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Aberrant alternative splicing has been highlighted as a potential
hallmark of cancer. Here, we identify TDP43 (TAR DNA-binding
protein 43) as an important splicing regulator responsible for the
unique splicing profile in triple-negative breast cancer (TNBC). Clin-
ical data demonstrate that TDP43 is highly expressed in TNBC with
poor prognosis. Knockdown of TDP43 inhibits tumor progression,
including proliferation and metastasis, and overexpression of
TDP43 promotes proliferation and malignancy of mammary epi-
thelial cells. Deep sequencing analysis and functional experiments
indicate that TDP43 alters most splicing events with splicing factor
SRSF3 (serine/arginine-rich splicing factor 3), in the regulation of
TNBC progression. The TDP43/SRSF3 complex controls specific splic-
ing events, including downstream genes PAR3 and NUMB. The effect
of reduced metastasis and proliferation upon the knockdown of
TDP43 or SRSF3 is mediated by the splicing regulation of PAR3 and
NUMB exon 12, respectively. The TDP43/SRSF3 complex and down-
stream PAR3 isoform are potential therapeutic targets for TNBC.
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Iternative splicing (AS) is a critical process during post-
transcription in which exons from a single gene are assem-
bled in different ways to produce several protein isoforms in
eukaryotic organisms (1). Different tissue types exhibit their own
splicing pattern characteristics (2). Among breast cancer subtypes,
the basal-like subtype, which is mainly parallel with triple-negative
breast cancer (TNBC), is characterized by the expression profile of
the mammary basal cells (3). Currently, however, there are no
effective targeted therapies for such cancers, with chemotherapy
being the only established therapeutic option to date (4). Based on
expression and mutation profiles, several molecular targets, such as
high frequency of TP53 mutation, loss of RB1 and BRCAL, PI3K-
pathway activation, and hyperactivated cMYC (5), exhibit prom-
ising clinical applications (6). Thus far, however, application of
these therapies has been largely unsuccessful due to poor outcomes
in clinical trials. Therefore, additional molecular signatures of
TNBC need to be identified for improved diagnosis and treatment.
As different cell types exert cell-specific splicing patterns, we hy-
pothesized that TNBC may exhibit particular splicing signatures
which could bring about new strategies for TNBC treatment.
TDP43 (TAR DNA-binding protein, also named “TARDBP”) is
a splicing factor belonging to the hnRNP family, with two RNA
recognition motifs (RRMs) and a glycine-rich domain (7). As a
RNA-binding protein, TDP43 is involved in the regulation of many
biological processes, including transcriptional repression (8), mRNA
splicing (9), RNA translocation (10), miRNA processing (11), and
mRNA stability (12). Most previous reports on TDP43 have focused
on its pathogenesis in amyotrophic lateral sclerosis and fronto-
temporal lobar degeneration, which are accompanied by abnormally
high expression, protein aggregation, phosphorylation, and ubig-
uitylation (13-15). However, little attention has been devoted to the
role of TDP43 in tumor progression.
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During the regulation of AS, serine/arginine (SR)-rich pro-
teins are critical components of the machineries of both consti-
tutive and alternative pre-mRNA splicing. Like other members
of the SR protein family, SRSF3 contains one N-terminal RNA-
binding domain and a downstream SR-rich domain. Previous
studies have identified SRSF3 as a proto-oncogene in several
types of cancer (16-20) and as a regulator of AS for HER2 splice
variants in breast cancer cells (21). The delineation of SRSF3 in
breast cancer progression, especially in TNBC, would shed light
on the roles of AS in TNBC.

There has been growing interest in the characterization of the
roles of splicing factors in the regulation of AS. Recently, various
principles of AS have been described (22-24), with the highly
context-dependent and position-sensitive regulation of AS being
the best-characterized principles (22). Despite these findings,
many critical problems remain poorly described. Although hun-
dreds of splicing factors are well known to be involved in specific
splicing events (25), how splicing factors, especially for non-small
nuclear ribonuclear proteins (snRNPs), regulate AS in coordination
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remains unclear. Previous reports have investigated the co-
ordinated actions of two splicing factors (21, 26); however, fur-
ther studies are still necessary to reveal the interaction between
two splicing factors in splicing regulation and its role in biological
function and disease treatment.

Here, we demonstrate a unique splicing pattern in basal-like
breast cancer, which was unlike that of other breast cancer
subtypes. As an important member of the splicing factor complex
meditating this pattern, TDP43 is highly expressed in TNBC, and
loss of its expression suppresses tumor progression both in vitro
and in vivo. We found that TDP43 acted in concert with another
splicing factor, SRSF3, to regulate a set of AS events in TNBC.
Importantly, we identified the downstream target, a PAR3 splicing
isoform with a deletion of exon 12, which exerts a role opposite
that of its full-length form for migration/invasion of TNBC. Our
data identified a splicing factor complex which may be the under-
lying mechanism for the unique TNBC AS profile and identified
TDP43 and PAR3 isoforms with exon 12 deletion as potential
therapeutic targets for TNBC diagnosis and drug design.

