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Cell type-restricted activity of hnRNPM
promotes breast cancer metastasis via
regulating alternative splicing

Yilin Xu,! Xin D. Gao," Jae-Hyung Lee,>®° Huilin Huang,' Haiyan Tan,>* Jaegyoon Ahn,>
Lauren M. Reinke,' Marcus E. Peter, Yue Feng,® David Gius,® Kalliopi P. Siziopikou,”
Junmin Peng,>* Xinshu Xiao,> and Chonghui Cheng''°

'Division of Hematology/Oncology, Robert H. Lurie Comprehensive Cancer Center, Feinberg School of Medicine, Northwestern
University, Chicago, Illinois 60611, USA; *Department of Integrative Biology and Physiology, University of California at Los
Angeles, Los Angeles, California 90095, USA; ®Department of Structural Biology, St. Jude Proteomics Facility, St. Jude Children’s
Research Hospital, Memphis, Tennessee 38105, USA; “Department of Developmental Neurobiology, St. Jude Proteomics
Facility, St. Jude Children’s Research Hospital, Memphis, Tennessee 38105, USA; “Department of Pharmacology, Emory
University, Atlanta, Georgia 30322, USA; *Department of Radiation Oncology, Robert H. Lurie Comprehensive Cancer Center,
Feinberg School of Medicine, Northwestern University, Chicago, Illinois 60611, USA; "Department of Pathology, Robert H. Lurie

Comprehensive Cancer Center, Feinberg School of Medicine, Northwestern University, Chicago, Illinois 60611, USA

Tumor metastasis remains the major cause of cancer-related death, but its molecular basis is still not well
understood. Here we uncovered a splicing-mediated pathway that is essential for breast cancer metastasis. We
show that the RNA-binding protein heterogeneous nuclear ribonucleoprotein M (hnRNPM) promotes breast
cancer metastasis by activating the switch of alternative splicing that occurs during epithelial-mesenchymal
transition (EMT). Genome-wide deep sequencing analysis suggests that hnRNPM potentiates TGF@ signaling and
identifies CD44 as a key downstream target of hnRNPM. hnRNPM ablation prevents TGFB-induced EMT and
inhibits breast cancer metastasis in mice, whereas enforced expression of the specific CD44 standard (CD44s)
splice isoform overrides the loss of hnRNPM and permits EMT and metastasis. Mechanistically, we demonstrate
that the ubiquitously expressed hnRNPM acts in a mesenchymal-specific manner to precisely control CD44 splice
isoform switching during EMT. This restricted cell-type activity of hnRNPM is achieved by competition with
ESRP1, an epithelial splicing regulator that binds to the same cis-regulatory RNA elements as hnRNPM and is
repressed during EMT. Importantly, hnRNPM is associated with aggressive breast cancer and correlates with
increased CD44s in patient specimens. These findings demonstrate a novel molecular mechanism through which
tumor metastasis is endowed by the hnRNPM-mediated splicing program.
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Tumor metastasis involves the spreading of cancer cells
from the primary site to distant organs. Despite recent
advances in cancer therapy, tumor metastasis remains the
leading cause of death in cancer patients. Thus, understand-
ing the mechanisms underlying metastasis is crucial for
developing effective strategies to treat this deadly disease.

During metastasis, tumor cells frequently hijack the
developmental program of epithelial-mesenchymal tran-
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sition (EMT) to invade surrounding tissues and migrate to
distant organs (Thiery and Sleeman 2006; Yang and
Weinberg 2008). EMT is induced by the cytokine TGFg
and a group of transcription factors, including Twist,
Snail, and Zebl/2 (De Craene and Berx 2013). These
factors suppress the expression of the adherens junction
molecule E-cadherin, resulting in characteristics of EMT
that include a morphological change from a cobblestone-
like epithelial appearance to a spindle-like fibroblast
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phenotype, loss of E-cadherin at cell junctions, increased
expression of mesenchymal N-cadherin, and acquisition
of a migratory phenotype.

Emerging evidence has suggested that the regulation of
alternative RNA splicing plays a causal role in EMT. By
studying alternative splicing of the cell adhesion molecule
CD44, we demonstrated previously that CD44 isoform
switching occurs during EMT, resulting in production of
the mesenchymal-specific CD44 standard (CD44s) splice
isoform. We further showed that this CD44 isoform switch-
ing is required in order for cells to undergo EMT (Brown
et al. 2011). Genome-wide analysis also revealed that
alternative splicing of a group of genes is associated with
epithelial or mesenchymal phenotypes and invasive breast
tumors (Warzecha et al. 2010; Shapiro et al. 2011). These
data suggest that alternative splicing is important for
EMT and EMT-associated invasiveness. However, a sig-
nificant question that has remained is whether aberrant
splicing is functionally critical for cancer metastasis.

In the present study, we set out to identify splicing
factors that are crucial for breast cancer metastasis. Using
a cis-acting RNA element important for EMT-associated
alternative splicing as a bait, we identified the heteroge-
neous nuclear ribonucleoprotein M (hnRNPM) as an
essential splicing factor that potentiates TGFp signaling,
drives cells to undergo EMT, and, more importantly, pro-
motes breast cancer metastasis in animals. We demon-
strate that the molecular pathway of hnRNPM-mediated
CD44 splice isoform switching is essential for breast
cancer metastasis. Mechanistically, hnRNPM exerts a
mesenchymal-specific activity to stimulate CD44 exon
skipping, and this is achieved at least in part by the
antagonizing function of an epithelial splicing regulator,
ESRP1, whose expression is repressed during EMT. Sig-
nificantly, increased hnRNPM expression is associated
with high-grade human breast tumors and positively
correlates with elevated expression of the CD44s splice
isoform. Together, these studies provide compelling evi-
dence demonstrating that a molecular pathway through
hnRNPM-mediated alternative splicing causally contrib-
utes to breast cancer metastasis, functionally connecting
the molecular program of splicing regulation and cancer
metastasis in patients.

