breast cancer sections, and is significantly associated with worse outcomes in breast cancer patients.
	Table 1 Co-expression of CSRP2 with a manually curated set of hypoxia-induced, pro-metastatic, breast cancer genes.