Results

TDP43 Is a Major Regulator of the Unique AS Profile of TNBC. To in-
vestigate AS patterns among various breast cancer subtypes, we
downloaded percent spliced in (PSI) values for breast cancer splice
events from The Cancer Genome Atlas (TCGA) SpliceSeq, a
web-based resource (27). A total of 45,421 splice events from
10,480 expressed genes were acquired from 1,094 available samples
representing four breast cancer subtypes (luminal A, luminal B,
HER2-enriched, and TNBC) (Dataset S1). When the PSI values of
splicing events from each breast cancer subtype were compared
against a pool of the other three subtypes, TNBC tumors possessed
many more significant splicing events (Student’s ¢ test P < 0.001)
(Fig. S14), suggesting a distinctive splicing profile of TNBC com-
pared with the other three subtypes. To show the unique profile of
TNBC visually, the 3,049 splicing events with significant differences
[|APSI| >0.1, Mann—-Whitney test followed by false-discovery rate
(FDR) correction, P < 0.05] between any two of the four groups
were demonstrated as a heatmap (Fig. 14) in which TNBC showed
a distinct splicing pattern in comparison with the other breast
cancer subtypes.

Splicing factors are critical for the regulation of splicing out-
comes. Thus, we determined which splicing factors corresponded
to the unique splicing pattern of TNBC. Because splicing factors
form complexes in a coordinated manner for AS regulation (22,
28-30), we first identified the coordinately expressed splicing
factors using coexpression network analysis. A cluster of 57
coexpressed splicing factors was identified (R = 0.64 + 0.11; P <
2.55e-12) (Fig. S1B) within 221 known or putative splicing fac-
tors (31) using the TCGA breast cancer dataset. Most of the
57 splicing factors exhibited higher expression in TNBC than in
non-TNBC subtypes (Fig. S1C), showing significant enrichment
in the differentially expressed splicing factors of TNBC within
the gene set (43 of 57 vs. 117 of 221, P = 0.002, Fisher’s exact
test). Physical interaction network analysis based on protein—
protein interaction study (32) confirmed the extensive interac-
tions among the 57 splicing factors (Fig. S1D).

To explore the major splicing factor responsible for the unique
profile of TNBC, we evaluated how much of the TNBC-specific
splicing profile could be explained by each splicing factor.
Among the 57 splicing factors, TDP43-associated events pos-
sessed the most significant overlap (P = 1.09e-173, Fisher’s exact
test) (Dataset S2), and the overlapped events explained 33%
(198 of 597) of TNBC-specific exon-skip (ES) events (Fig. 1B).
Subsequent enrichment analysis (Experimental Procedures) also
demonstrated that TDP43-associated events had the most sig-
nificant enrichment of TNBC-specific events (P = 2.20e-87,
Fisher’s exact test) (Dataset S2). To further verify the impor-
tant role of TDP43 in regulating the TNBC splicing pattern, we
examined the potential TDP43-binding motif around the cassette
exon regions of TNBC-specific ES events. The rMAPS webserver
(33) showed that the TDP43-binding motif exhibited significant
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Fig. 1. Unique alternative splicing profile and high expression of TDP43 with
poor prognosis in TNBC. (A) Heatmap of Z scores of PSI values for differential
splicing events across breast cancer subtypes. (B) Venn diagram showing the
overlap between TNBC-specific ES events and TDP43-associated ES events. The P
value (1.09e-173) was calculated by Fisher's exact test. (C) Transcript expression
levels of TDP43 in normal breast tissue and different breast cancer subtypes in
the TCGA. RPMK, reads per kilobase of transcript per million reads mapped.
(D and E) Immunohistochemical staining (D) and quantification of percentage of
cases (E) of TDP43 in tissue chips with normal breast tissue and breast carcino-
mas. (F) Quantification of the percentage of positively stained TDP43 protein
nuclei in grouped samples. (G) Quantification of the percentage of cases of
TDP43 in breast cancer and para-carcinoma tissues by immunohistochemical
staining of TDP43 in tissue chips. (H) Quantification of the percentage of cases of
TDP43 in breast cancer subtypes by immunohistochemical staining of TDP43 in
tissue chips. (/) Kaplan-Meier plots showing survival analysis of TNBC subtypes,
which were stratified by the expression level of TDP43. HR, hazard ratio.

enrichment downstream of the TNBC-specific cassette exons
(P = 3.24e-4, Wilcoxon’s rank sum test) (Fig. S1E).

Taken together, our results suggested that TDP43 played an
essential role in the regulation of the unique splicing profile
of TNBC.

TDP43 Is Highly Expressed in Breast Tumor with Poor Prognosis.
When analyzing the TCGA database, the TDP43 expression level
was found to be significantly higher in breast tumor samples than in
normal breast tissue (Fig. 1C). To confirm the expression profile in
clinical samples, we immunohistochemically stained tissue chips,
which demonstrated markedly higher levels of TDP43 in tumor
samples (Fig. 1D). Most tumor samples showed higher enrichment
(Fig. 1E), with an average of 70% of TDP43-positive cells in tumor
samples compared with 30% in normal samples (Fig. 1F). This result
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was also confirmed in paired tumor and para-carcinoma tissues (Fig.
1G and Table S2). Interestingly, according to the TCGA database,
expression levels were higher in the TNBC subtype than in other
subtypes (Fig. 1C). We also evaluated TDP43 expression in tissue
chips with subtype classification. Results demonstrated that the ex-
pression of TDP43 was higher in TNBC (Fig. 1H and Fig. S1F),
which was confirmed in various breast cancer cell lines at both the
protein and mRNA levels (Figs. S1G and S3F). Moreover, survival
analysis of basal subtypes demonstrated poorer survival probability in
patients with higher TDP43 expression (Fig. 1/ and Fig. S1H),
whereas this was not observed in luminal types. Collectively, these
results showed that TDP43 was highly expressed in TNBC with
poor prognosis.