Results

Identification of the splicing regulator hnRNPM
that favors an EMT phenotype

To identify splicing regulators that favor a mesenchymal
phenotype, a cis-acting RNA element, [-8, was used as
a trap for RNA-binding proteins in mesenchymal cells
(Fig. 1A). This I-8 element is located in the intron down-
stream from the CD44 variable exon 8 (v8) and contains
a stretch of GU-rich motifs that is necessary for mediat-
ing an epithelial splicing pattern in epithelial cells
(Reinke et al. 2012). As such, it was proposed that these
trapped mesenchymal-expressed splicing factors are can-
didates for suppressing epithelial splicing, allowing the
production of mesenchymal splicing isoforms necessary
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Figure 1. Identification of the splicing regulator hnRNPM that
favors an EMT phenotype. (A) Schematic of the RNA pull-down
coupled with MS approach to identify RNA-binding proteins
that interact with the EMT-associated CD44 I-8 cis-acting
element. (B, top) A silver stain image showing unique proteins
identified by MS. (Bottom) Sequences of the GU-rich I-8
element and its mutant, in which the GU-rich motifs are
disrupted by A or C nucleotide substitution (underlined). (C)
Immunoblot analysis showing that silencing hnRNPM, but not
the other hnRNPs, in mesenchymal Mes10A cells causes an
increase in expression of the epithelial marker E-cadherin.
GAPDH served as a loading control.

for EMT. An RNA pull-down assay was performed using
a biotin-labeled 28-nucleotide (nt) I-8 RNA together with
nuclear extracts of the mesenchymal MDA-MB-231
breast cancer cells. Silver-staining and mass spectrometry
(MS) analysis were used to identify proteins bound to the
I-8 RNA as well as a mutant I-8 probe as a control for
nonspecific protein binding (Fig. 1B).

The four most abundant I-8-interacting proteins,
hnRNPM, hnRNPHI1/H2, and hnRNPF (Fig. 1B), are
members of the hnRNP family, which consists of RNA-
binding proteins frequently involved in splicing suppres-
sion (Han et al. 2010; Busch and Hertel 2012). Immuno-
blot analysis confirmed the association between these
hnRNPs and the I-8 motif (Supplemental Fig. S1A),
consistent with previous reports that hnRNPM recog-
nizes GU-rich sequences, and hnRNPH and hnRNPF
recognize G tracts (Swanson and Dreyfuss 1988; Datar
et al. 1993; Matunis et al. 1994; Huelga et al. 2012).

shRNA knockdown of each of these hnRNPs in mesen-
chymal Mes10A cells, derived by treating MCF10A cells
with TGFB (Brown et al. 2011), revealed that depletion
of hnRNPM was sufficient to promote a marked increase
in the epithelial marker E-cadherin, while no increase in
E-cadherin was associated with depletion of the other I-8-
trapped hnRNPs (Fig. 1C). Further analysis revealed that
hnRNPM ablation also increased expression of epithelial
markers y-catenin and occludin and decreased expression
of the mesenchymal marker vimentin (Supplemental Fig.
S1B), suggesting that the splicing factor hnRNPM is
important for a mesenchymal phenotype.



Depletion of hnRNPM impairs EMT

To determine the role of hnRNPM in regulating EMT,
a well-established inducible EMT model system was used
in which TGF treatment of immortalized human mam-
mary epithelial cells (HMLEs) induces EMT (Mani et al.
2008). Knockdown of hnRNPM using two shRNAs, M2
and M4 (Fig. 2A; Supplemental Fig. S2A), impaired TGF-
induced EMT, indicated by (1) preservation of high levels
of epithelial markers E-cadherin, y-catenin, and occludin
(Fig. 2A); (2) failed up-regulation of the mesenchymal
markers N-cadherin and vimentin (Fig. 2A); (3) preserved
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Figure 2. Depletion of hnRNPM impairs EMT. (A) Immunoblot
analysis of EMT markers in HMLEs expressing control shRNA
or hnRNPM shRNAs (M2 or M4) before (untreated) and after
18 d of TGFB treatment. Upon TGFp treatment, hnRNPM
knockdown cells show impaired down-regulation of epithelial
markers E-cadherin, y-catenin, and occludin and diminished up-
regulation of mesenchymal markers N-cadherin and vimentin
compared with control. GAPDH served as a loading control. (B)
Immunofluorescence images (63X) indicating that, unlike con-
trol cells, hnRNPM shRNA-expressing cells maintain E-cadherin
expression and localization at cell junctions after 18 d of TGFB
treatment. Green staining indicates E-cadherin. DAPI staining
(blue) indicates nuclei. (C) Phase contrast images (10X) illustrat-
ing impaired morphological changes in cells expressing hnRNPM
shRNAs (M2 or M4) after 18 d of TGFg treatment. (D) Immuno-
blot analysis of EMT markers showing that hnRNPM knock-
down inhibits TGFB-induced EMT in H358 cells. (E) Immunoblot
analysis of MDA-MB-231 cells that express control and hnRNPM
M2 shRNAs indicating that hnRNPM knockdown results in
increased expression of E-cadherin. (F) Scratch wound assay
showing that depletion of hnRNPM inhibits wound closure.
The width of the wound was measured at 0 h, 16 h, and 24 h
after the scratch was made. The percentage of wound healed
was plotted. (G) Boyden chamber assay showing that hnRNPM
knockdown inhibits tumor cell invasion. The numbers of
invaded cells were plotted. Error bars in F and G indicate
SEM. n > 4. (***) P < 0.001; (*] P < 0.05.
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E-cadherin localization at cell-cell junctions (Fig. 2B);
and (4) maintenance of a cobblestone-like epithelial mor-
phology (Fig. 2C). These observations demonstrate that
hnRNPM is necessary for TGFB-induced EMT.

Two additional inducible EMT systems, the TGFB-
induced EMT in H358 lung epithelial cells (Thomson
et al. 2011) and the tamoxifen-induced EMT in HMLEs
that express a Twist-ER (estrogen receptor) fusion pro-
tein (Mani et al. 2008), were also used to validate that
hnRNPM silencing prevents epithelial cells from transi-
tioning to a mesenchymal state, as measured by EMT
markers (Fig. 2D; Supplemental Fig. S2B). Furthermore,
hnRNPM knockdown in mesenchymal MDA-MB-231
breast cancer cells converted these cells to express in-
creased levels of the epithelial marker E-cadherin (Fig. 2E).
These results echo those shown in Figure 1C (left panel),
suggesting that hnRNPM is important for the mainte-
nance of a mesenchymal phenotype. In addition, depletion
of hnRNPM in MDA-MB-231 cells impaired wound clo-
sure in a scratch wound assay (Fig. 2F; Supplemental Fig.
S2C) and showed diminished tumor cell invasion (Fig. 2G).
These results support the function of hnRNPM in tumor
cell motility and invasion and are consistent with its role
in the acquisition of a mesenchymal phenotype.