Knockdown of TDP43 Inhibits Breast Cancer Progression. To determine
the roles of TDP43 in tumor progression, we investigated cell-
proliferation ability after disruption of the TDP43 transcript by
shRNA lentivirus in two TNBC cell lines, MDA-MB231 and
HCC1806 (knockdown efficiencies are shown in Fig. S2 4 and B).
In MDA-MB231 cells, knockdown of TDP43 by two shRNAs re-
duced cell growth in a time-dependent manner, as demonstrated in
the cell-growth curve (Fig. 24). The shRNA with better knock-
down efficiency, sh-TDP43-1, showed a greater ability to inhibit cell
growth than sh-TDP43-2, the less efficient shRNA. These results
were consistent with those obtained from the HCC1806 cell line
(Fig. S2C). The BrdU assay revealed that knockdown of TDP43 by
both shRNAs decreased the BrdU-positive signals (Fig. S2D).
Moreover, loss of TDP43 caused cell-cycle arrest at the G1 phase
(Fig. 2B), induced cell apoptosis (Fig. S2 E and F), and promoted
the levels of cell-cycle inhibition proteins (P21 and P27) and
proapoptotic markers [cleaved caspase-3 and poly (ADP-ribose)
polymerase (PARP)] (Fig. 2C). A xenograft assay was performed
to examine the effect of sh-TDP43 on tumor growth in vivo. Stable
knockdown of TDP43 remarkably reduced tumor volume (Fig.
2D). A Transwell assay demonstrated that MDA-MB231 cell mi-
gration and invasion ability decreased upon sh-TDP43 treat-
ment in comparison with the control group (Fig. 2E). To confirm
metastasis ability, we injected mouse breast cancer 4T1 cells
expressing sh-Tdp43 together with the luciferase gene into the
tail vein of mice. Compared with the control group, the mice that
received a tail-vein injection of Tdp43-knockdown cells devel-
oped fewer lung metastases (Fig. 2 F and G). These data sug-
gested that knockdown of TDP43 inhibited the progression
of TNBC.

Overexpression of TDP43 Promotes Mammary Epithelial Cell Proliferation
and Malignancy. To further study the role of TDP43 as a pro-
oncogene, we stably overexpressed TDP43 in the immortalized
MCFI10A cell line (Fig. 34), which is estrogen receptor (ER)-,
progesterone receptor (PR)-, and HER2-negative. Ectopic
overexpression of TDP43 promoted cell proliferation in a time-
dependent manner (Fig. 3B). The 3D cell culture revealed that
MCF10A cells overexpressing TDP43 developed larger acini in
than the cells in the vehicle group, indicating more potent ma-
lignancy with TDP43 overexpression (Fig. 3C). Moreover, the
wound-healing assay showed a significant rise in cell motility
following the up-regulation of TDP43 expression (Fig. 3D). The
Transwell assay also demonstrated that overexpression of TDP43
induced cell migration in comparison with the control group
(Fig. 3E). These results indicated that TDP43 promotes breast
cancer progression, consistent with the phenotypes observed with
the loss of TDP43 in TNBC cells.

Extensive Splicing Regulation by TDP43 in TNBC Cells. To clucidate
the mechanism underlying the pro-oncogenic role of TDP43 in
TNBC, RNA-sequencing (RNA-seq) was performed to identify
the differential AS events upon TDP43 knockdown by shRNAs
in the TNBC cell line MDA-MB231. Using the MISO package,
we found that 1,103 splicing events demonstrated significantly
changed PSI values (Bayes factor >6 and |APSI| >0.2) after
knockdown of TDP43 (Fig. 44). Gene ontology (GO) analysis

E3428 | www.pnas.org/cgi/doi/10.1073/pnas.1714573115

A 600- B
h-Control _20-
g < :h-TSg;§-1 a\"so = sh-Control
S -+ sh-TDP43-2 = m sh-TDP43-1
%400 S 60/ m sh-TDP43-2
b =
2 2
£ -340_
2 5
£ 200/ °
S 9 20,
6 % e s s O°
Growth time (h) Go/G1 S G2/M
s 3 9
o~ (]
c gz D
QO K kK sh-Control
L L L
% % % sh-TDP43-1

R
N
-

sh-TDP43-2

-l

P57 wee wmm| _sh-Control
c
C.Caspase3E 2
— o
&
£
a-tubulin[see e ]
F 411 G 1500
<] = - sh-Control
£ M ©1000{ o sh-Tdp43
] A | BN ECE= <
J . g2 % s00 /
s o § 2 100
) ®5 c 80
b e S 60
sfe = i | S O o 40
[ _ £ 20 n=9
< 2 2 0
[ T [1} 1 2 3 (Weeks)

Fig. 2. Knockdown of TDP43 inhibits breast cancer progression. (A) Cell-
growth inhibition upon TDP43 knockdown by shRNAs. (B) Cell-cycle analy-
sis after knockdown of TDP43. (C) Western blotting of cell-cycle and
apoptosis-related proteins. (D) Tumor size after 2 mo of mammary fat pad
growth in the xenograft assay. Each experimental group contained six mice.
(E) Cell migration and invasion levels by Transwell assays. (F and G) Fluo-
rescence density (F) and statistical analysis (G) of metastasis ability by tail-veil
injection using 4T1 cells expressing luciferase (n = 9). Data in A-D are shown
as the average + SEM for three independent measurements; ***P < 0.001.
All data are for MDA-MB231 cells, except where labeled.

revealed that the TDP43-regulated AS targets were enriched in
neuron migration, cell-cell adhesion, and regulation of growth,
suggesting that TDP43 may affect TNBC progression through AS
regulation (Fig. S2G). As shown in Fig. 4B, the PSI values of the two
examples changed considerably. The AS changes were also validated
by semiquantitative RT-PCR (Fig. 4C). Moreover, we analyzed
gene-level expression upon loss of TDP43. The differentially
expressed genes (log2 fold change >2 or <—2 and FDR correction,
P < 0.05) were clustered in the cell proliferation, endothelial cell
apoptotic process, and regulation of TGFf1 production by GO term
analysis (Fig. S2H). These data indicate that TDP43 regulates ex-
tensive AS events in TNBC.

TDP43 Interacts with SRSF3 in Breast Cancer Cells. To decipher the
TDP43 splicing-regulatory mechanism, we performed immuno-
precipitation and mass spectrometry (IP-MS) using antibodies
against TDP43 to identify the TDP43-associated proteins in
MDA-MB?231 cells (Fig. S34). As shown in Table 1, the IP-MS
results included several splicing factors (HNRNPA1, SRSF1,
SRSF3, and SRSF7). We then confirmed the interaction of these
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Fig. 3. Overexpression of TDP43 promotes mammary epithelial cell pro-
liferation and malignancy. (A) TDP43 protein levels in MCF10A cells
expressing Flag-TDP43 or vehicle control by Western blotting. (B) Cell
growth increased upon TDP43 overexpression in the cell-growth curve
analysis. (C) Wound-healing assay in MCF10A cells stably overexpressing
Flag-TDP43 or vehicle control. (D) 3D cell culture of MCF10A cells overex-
pressing Flag-TDP43 or vehicle control for 10 d. (E) Transwell migration assays
in MCF10A cells expressing Flag-TDP43 or vehicle vectors. Data are shown as
averages + SEM for three independent measurements. *P < 0.05, ***P < 0.001.

proteins by coimmunoprecipitation (co-IP) to determine whether
these splicing factors interacted strongly with TDP43. The immu-
noprecipitation assay showed that SRSF3 was pulled down with
TDP43 (Fig. 54), whereas the other proteins (HNRNPA1 and
SRSF1) failed to show interaction with TDP43 in either the en-
dogenous or exogenous co-IP experiments using MDA-MB231 cells
(Fig. S3 B-E).

Analysis of expression data from the TCGA database dem-
onstrated a strongly positive correlation between TDP43 and
SRSF3 at the mRNA expression level (Fig. 5B), which was also
confirmed at the protein level based on the tissue chip staining
data (Fig. 5C). We further validated this correlation in various
breast cancer cell lines and observed the same positive correlation
pattern (Fig. S3 F and G). Double immunofluorescent staining
revealed the colocalization of TDP43 and SRSF3 proteins in MDA-
MB231 cells (Fig. 5D). The endogenous immunoprecipitation assay
also demonstrated that SRSF3 could be pulled down with the
TDP43 antibody in MDA-MB231 (Fig. SE) and 293T (Fig. 5F)
cells. Moreover, Flag-TDP43 and Flag-SRSF3 could pull down each
other (Fig. 5 G and H), further demonstrating their strong in-
teraction. To determine which domains were responsible for the
interaction between TDP43 and SRSF3, various Flag-tagged
TDP43- or SRSF3-deletion fragments were pulled down with
SRSF3 or TDP43, respectively. The pull-down assay illustrated that
only the TDP43 protein containing the RRM1 domain could pull
down SRSF3 (Fig. 5I). Conversely, both the N and C terminals of
the SRSF3 protein could pull down TDP43, although this in-
teraction was weaker than that with full-length SRSF3 (Fig. 5J).

To test whether the interaction between TDP43 and
SRSF3 was RNA-dependent, cell lysis was incubated with DNase
and RNase. Results showed that TDP43 could still pull down
SRSF3, although the blotting bands in the RNase samples were
weaker than those in samples without RNase treatment (Fig.
S3H). Moreover, we constructed two point mutants (R171 and
R174) and one deletion mutant (TDP43A106-111), known for
their ability, within the RRM1 domain of TDP43, to recognize
RNA (9, 34). These constructs all pulled down SRSF3 with
positive but weaker bands (Fig. S37). Overall, TDP43 might in-
teract with SRSF3 directly, and RNA markedly enhanced the
affinity of the interaction.
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Taken together, our data show that TDP43 interacts with
SRSF3, suggesting that these two splicing factors, as important
members of the splicing complex, may work together to regulate
AS in TNBC cells.