Genome-wide analysis of hnRNPM-mediated
pathways suggests its role in TGFB signaling and EMT

To identify downstream pathways and targets of hnRNPM
that direct EMT, deep RNA sequencing (RNA-seq) was
performed using the mesenchymal MDA-MB-231-derived
lung metastatic LM2 clonal line (Minn et al. 2005) that
expressed either control or hnRNPM shRNA. hnRNPM
knockdown increased the expression of 181 genes and
decreased 263 by at least 2.5-fold (Supplemental Table
S1). Gene ontology (GO) enrichment analysis revealed
that hnRNPM-dependent genes were involved in biolog-
ical processes such as response to wounding, cell migra-
tion, and cell motility (Fig. 3A; Supplemental Table S2A),
supporting a role for hnRNPM in cell migration and
wound healing. Pathway analysis detected significant
enrichment of two molecular pathways (Fig. 3A; Supple-
mental Table S2B), one of which is the TGFB signaling
cascade, a key pathway that drives EMT and metastasis.
Validation experiments showed that hnRNPM silencing
reduced expression of TGEFB-positive regulators, in-
cluding TGFRII and ACVR1, and increased expression
of the TGFB-negative regulators BMP4, BMP5, and
Smadé (Supplemental Fig. S3A). Notably, depletion of
hnRNPM inhibited TGFg-induced phosphorylation of
its downstream effector, Smad3 (Fig. 3B), suggesting
that hnRNPM potentiates TGFB signaling. Further-
more, our gene set enrichment analysis (GSEA) indi-
cated that hnRNPM is required for global enrichment
of EMT- and TGFB-related gene signatures and is
associated with negative enrichment of the epithelial
CDH]1 (E-cadherin) gene signature (Fig. 3C; McBryan
et al. 2007; Onder et al. 2008; Sarrio et al. 2008).
Collectively, these data suggest that hnRNPM func-
tionally promotes TGFp signaling and EMT.
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Figure 3. Genome-wide analysis of hnRNPM targets suggests its
role in TGF signaling and EMT and identifies CD44 as a down-
stream target. (A) RNA isolated from control and hnRNPM knock-
down cells was subjected to RNA-seq analysis. Genes showing
a =2.5-fold change were used for GO analysis, which indicated
enrichment of hnRNPM-mediated functions and pathways that are
associated with EMT. (B) Immunoblot analysis of p-Smad3 levels in
control and hnRNPM shRNA-expressing cells stimulated with 5 ng/mL
TGFB for 30 min showing that silencing hnRNPM inhibits
TGFg-induced Smad3 phosphorylation. (C) GSEA in control versus
hnRNPM knockdown (KD) cells showing enrichment of a published
EMT gene signature (top; normalized enrichment score [NES] = 1.0)
and a TGFB1 gene signature (middle panel; NES = 1.0) as well as
negative enrichment of the CDHI epithelial gene signature (bottom
panel; NES = 1.08). (D) A pie chart showing the distribution of
hnRNPM-regulated cassette exon events with a false discovery rate
(FDR) cutoff of <5%. (E) Images of RT-PCR results depicting
validation of hnRNPM splicing targets. The top and bottom bands
in each image indicate the included and skipped splicing product,
respectively. (F) Venn diagram showing overlapping exon-skipping
events that are regulated by hnRNPM and associated with EMT. (G)
Images of RT-PCR results depicting validation of hnRNPM- and
EMT-regulated overlapping cassette exons. KD indicates hnRNPM
knockdown. epi and mes represent RT-PCR products from epithelial
HMLEs and Twist-induced mesenchymal cells, respectively. Quanti-
fication of PCR products is presented as the percentage of inclusion,
showing that hnRNPM depletion promoted exon inclusion of
CD44v3, CD44v10, and SPTANI and exon skipping of SEC31A,
whereas these exons were preferentially skipped during EMT.
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CD44 is a downstream target of hnRNPM

To specifically identify hnRNPM-dependent alternative
splicing events that are critical for EMT, exon skipping
events were annotated, as these account for the majority
of alternative splicing activity. The change in the per-
centage of exon inclusion (¥) caused by hnRNPM knock-
down was calculated, which identified 100 hnRNPM-
regulated cassette exons. These results demonstrated
that hnRNPM promotes skipping of 72 exons and in-
clusion of 28 exons (Fig. 3D; Supplemental Table S3A).
RT-PCR validation of nine cassette exons was performed.
Eight confirmed RNA-seq results (Fig. 3E), and one failed
in PCR reaction.

Next, our data set was compared with a previously
published data set comprised of exons whose splicing is
differentially regulated during EMT (Shapiro et al. 2011).
This analysis identified seven overlapping cassette exons
(overlap P < 5 X 1073, hypergeometric test) (Fig. 3F;
Supplemental Table S3B), among which hnRNPM di-
rected skipping of six exons and inclusion of one exon.
While the SEC31A exon, for which hnRNPM promoted
inclusion, was skipped during EMT, all of the other six
cassette exons for which hnRNPM promoted exon skip-
ping were also observed to be skipped in the EMT data set
(Shapiro et al. 2011), suggesting a function for hnRNPM in
stimulating the switch of alternative splicing that occurs
during EMT. Furthermore, RT-PCR validation of RNA-
seq data confirmed all seven hnRNPM-mediated events
and five out of seven EMT-associated events (Fig. 3G;
Supplemental Fig. S3B,C).

The CD44 gene encodes nine variable exons clustered
between its constitutive exons. Inclusion of one or more
of the variable exons generates CD44 variant isoforms
(CD44v), whereas skipping all of the variable exons pro-
duces CD44s. CD44 exon skipping that generates CD44s
was shown to be required for EMT (Brown et al. 2011).
Among the seven hnRNPM- and EMT-regulated over-
lapping cassette exons, two were specific for CD44.
Quantitation of the RT-PCR splice products showed that
these two CD44 variable exons, v3 and v10, ranked as
the second and third most-skipped hnRNPM-regulated
exons. hnRNPM knockdown caused a sixfold and fivefold
increase in the ratio of inclusion to skipping of v3 and
v10, respectively, which indicated that hnRNPM pro-
motes skipping of these exons (Fig. 3G; Supplemental
Fig. S3C). In addition, the v3 and v10 exons showed the
highest changes in exon skipping during EMT,
exhibiting a roughly 30-fold and 50-fold decrease in
exon inclusion to skipping ratios, respectively (Supple-
mental Fig. S3C). We suspect that the difference in the
magnitude of CD44 exon-skipping changes between
hnRNPM knockdown and EMT experiments is due to
the fact that certain epithelial splicing factors, such as
ESRPI (see below), that also contribute to CD44 splicing
during EMT are absent in the LM2 mesenchymal cells in
which hnRNPM was ablated. Because CD44 variable
exons are frequently included or skipped as a cluster,
the effect of hnRNPM knockdown on other CD44 variable
exons was examined. Quantitative RT-PCR (qQRT-PCR)



results showed that hnRNPM knockdown increased
CD44 v5 and v8 exon inclusion by 12-fold and ninefold,
respectively (Supplemental Fig. S3D). Thus, these re-
sults imply that hnRNPM favors CD44 exon skipping,
generating the mesenchymal-specific CD44s splice
isoform.

hnRNPM promotes CD44 exon skipping

To directly demonstrate that hnRNPM promotes CD44
exon skipping, a minigene splicing reporter construct
that contains the CD44 v8 exon and its flanking introns,
including the I-8 GU-rich elements, was used (Fig. 4A, top
panel). Splicing of the v8 exon was gauged using standard
RT-PCR followed by gel electrophoresis to measure the
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percentage of v8 inclusion (Fig. 4A, bottom panel). In
parallel, qRT-PCR with specific primer sets that amplify
individual v8-included and -skipped products was per-
formed for quantification of inclusion to skipping ratios
(Fig. 4B). Cotransfection of 293 cells with the minigene
construct and hnRNPM demonstrated that hnRNPM
increased v8 skipping in a dose-dependent manner,
resulting in a decrease in v8 inclusion from 94% in
control cells to 17% in cells transfected with the highest
dosage of hnRNPM (Fig. 4A, bottom panel). gqRT-PCR
analysis of v8-included and -skipped products confirmed
these results (Fig. 4B). Mutating the I-8 GU motifs in the
splicing minigene construct reduced hnRNPM'’s splicing
repression, while swapping the 200-nt intronic region,
including I-8, with a random 200-nt sequence almost

Figure 4. hnRNPM promotes CD44 exon skipping
in a mesenchymal-specific manner. (A, top) Sche-
matic of the CD44v8 minigene construct. The v8
exon and its flanking introns are inserted between
two constitutive exons. (Bottom) RT-PCR analysis
of RNA harvested from 293 cells cotransfected
with the v8 minigene and the indicated amounts

sirickision. B4 88 F9 B1 4i 88 7 hnRNPM (ng) of hnRNPM showing that hnRNPM promotes
CD44 exon skipping in a dose-dependent manner.
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(J, Ieft panel) CLIP analysis showing that hnRNPM is not enriched in CD44 variable exon regions in HCT116 cells. (Right panel)
ESRP1 knockdown in HCT116 cells restores hnRNPM’s association with the v5 and v8 regions of CD44 pre-mRNA. RNA was
isolated from immunoprecipitated fractions. Results of RT-PCR analysis were plotted as fold change of PCR signals in different
regions of CD44 pre-mRNA. Asterisks in images in F and I indicate nonspecific PCR products. Error bars in B, D, H, I, and ] indicate

SEM. n = 3. (***) P < 0.001; (**) P < 0.01; (*) P < 0.05.
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completely abolished the ability of hnRNPM to promote
exon skipping (Fig. 4C, cf. lanes 2 and 4; Supplemental
Fig. S4A). Finally, knockdown of endogenous hnRNPM
in the mesenchymal Mes10A cells showed significantly
decreased CD44s mRNA with a concomitant increase in
CD44v5/6 and v8/9 mRNA (Fig. 4D). Immunoblotting
confirmed that hnRNPM ablation converted the protein
expression from CD44s to CD44v (Fig. 4E). Thus, hnRNPM
is necessary and sufficient to stimulate CD44 exon skipping
via its interaction with GU-rich motifs located in introns
downstream from variable exons.

ESRP1 inhibits the ability of hnRNPM to promote
CD44 exon skipping

hnRNPM is a ubiquitously expressed protein in both
epithelial and mesenchymal cells. However, epithelial
cells predominantly express CD44v, the splice product
that is inhibited by hnRNPM. These results suggest that
hnRNPM is functionally inactive, at least in terms of
CD44 alternative splicing, in epithelial cells. Accord-
ingly, hnRNPM cotransfected with the CD44v8 minigene
construct as well as hnRNPM knockdown in HCT116
epithelial cells showed no effects on CD44 exon skipping
(Fig. 4F; Supplemental Fig. S4B,C).

ESRPI1, a splicing regulator whose expression is re-
stricted to epithelial cells (Warzecha et al. 2009), binds to
the same GU-rich cis-acting motifs present in the I-8
sequence that hnRNPM interacts with (Reinke et al.
2012). In direct contrast to hnRNPM’s activity, ESRP1
promotes CD44 exon inclusion (Warzecha et al. 2009;
Brown et al. 2011; Reinke et al. 2012). Increasing
amounts of ESRP1 cotransfected with hnRNPM in 293
cells, which do not express endogenous ESRP1, suppressed
hnRNPM'’s effect on exon skipping of CD44 v8 in a dose-
dependent manner (Fig. 4G,H). Removal of ESRPI in
epithelial HCT116 cells enabled hnRNPM to repress

A B C shRNA  ctrl

CD44s

untreated  TGFp S&?NA ctrl M4 M4

CD44 exon inclusion (Fig. 41). Finally, hnRNPM'’s locali-
zation and phosphorylation status in epithelial HCT116
and mesenchymal MDA-MB-231 cells showed no detect-
able differences (Supplemental Fig. S4D,E).