TDP43 Regulates AS in Coordination with SRSF3. To clarify how
TDP43 regulates AS with SRSF3, we assessed whether they
possessed direct common binding mRNAs. Both TDP43 and
SRSF3 RNA immunoprecipitation sequencing (RIP-seq) were
performed to gain insight into their direct downstream mRNAs.
Results showed that TDP43 and SRSF3 regulated a large set of
overlapping target mRNAS (3,649 mRNAs, more than two-thirds
of all binding targets) (Fig. 64). Changes in AS event values
(PSI) were also analyzed based on the RNA-seq data of
TDP43 and SRSF3 knockdown in MDA-MB231 cells. We found
553 TDP43-regulated and 1,140 SRSF3-regulated ES-type AS
events with significant changes (|APSI| >0.2 and Bayes factor >6).
Among them, more than half of the TDP43-regulated AS events
(306) were common splicing events, suggesting a large degree of
overlap between TDP43-regulated and SRSF3-regulated splicing
events (Fig. 6B). Remarkably, most of the 306 common splicing
events exhibited the same change in direction, with either positive
(red in the heatmap) or negative (blue in the heatmap) values
between the TDP43- and SRSF3-knockdown groups (Fig. 6C),
indicating that TDP43 and SRSF3 may coregulate the common
downstream genes.

To further establish the coordination between TDP43 and
SRSF3, we performed RNA-seq with both single and double
knockdown of TDP43 and SRSF3 in MDA-MB231 cells. In the
global splicing-event changes, single TDP43- and SRSF3-knockdown
groups generated fewer PSI value changes (events in gray in Fig.
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Fig. 4. Extensive splicing regulation by sh-TDP43 in TNBC cells. (A) Quan-
tification of different AS events affected by sh-TDP43: ES, retained intron
(RI), alternate promoters (A5SS), alternate terminators (A3SS), and mutually
exclusive exons (MEX). (B) Examples of alternative exons affected by sh-
TDP43. Numbers indicate read counts. ¥ indicates PSI. (C) Quantitative PCR
of different AS events affected by sh-TDP43. Data represent three in-
dependent experiments. The asterisk denotes nonspecific amplification.
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Fig. 5. TDP43 interacts with SRSF3 in breast cancer cells. (A) Cellular extracts from MDA-MB231 cells stably expressing Flag (control) or Flag-TDP43 were
immunopurified with anti-Flag affinity beads. Imnmunocomplexes were then immunoblotted using antibodies against the indicated proteins. (B) Analysis of
public datasets for expression correlation between TDP43 and SRSF3. (C) Analysis of expression correlation between TDP43 and SRSF3 by immunohisto-
chemical staining of tissue chip data. (D) Subcellular localization of TDP43 (green) and SRSF3 (red) in MDA-MB231 cells determined by immunofluorescence by
confocal fluorescence microscopy. (E and F) Endogenous immunopurification with TDP43 antibody in MDA-MB231 (E) and 293T (F) cells. (G and H) Flag-

TDP43 pulled down with SRSF3 (G) or Flag-SRSF3 pulled down with TDP43 in

HEK293T cells (H). ( and J, Upper) Structures of TDP43 (/) and SRFS3 (J) and their

mutants used in immunoprecipitation pull-down assays. TDP43 protein (/) exhibits an N-terminal domain (N-term), two RRMs (RRM1 and RRM2), a glycine-rich
domain (GRD), and a C-terminal domain (C-term); whereas SRSF3 full-length protein (J) contains an RRM and an SR-rich domain (RS). (Lower) Flag-mutants of
TDP43 pulled down with SRSF3 (/) or Flag-mutants of SRSF3 pulled down with TDP43 (J) from HEK293T cells.

6D), whereas the combination induced a much greater number of
PSI changes (events in red or blue in Fig. 6D). After analyzing these
PSI values, we found that most events (more than 60%) occurred in
coordination (PSI changes of sh-TDP43/sh-SRSF3 were larger
than those of sh-TDP43 and sh-SRSF3 individually), whereas
8% of events were in competition (PSI changes of sh-TDP43/
sh-SRSF3 were smaller than those of sh-TDP43 or sh-SRSF3),
and 24% of events were in opposition (PSI changes of sh-

Table 1. Abundant cellular proteins interacting with TDP43 as
identified by MS

No. Official symbol Sequence coverage, % Intensity

1 HNRNPA1* 23.4 11,001,000
2 HIST1H1C 225 4,879,400
3 SRSF1* 21.5 2,626,400
4 TAGLN2 171 19,886,000
5 BANF1 15.7 4,409,500
6 SRSF3* 14.7 7,407,700
7 SRSF7* 14.7 7,407,700
8 MCU 13 4,607,700
9 MTRF1 12.6 193,590,000
10 RAI14 12 29,035,000

*Proteins related to splicing identified by MS.
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TDP43 and sh-SRSF3 were in the opposite direction) (Fig. 6E).
Representative coordination events were randomly selected to
confirm the global analysis results. Four selected genes were
shown to coordinate (Fig. 6F). These results again suggested
that TDP43 coordinated with SRSF3 in the regulation of AS.