These results suggest that ESRP1 constrains hnRNPM
to regulate alternative splicing in a cell type-specific
manner. This idea was further supported by crosslinking
and immunoprecipitation (CLIP) analysis of hnRNPM
occupancy on CD44 pre-mRNA (Supplemental Fig. S4F).
While hnRNPM did not display any enrichment in associ-
ation with the CD44 variable and constitutive exons in the
epithelial HCT116 cells (Fig. 4], left panel; Supplemental
Fig. S4G), depletion of ESRP1 in these cells led to an
increase in hnRNPM'’s association with CD44 pre-mRNA,
including the variable exon v5 and v8 regions, by fivefold
and fourfold, respectively (Fig. 4], right panel; Supplemen-
tal Fig. S4G). Together, these results demonstrate that
ESRP1 prevents the activity of hnRNPM on CD44 exon
skipping in epithelial cells.

Enforced expression of CD44s rescues the impaired
EMT phenotype by hnRNPM depletion

CD44 isoform switching occurs during TGFB-induced
EMT (Brown et al. 2011; Reinke et al. 2012), resulting in
decreased expression of CD44v and increased expression
of the exon-skipped CD44s isoform (Fig. 5A, cf. left lanes
before and after TGFB treatment). hnRNPM knockdown
completely abolished this isoform switching such that
the hnRNPM-ablated cells maintained high expression of
CD44v even after TGF@ treatment (Fig. 5A; Supplemen-
tal Fig. S5A). Importantly, forced expression of the CD44s
splice isoform (Fig. 5B) rescued the impaired EMT phe-
notype that otherwise occurred in the hnRNPM-depleted
cells (Fig. 5C-E). The CD44s-re-expressing cells pro-
gressed to a mesenchymal phenotype in response to
TGFB treatment, indicated by (1) the acquisition of

M Figure 5. Enforced expression of CD44s rescues the
+ impaired EMT phenotype by hnRNPM depletion. (A)
Immunoblot analysis of CD44 splice isoforms show-
ing that silencing hnRNPM inhibits TGFg-induced
CD44 isoform switching from CD44v to CD44s in
HMLEs. (B) Immunoblot analysis showing levels of
hnRNPM and CD44 isoforms in control, hnRNPM
ablated, and CD44s-re-expressed HMLEs. (C) Phase
contrast images (10X) illustrating impaired morpho-
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logical changes in cells expressing hnRNPM M4
shRNA after 18 d of TGFB treatment and rescued
morphological phenotype upon re-expressing CD44s.
(D) Immunofluorescence images (63X%) indicating
that unlike the hnRNPM-depleted cells in which E-
cadherin remains localized at cell junctions, CD44s
re-expression in hnRNPM knockdown cells results in
loss of E-cadherin localization at cell junctions after
18 d of TGFB treatment, similar to control cells.
Green staining indicates E-cadherin. DAPI staining
(blue) indicates nuclei. (E) Immunoblot analysis of
EMT markers showing that CD44s re-expression
rescues the impaired EMT caused by hnRNPM
knockdown.



a spindle-like morphology (Fig. 5C); (2) the disappearance
of E-cadherin at cell junctions (Fig. 5D); (3) the decrease
in expression of the epithelial markers E-cadherin,
v-catenin, and occludin; and (4) the increase in expres-
sion of mesenchymal markers N-cadherin and vimentin
to levels similar to that observed in the control cells
(Fig. 5E). These results demonstrate that CD44s is
a critical target of the hnRNPM-dependent splicing
program that promotes EMT.

hnRNPM is required for breast cancer lung metastasis
in vivo

EMT is a hallmark of tumor metastasis, including breast
cancer. To directly address the function of hnRNPM in
metastasis, a murine allograft breast cancer lung metas-
tasis model was used. 4T1 breast cancer cells (Aslakson
and Miller 1992) were implanted into the fourth mam-
mary fat pad of a syngeneic mouse, resulting in mam-
mary tumor formation and lung metastasis in 4 wk (Fig.
6A). Mice injected with 4T1 cells expressing either
control or hnRNPM shRNAs (Fig. 6B; Supplemental Fig.
S6A) formed tumors at similar growth rates (Fig. 6C;
Supplemental Fig. S6B). In contrast, control mice formed
large numbers of metastatic nodules in the lungs,
whereas a fivefold decrease was observed in mice injected
with hnRNPM knockdown cells (Fig. 6D, 6E). These
results are supported by H&E staining of lung sections
of these mice (Fig. 6F). In addition, an experimental lung
metastasis assay using intravenous tail injection of 4T1
cells showed that silencing hnRNPM caused a sixfold
reduction of metastatic lung lesions (Supplemental Fig.
S6C-F).

A murine xenograft breast cancer lung metastasis
model using the human MDA-MB-231 derivative LM2
cells (Minn et al. 2005) also showed a decrease in lung
metastasis in response to hnRNPM ablation, as moni-
tored by bioluminescent imaging (BLI) (Fig. 6G-K). This
decrease was observed at the first week after injection,
suggesting that hnRNPM is important for tumor cell
extravasation and seeding. At week five, a >160-fold
reduction of lung metastasis was observed (Fig. 6H-K).
In addition, ectopic expression of CD44s in hnRNPM-
depleted LM2 cells (Supplemental Fig. S6G) restored the
ability to form metastatic lung lesions (Fig. 6H-K). These
findings indicate that hnRNPM promotes breast cancer
lung metastasis at least partly through its regulation of
the CD44s splice isoform.

hnRNPM expression is associated with aggressive
breast cancers and correlates with CD44s levels
and the mesenchymal status of patient breast tumors

Molecular classification of breast cancers divides them
into the luminal A, luminal B, HER2*, normal-like, and
basal-like subtypes (Perou et al. 2000; Sorlie et al. 2001).
Most of the basal-like tumors are ER-negative. These
tumors are highly aggressive and are associated with poor
prognosis without effective therapeutics (Rakha et al.
2009; Prat and Perou 2011). GSEA of breast cancer patient
gene signatures revealed that gene signatures of basal-like
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Figure 6. hnRNPM is required for breast cancer lung metasta-
sis in vivo. (A) Schematic of allograft experiment using the
mouse breast cancer 4T1 cells. (B) Immunoblot analysis show-
ing knockdown efficiency of hnRNPM in 4T1 cells. (C) Plot of
tumor sizes showing that depletion of hnRNPM does not affect
the rate of mammary tumor growth. (D-F) hnRNPM knock-
down inhibits breast cancer metastasis to the lungs, as indicated
by microscopic images of gross lungs (D), numbers of metastasis
nodules (E), and histology images of lungs (F) from mice
implanted with control or hnRNPM shRNA-expressing 4T1
cells. Error bars in C and E indicate SEM. n = 6. (*) P < 0.05. (G)
Schematic of xenograft experiment using the human breast
cancer LM2 cells. (H-K) hnRNPM knockdown impairs human
breast cancer lung metastasis, and this defect is rescued by
enforced expression of CD44s, the isoform produced hnRNPM-
mediated splicing. Normalized BLI signals (H) and representa-
tive BLI images (I) at the indicated time points, gross lung lobe
images (/) and lung H&E (K) are shown in mice injected
intravenously with LM2 cells expressing control and hnRNPM
shRNA or coexpressing hnRNPM shRNA and CD44s cDNA.
Five to seven mice were used per group. (**) P < 0.01. Mann
Whitney U-test.

breast cancer, ER-negative breast cancer, and high-grade
breast cancer (van ‘t Veer et al. 2002; Farmer et al. 2005;
Sotiriou et al. 2006) were significantly enriched in control
versus hnRNPM knockdown cells (Fig. 7A). Furthermore,
enrichment of metastatic gene signatures in other cancer
types (Bidus et al. 2006; Rickman et al. 2008) was also
found in control versus hnRNPM knockdown cells (Sup-
plemental Fig. S7). These data show a strong association
between hnRNPM and an aggressive phenotype of breast
cancers in patient samples.
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Figure 7.  hnRNPM expression is associated with aggressive breast cancers and correlates with levels of CD44s and the mesenchymal
status of patient breast tumors. (A) GSEA in control compared with hnRNPM knockdown (KD) breast cancer cells showing enrichment of
gene signatures from basal-like, ER™, and high-grade (grade 3 vs. grade 1) breast tumors. NES = 1.0 in all three gene signatures. (B, top
panel) THC analysis showing that hnRNPM expression (brown) increases in both DCIS and invasive breast cancer specimens. Blue
indicates nuclei. Corresponding H&E staining in the same or nearby regions is shown in the bottom panel. (C) The relative levels of
hnRNPM mRNA in individual human samples from normal breast tissue or breast tumors were compared in different groups according to
tumor grade. P-values were calculated using a one-way ANOVA test. (D,E) Relative mRNA levels of hnRNPM and the corresponding
levels of CD44s (ratio of CD44s/CD44 total mRNA; D), and N-cadherin (E) were plotted in log, scale in each patient sample. Linear
regression-fitted lines are shown in red. P-values were obtained from Spearman correlation analysis. (F) Model of hnRNPM-mediated
regulation of EMT and breast cancer metastasis. See the Discussion for details.

Immunohistochemistry (IHC) analysis of hnRNPM
(Fig. 7B) showed that hnRNPM was moderately expressed
in benign breast tissues, with a pattern of patchy staining;
i.e., positive-stained ductal cells were surrounded by
unstained ductal cells, and <30% of the normal lumi-
nal/ductal cells were stained positive. In contrast, an
increased staining of hnRNPM was observed in ductal
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carcinoma in situ (DCIS) cells, and invasive breast cancer
specimens showed extensive and uniform staining of
hnRNPM, ranging from 50% to 100% of all malignant
cells.

Assessment of mRNA levels from normal human
breast tissues and patient breast tumors revealed in-
creased hnRNPM expression, which was significantly



correlated with tumor grade (P <0.001, ANOVA) (Fig. 7C).
hnRNPM was increased 1.7-fold in low-grade (grade I) and
2.4-fold in advanced-grade (grades II and III) tumors,
demonstrating that hnRNPM expression is associated
with advanced tumor grades. Interestingly, hnRNPM
expression positively correlated with CD44s (P = 0.0347,
r = 0.3805, Spearman correlation) (Fig. 7D), corroborating
our observation that hnRNPM promotes the production of
CD44s. Furthermore, the positive correlation between
hnRNPM and the mesenchymal marker N-cadherin in
these clinical samples (P = 0.0019, r = 0.5353, Spearman
correlation) (Fig. 7E) suggests a role for hnRNPM in
promoting EMT in human breast cancer patients. Together
with our experimental findings, these results demonst-
rate that the hnRNPM-mediated splicing program for the
production of the CD44s splice isoform is a prevailing
molecular pathway that drives EMT and breast cancer
metastasis.

Discussion

Abnormal activation of the developmental program EMT
is frequently observed in tumor metastasis, a disease
complication that remains the major cause of cancer-
related death. Therefore, understanding the mechanisms
of EMT and metastasis is of critical need to develop
effective interventions for the treatment of metastatic
cancers. In this study, we used an unbiased RNA-binding
biochemical approach and identified the splicing factor
hnRNPM as a crucial player in EMT and breast cancer
metastasis. Our data demonstrate that hnRNPM is es-
sential for both EMT induction and maintenance. Ge-
nome-wide analysis of hnRNPM-regulated downstream
pathways suggests an active role for hnRNPM in pro-
moting TGFB activation, a critical pathway for EMT and
metastasis. Using different mouse models of breast can-
cer lung metastasis, our results clearly show that
hnRNPM plays a central role in establishing breast
metastatic nodules in the lung. Significantly, hnRNPM
expression is associated with gene signatures of aggres-
sive breast cancer, is abnormally elevated in patient
breast cancer specimens, and positively correlates with
breast tumor mesenchymal status as gauged by N-cadherin
expression. Together, these data provide strong evidence
indicating that hnRNPM is a crucial regulator driving
breast cancer metastasis.

hnRNPM has long been known as a splicing factor and
was well characterized for binding GU-rich RNA cis-
elements (Swanson and Dreyfuss 1988; Datar et al. 1993;
Hovhannisyan and Carstens 2007; Huelga et al. 2012).
However, the biological function of its RNA-binding
activity has not been reported. In this study, we demon-
strate that hnRNPM exerts its central function in EMT
and metastasis by directing the switch in alternative
splicing that occurs during EMT. Notably, our results
establish the hnRNPM-CD44s splice isoform axis as
a novel molecular pathway that drives EMT and tumor
metastasis. Consistent with this notion, our clinical
sample analysis revealed a significant positive correlation
between hnRNPM and CD44s in breast cancer speci-
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mens. It is interesting to note that, in addition to its
activity as a splicing regulator, hnRNPM was reported as
a cell surface receptor expressed in Kupple macrophages
that interacts with carcinoembryonic antigen produced
by colorectal cancer cells, which is potentially important
for tumor metastasis (Thomas et al. 2011). Thus,
hnRNPM may function through multiple mechanisms
to promote tumor metastasis.