To further verify that TDP43 and SRSF3 regulate AS in co-
ordination, SYNGAP1 exon 14 coregulated by TDP43 and SRSF3
(Fig. 6F) was used to perform a minigene reporter assay in MDA-
MB231 cells. The wild-type SYNGAP1 minigene construct was
created by amplifying the SYNGAP1 gene region from human ge-
nomic DNA containing exon 13, intron 13, exon 14, intron 14, and
exon 15 (Fig. 6G, Upper). As expected, knockdown of TDP43 or
SRSF3 promoted inclusion of SYNGAP1 exon 14 splicing (lanes
2 and 3) in comparison with the sh-control (lane 1). Moreover, the
concomitant knockdown by sh-TDP43 and sh-SRSF3 (lane 4)
showed a larger increase in exon 14 inclusion relative to sh-
TDP43 or sh-SRSF3 alone, consistent with our previous results (Fig.
6G). We thereafter predicted TDP43- and SRSF3-binding motifs
using the RBPmap website and identified putative target sequences
for SRSF3 and TDP43 located in the SYNGAPI1 exon 14 (blue in
Fig. 6G, Upper) and intron 14 (red in Fig. 6G, Upper), respectively.
This indicated that TDP43 and SRSF3 might control the splicing of
SYNGAPI exon 14 by interacting with their own binding sites. We
next introduced mutations in the TDP43- and SRSF3-binding sites
(MUT-T and MUTS-S, respectively) (Fig. 6G, Lower). As expected,
mutation of the TDP43 binding site completely abolished splicing
regulation through TDP43 (lane 6). Intriguingly, the increase in exon
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Fig. 6. TDP43 coordinately regulates alternative splicing with SRSF3. (A)
Venn diagram showing overlapping mRNAs between TDP43 RIP-seq and
SRSF3 RIP-seq binding results. (B) Venn diagram showing coregulated splic-
ing events using RNA-seq data after knockdown of SRSF3 and TDP43 in
MDA-MB231 cells. (C) Heatmap of common regulated splicing events after
knockdown of SRSF3 and TDP43 in MDA-MB231 cells. (D) Heatmap of all
splicing events after knockdown of SRSF3, TDP43, and both in MDA-
MB231 cells. (E) Percentage distribution of coordination, competition, op-
position, and others based on the heatmap in D. (F) Random examples of
coordination splicing events verified by semiquantitative PCR. Two shRNAs
(1 and 2) were used for each group. Representative data are from three
independent experiments. (G, Top) Minigene assay for verifying co-
ordination between TDP43 and SRSF3. Graphical representation of the
control splicing reporter (WT), the MUT-T motif (specifically introducing
mutations to TDP43-binding sites) (red), the MUT-S motif (specifically in-
troducing mutations to SRSF3-binding sites) (blue), and the PGZ+T&S motif
(introducing mutations to both binding sites). P1 and P2 indicate PCR
primers for splicing analysis. (Middle) Semiquantitative RT-PCR analyses
were performed for the above four minigenes after TDP43 or SRSF3 knock-
down. (Bottom) Western blotting was performed to verify the knockdown of
TDP43 and SRSF3.
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14 inclusion by depletion of SRSF3 (lane 7) was also partially abated
in comparison with the sh-control (lane 5) when the mutations were
introduced into the TDP43-binding sites. Similarly, TDP43-mediated
regulation of SYNGAP1 exon 14 splicing was markedly impaired
when the SRSF3-binding sites were mutated (lane 10). These results
suggested that TDP43 acts in conjunction with SRSF3 to regulate
AS and that loss of either protein results in splicing dysregulation in
terms of SYNGAP1 exon 14 splicing in MDA-MB231 cells. Col-
lectively, our results suggest that TDP43 collaborates with SRSF3 in
the regulation of AS.

Knockdown of SRSF3 Inhibits Breast Cancer Progression. To measure
the clinical relevance of SRSF3, we found that SRSF3 mRNA
expression was higher in TNBC than in normal tissue and other
breast cancer subtypes (Fig. 74). This high expression in TNBC
relative to normal tissue and other breast cancer subtypes was
also observed in immunohistochemical tissue chips (Fig. 7B and
Fig. S54), as is consistent with the cultured cancer cell line
findings (Fig. S5B). To determine the role of SRSF3 in tumor
progression, we investigated cell proliferation after disruption of
SRSF3 by shRNA lentivirus (knockdown efficiency is shown in
Fig. S5C). The cell-growth curve revealed that knockdown of
SRSF3 in MDA-MB231 cells reduced the cell number in a time-
dependent manner compared with the control group (Fig. 7C)
and HCC1806 cells (Fig. S5 D and E). The BrdU assay showed a
dramatic decrease in BrdU-positive signals in MDA-MB231 cells
expressing sh-TDP43 or sh-SRSF3 relative to the sh-control (Fig.
S5F). These results were further verified and extended by pro-
pidium iodide (PI) cell-cycle (Fig. S5G) and annexin V cell-
apoptosis analyses (Fig. S5 H and I). Immunoblot analysis also
showed a significant increase in cell-cycle-inhibiting proteins
(P21 and P27) and apoptotic markers (cleaved caspase-3) fol-
lowing SRSF3 reduction (Fig. 7D). To test whether reduced
SRSF3 also negatively affected tumor growth in vivo, a xenograft
assay was performed after cells stably expressed sh-SRSF3 or sh-
control. A significant decrease in tumor formation was observed
upon SRSF3 knockdown relative to the control group (Fig. 7E).
The Transwell assay demonstrated that the migration and in-
vasion of cells expressing sh-SRSF3 were markedly suppressed
(Fig. 7F). We also estimated cell metastasis by the injection of
4T1 cells expressing sh-Srsf3 into the tail veins of BALB/C mice.
Statistical results showed that mice with tail-vein injection of
Srsf3-knockdown cells developed fewer lung metastases (Fig. 7G
and Fig. S5J). These data suggested that knockdown of
SRSF3 inhibited the progression of TNBC in vitro and in vivo.
To further clarify the coordination relationship of TDP43 and
SRSF3 in the control of tumor progression, we employed the con-
comitant knockdown of TDP43 and SRSF3 in MDA-MB231 cells
(Fig. S5C). A more noticeable reduction in cell growth was observed
upon the down-regulation of both TDP43 and SRSF3 than with the
down-regulation of either TDP43 or SRSF3 alone (Fig. 7C).
Moreover, cell migration and invasion ability also declined upon
knockdown of TDP43 coupled with SRSF3, relative to knockdown
of either alone (Fig. 7F). Thus, both TDP43 and SRSF3 are nec-
essary for cancer progression and work coordinately in TNBC.