CD44 is a cell surface molecule and a widely used
cancer stem cell marker in various cancer types (Al-Hajj
et al. 2003; Jin et al. 2006; Dalerba et al. 2007; Li et al.
2007; Liu et al. 2007; Prince et al. 2007). Isoforms of
CD44 produced by alternative splicing have been impli-
cated in different cellular pathways. The CD44s isoform
plays an indispensable role in EMT. It potentiates PI3K/Akt
signaling and cell death resistance (Brown et al. 2011;
Herishanu et al. 2011; Mima et al. 2012; Fedorchenko et al.
2013) and is required for bone metastasis of breast cancer
(Hiraga et al. 2013). On the other hand, the CD44v
isoform, in particular the v6 isoform, facilitates activation
of Ras/MAPK signaling and maintains a proliferative cel-
lular state via a positive feedback loop regulation (Matter
et al. 2002; Cheng and Sharp 2006; Cheng et al. 2006).
These results highlight the diverse contributions of differ-
ent CD44 splice isoforms in signaling pathways and cancer
processes. Our findings that CD44 isoform switching is
controlled by hnRNPM during tumor metastasis function-
ally prove the concept that the splicing regulatory network
serves as a crucial mechanism for cancer phenotypes.

At the molecular level, hnRNPM directly binds to
CD44 pre-mRNA at GU-rich sequences and stimulates
skipping of CD44 variable exons. Our results further
demonstrate that hnRNPM is inactive for CD44 exon
skipping in epithelial cells due to ESRP1 antagonization,
which is likely through competing binding to the same
GU-rich motifs in the CD44 introns. This antagonization
in turn converts the ubiquitously expressed hnRNPM to
a mesenchymal-specific splicing regulator. We suspect
that ESRPI exhibits a higher binding affinity than that of
hnRNPM, precluding hnRNPM binding to CD44 pre-
mRNA. While warranting further investigation, this view
is supported by our CLIP results showing that hnRNPM
does not bind to CD44 pre-mRNA in epithelial cells
where ESRP1 exists but does bind when ESRPI is de-
pleted. These data together with previous findings sug-
gest a working model for hnRNPM'’s mesenchymal splic-
ing activity during EMT (Fig. 7F). In epithelial cells,
ESRP1 outcompetes hnRNPM to bind to CD44 pre-
mRNA and stimulates inclusion of CD44 variable exons,
resulting in the production of CD44v (Warzecha et al.
2009; Brown et al. 2011; Reinke et al. 2012). When cells
are exposed to EMT stimuli such as TGFB, ESRP1 is
transcriptionally repressed (Horiguchi et al. 2012; Reinke
et al. 2012). hnRNPM then promotes CD44 isoform
switching by activating its exon skipping, thus driving
the EMT program. This mode of regulation illustrates
a novel model in which the ubiquitously expressed
hnRNPM exerts a restricted cell-type activity that allows
for precise control of the splice isoform switching that
occurs during EMT. This restricted activity is accomplished
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at least in part by competition with the cell type-specific
splicing factor ESRP1, which binds to the same cis-
regulatory RNA elements. The mechanism presented here
is distinguished from previously reported tissue-specific
splicing factors, such as the neuronal-specific NOVA,
nPTB, and the brain- and muscle-specific RBFOX1 and
RBFOX2 (Buckanovich et al. 1993; Markovtsov et al. 2000;
Polydorides et al. 2000; Jin et al. 2003; Underwood et al.
2005), in which tissue-specific activities are largely con-
trolled by their differential expression patterns in various
tissue types. Furthermore, our genome-wide analysis of
hnRNPM-mediated pathways revealed that TGFB signal-
ing is significantly stimulated by hnRNPM. Since TGFB
activation suppresses the expression of ESRP1, which in
turn promotes the activity of hnRNPM, these results
suggest a complex gene regulatory network in which the
early phase of TGFB activation enables hnRNPM'’s activ-
ity. Consequently, hnRNPM continues to stimulate the
TGEFB signaling, amplifying the net activity that results in
EMT and tumor metastasis.

Investigation of the mechanisms of breast cancer
metastasis has been largely focused on pathways medi-
ated by transcription factors, kinases, and cytokines.
Increasing attention has recently been paid to the splicing
regulatory mechanisms that might influence metastasis-
associated pathways. Previous bioinformatic analysis
suggested a role for the splicing factor RBFOX2 in pro-
moting mesenchymal-specific splicing (Venables et al.
2013). Experimental approaches showed contradictory
results, which demonstrated an active role for RBFOX2
in ENAH epithelial-specific splicing and an inhibitory
role in FGFR2 mesenchymal-specific splicing (Mauger
et al. 2008; Dittmar et al. 2012; Lovci et al. 2013). Given
the importance of the hnRNPM-mediated pathway in
breast cancer metastasis, future investigation into
whether these and other splicing regulators functionally
contribute to EMT and metastasis will lead to better
understanding of the splicing regulatory pathways and
mechanisms in cancer metastasis.

In conclusion, dysregulation of alternative splicing has
been increasingly recognized in cancer-related pathways
(Valacca et al. 2010; Anczukow et al. 2012; Das et al.
2012; Bonomi et al. 2013). It is thus critical to investigate
the functional significance of splicing regulation in the
context of cancer. The present study demonstrates that
the splicing regulator-mediated switch in alternative
splicing serves as an essential mechanism for TGFp-
induced EMT and breast cancer metastasis. Furthermore,
our results describe a novel molecular mechanism un-
derlying the competition between two splicing regulators
(hnRNPM and ESRPI) that is critical for restricting the
activity of hnRNPM to mesenchymal cells and for the
production of the CD44s splice isoform favoring EMT and
metastasis. Since TGFB signaling suppresses ESRP1 ex-
pression and hnRNPM potentiates TGFB activity, in future
studies, it will be exciting to investigate whether the TGFB
signaling network is sustained by the hnRNPM-mediated
splicing program, conferring breast cancer metastasis
through a positive feedback circuit.
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Materials and methods

Cell lines and EMT induction

Maintenance of the immortalized HMLEs HMLE and HMLE/
Twist-ER; induction of EMT by TGFg or tamoxifen in HMLE or
HMLE/Twist-ER cells, respectively; and maintenance of the
TGF-induced mesenchymal MCF10A cells (Mes10A) were de-
scribed previously (Brown et al. 2011). The human bronchioal-
veolar carcinoma cell line H358 was grown in RPMI 1640
supplemented with 10% FBS, L-glutamine, penicillin, and strep-
tomycin and induced to undergo EMT by 10 ng/mL TGFg
treatment for 16-18 d. The human breast carcinoma cell line
MDA-MB-231, embryonic kidney cell line 293, and colorectal
carcinoma cell line HCT116 were grown in DMEM supple-
mented with 10% FBS, L-glutamine, penicillin, and streptomy-
cin. The murine 4T1 breast cancer cells were grown in RPMI
supplemented with 5% FBS, 5% CS, nonessential amino acids,
L-glutamine, penicillin, and streptomycin.

Antibodies

Antibodies used for Western blotting and immunofluorescence
assays were as follows: hnRNPM (OriGene), hnRNPF (Santa Cruz
Biotechnology, Inc.), hnRNPHI1/H2 (Santa Cruz Biotechnology,
Inc.), p-Smad3 (Cell Signaling), Smad3 (Cell Signaling), CD44
(R&D Systems and Santa Cruz Biotechnology, Inc.), E-cadherin
(Cell Signaling Technology), y-catenin (Cell Signaling Technol-
ogy), occludin (Santa Cruz Biotechnology, Inc.), N-cadherin (BD),
vimentin (NEOMarkers), B-actin (Sigma-Aldrich), and GAPDH
(Millipore). The ESRP1 antibody was a gift from Dr. R. Carstens
(University of Pennsylvania).

RNA pull-down assay

Biotin-labeled RNA oligonucleotides were synthesized by In-
tegrated DNA Technologies. The I-8 sequence is 5'-biotin-
GCUUUGGUGGUGGAAUGGUGCUAUGUGG-3'. The I-8
mutant sequence is 5'-biotin-GCUUCGAUCCUAGAACAGAG
CUAUCUCG-3' (mutated residues underlined). Each biotin-
labeled RNA oligonucleotide (10 pL at 40 uM) was first immo-
bilized onto 50 pL of streptavidin beads (50% slurry; Pierce) in
a final volume of 300 wL of 1X binding buffer (20 mM Tris, 200
mM NaCl, 6 mM EDTA, 5 mM potassium fluoride, 5 mM
B-glycerophosphate, 2 pg/mL aprotinin at pH 7.5) for 2 h at 4°C
followed by incubation with 200 wg of MDA-MB-231 nuclear
extract in 1X binding buffer in a final volume of 400 pL for 2 h at
4°C. The beads were washed three times with binding buffer,
resuspended in 60 pL of 2X sodium dodecyl sulfate sample
buffer, and boiled for 5 min. Ten microliters of the sample was
analyzed under denaturing conditions on a 10% SDS gel and
detected by silver staining or Western blot analysis.

Liquid chromatography-tandem MS (LC-MS/MS) analysis

Proteins isolated by RNA pull-down assay using biotin-labeled
RNA I-8 or I-8 mutant oligonucleotides in MDA-MB-231 nuclear
extract were identified by LC-MS/MS as described previously
(Xu et al. 2009).

RNA-seq data analysis

Paired-end RNA-seq reads were mapped to human genome (hg19)
and transcriptome (Ensembl release 68) using a method described
previously (Bahn et al. 2012; Li et al. 2012). Only uniquely mapped
pairs of reads were retained for analysis of alternative splicing.



Differentially spliced exons across samples were identified using
the MATS package (Shen et al. 2012). Exons with inclusion levels
differing by at least 5% at a false discovery rate (FDR) cutoff of 5%
were defined as differentially spliced exons across samples. RNA-
seq data have been deposited in Gene Expression Omnibus under
the accession number GSE57243.

CD44 splicing reporter minigene assays

CD44 splicing reporter minigene assays were performed in 293
and HCT116 cells. Briefly, 2.25 X 10° cells were seeded in a 24-
well plate 24 h before transfection using Lipofectamine 2000
(Invitrogen). Different amounts of hnRNPM were cotransfected
with the CD44 v8 minigene construct. Cells were collected 24 h
after transfection, and RNA was isolated using an RNA isolation
kit (Omega Bio-Tek) for subsequent RT-PCR analysis.

Animal studies

All animal experiments were performed in compliance with
guidelines of the Institutional Animal Care and Use Committee
at Northwestern University. Injections of 4T1 breast tumor cells
into the fourth mammary fat pad were performed on 8-wk-old
female Balb/C mice. Tumor cells were injected bilaterally into
the fourth mammary gland. Mice were sacrificed 4 wk after
tumor cell injection. Mammary tumors were removed and
weighed individually. Lungs were inflated with paraformalde-
hyde and fixed. H&E staining of lung sections was used for
counting metastatic lung lesions. Intravenous injections of the
LM2 breast cancer cells were performed on 6-wk-old female
Balb/c nude mice. Development of metastasis in lungs was
monitored by BLI with the IVIS spectrum (Caliper LifeSciences)
and analyzed by measuring photon flux of the region of interest.
Mice were sacrificed 5 wk after tumor cell injection, lungs were
inflated with paraformaldehyde, and lung metastasis nodules
were counted under a dissection microscope.

Statistics

Statistical analyses, including two-tailed, unpaired Student’s
t-tests, were done in Excel. One-way ANOVA and Spearman
correlation were performed using GraphPad Prism software.
Mann-Whitney U-tests were performed to analyze nonnormally
distributed data sets. P-values <0.05 were considered significant.
P=0.05(*), P=0.01 (**), and P = 0.001 (***) were indicated.
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