Antimetastasis Effects of Reduced TDP43 and SRSF3 Are Mediated by
the Splicing Control of PAR3 Exon 12. To identify the downstream
events regulated by TDP43, we first listed the 553 TDP43-regulated
ES events upon TDP43 knockdown in MDA-MB231 cells accord-
ing to our RNA-seq data (Fig. 44). The list was then narrowed by
overlapping well-recognized splicing events in breast cancer com-
pared with normal tissue (27), and we identified 38 high-priority
candidate events (Dataset S3). These 38 candidate events were
thereafter filtered to identify splicing events in genes reported to
serve as important regulators of cancer progression based on pre-
vious publications. Eleven candidate events were then selected for
gRT-PCR validation upon knockdown of TDP43 and SRSF3 (Fig.
S4E). Among them, PAR3 has been reported as a cell polarity
protein, and its loss promotes breast tumorigenesis and metastasis
(35, 36). NUMB exon 12 splicing is also a frequent tumor-associated

PNAS | vol. 115 | no. 15 | E3431

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714573115/-/DCSupplemental

sh-Control
sh-SRSF3-1
sh-SRSF3-2

O
&

C.caspase3 i mme
GAPDH [Em e e]

Migration

—e—sh-Control
_ —=—sh-TDP43-1
—a—sh-TDP43-2
—+—sh-SRSF3-1

s

S

?'5,400, —+—sh-SRSF3-2
g sh-TDP43-1 &
£ © ch-SRSF3-1
2
3
(8]

3
€
o
Q
K=
2]
é:
o
(=]
L
£
2]
o g
Q
] g
0 36 60 84 108 &
Growth time (h) » B
E z |
sh-Control 2
sh-SRSF3-1 24
sh-SRSF3-2 :’
G _1500 &
S 10001 ~sh-Control 2E
< -+ sh-! 7]
>‘,<<’ 500, *Sh-Srs® / 2
i ;
Al
§ 43
o

i 20 n=9 E.g 4

-
070 1 2 3 (Weeks) ¥ 4

Fig. 7. Knockdown of SRSF3 inhibits TNBC progression. (A) Transcript ex-
pression levels of SRSF3 in normal tissue and different breast cancer subtypes
in the TCGA. (B) Quantification of the percentage of SRSF3-positive staining
in breast cancer subtypes by immunohistochemical staining in tissue chips.
(C) Cell-growth inhibition upon TDP43, SRSF3, or TDP43 plus SRSF3 knockdown
by shRNAs. (D) Western blotting of cell-cycle and apoptosis-related proteins. (E)
Tumor size after 2 mo of mammary fat pad growth in the xenograft assay. Each
experimental group contained six mice. (F) Cell migration and invasion levels by
Transwell assay. (G) Statistical analysis of fluorescence density of metastasis
ability following tail-veil injection of 4T1 cells expressing luciferase (n = 9). Data
are shown as averages + SEM for three independent measurements, except in
A. ***P < 0.001. All data shown represent MDA-MB231 cells, except where
labeled.

AS change observed in lung cancer (37) and acts as a key target of
many splicing factors in the regulation of cancer cell proliferation
(38). Consequently, we focused on the roles of PAR3 and NUMB in
TDP43- and SRSF3-dependent cancer progression.

We first confirmed that the exclusion of PAR3 exon 12 was re-
duced after disrupting the expression levels of TDP43 or SRSF3
using two pairs of primers (Fig. 8 A-C and Fig. S64). Double
knockdown of TDP43 and SRSF3 enlarged the reduction of exon
12 skipping relative to the knockdown of TDP43 or SRSF3 alone,
supporting the notion that TDP43 coordinately regulates AS with
SRSF3. The RIP assay demonstrated enrichment of PAR3 mRNA
with the TDP43 and SRSF3 proteins (Fig. 8D and Fig. S6B), further
supporting the possibility of the splicing regulation of PAR3 exon
12 by TDP43 and SRSF3.

As PAR3 has been reported to regulate cell polarity and mi-
gration (35, 36), we supposed that the two PAR3 isoforms
caused by PAR3 exon 12 inclusion and exclusion might have
different effects on cancer cell migration. To examine the role of
PAR3 splicing on TDP43- and SRSF3-dependent changes in cell
migration, we generated two constructs by inserting full-length
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PAR3 (PAR3-FL) and deletion of exon 12 (A12PAR3) cDNA,
respectively (Fig. S6C). As decreased TDP43 or SRSF3 resulted
in a splicing shift from A12PAR3 to PAR3-FL, we inferred that
overexpression of A12PAR3 might rescue the changes caused by
knockdown of TDP43 or SRSF3. As expected, the wound-healing
(Fig. 8 E and F) and Transwell assays (Fig. 8 G and H) showed that
overexpression of A12PAR3, but not PAR3-FL, could increase
migration and invasion in cells expressing sh-TDP43 or sh-SRSF3
relative to those expressing sh-TDP43 or sh-SRSF3 alone. In
contrast, significant decreases in cell migration and invasion
were also observed upon overexpression of PAR3-FL compared
with the control group, partially mimicking the effect seen in TDP43-
or SRSF3-knockdown cells. These data revealed that A12PAR3 and
PAR3-FL had distinct and opposite effects on cell migration and
invasion. Reduced TDP43 and SRSF3 promoted the splicing switch
from A12PAR3 to PAR3-FL, thereby negatively affecting cell mi-
gration and invasion.

We also confirmed these results in vivo using tail-vein in-
jection assays. Knockdown of TDP43 or SRSF3 decreased lung
colonization ability in MDA-MB231 cells, consistent with our
findings in mouse 4T1 cells. Notably, the decrease of signal in-
tensities was partially abolished when coexpressed with the
A12PAR3 transcript rather than PAR3-FL (Fig. 8 I and J).
In addition to migration/invasion, we also examined cell pro-
liferation. Results showed that overexpression of A12PAR3 did
not affect the phenotypes of sh-TDP43- or sh-SRSF3—driven cell
growth (Fig. S6D), indicating that a specific cell-migration change
was induced by this splicing switch. To examine whether these two
isoforms of PAR3 led to different proteins, MS analysis was per-
formed in MDA-MB231 cells. We successfully identified two pep-
tides, ELNAEPSQMQIPK and ELKAEDEDIVLTPDGTR, which
represented exon 12 inclusion and exclusion, respectively (Fig. S6E).
These isoforms of PAR3 exon 12 inclusion and exclusion could
therefore endogenously encode different proteins.

We also evaluated the clinical relevance of PAR3 exon 12 splicing.
Paired breast cancer and adjacent normal tissue samples were sur-
gically obtained from eight human patients. The semiquantitative
RT-PCR results revealed that, in comparison with the noncancerous
tissue, the exclusion of PAR3 exon 12 (the ratio of the PAR3 iso-
forms excluding exon 12/total transcript band intensity) increased
remarkably in all breast cancer tissues (Fig. 8K), indicating that the
A12PAR3 might act as an oncogenic isoform. Expression analysis of
the TCGA data also found lower PSI values (the ratio of the PAR3
isoforms including exon 12/total transcript) for PAR3 exon 12 in tu-
mor tissues than in normal tissues (Fig. 8L), strongly highlighting this
splicing outcome as a potential clinical application. Taken together,
these data indicate that depletion of TDP43 or SRSF3 suppresses
cancer metastasis through the splicing switch from the oncogenic
isoform (A12PAR3) to the antioncogenic isoform (PAR3-FL).

Antiproliferation Effects of Reduced TDP43 and SRSF3 Are Mediated
by the Splicing Control of NUMB Exon 12. We analyzed the NUMB
gene based on our transcriptome splicing analysis and validated
changes in NUMB exon 12 skipping using two pairs of primers
(38), which revealed the transcript expressions of exon 12 in-
clusion and exclusion, respectively. Results showed that knock-
down of TDP43 or SRSF3 increased exon skipping of the NUMB
exon 12, thereby promoting the generation of the NUMB lacking
exon 12 form (A12NUMB) (Fig. S74). The RIP results revealed an
enrichment of NUMB mRNA with both TDP43 and SRSF3 proteins
(Fig. 8D). In MDA-MB231 cells with intact TDP43 or SRSF3,
overexpression of A12NUMB led to significant cell-proliferation
inhibition, whereas overexpression of full-length NUMB (NUMB-
FL) promoted cell proliferation (black curves in Fig. S7B). Ectopic
expression of NUMB-FL, but not A12NUMB, increased cell growth
when coexpressed with shTDP43 or shSRSF3 (blue and red curves
in Fig. S7B), consistent with previous studies showing that NUMB-
FL, but not A12NUMB, can rescue the inhibition of colony for-
mation caused by the knockdown of splicing factor RBM5 or RBM6
(38). Colony-formation assays also showed that cells expressing
NUMB-FL together with sh-TDP43 or sh-SRSF3 grew faster than
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Fig. 8. Antimetastasis effects of reduced TDP43 and SRSF3 are mediated by the control of PAR3 exon 12 splicing. (A) Schematic representation of PAR3 exon
12 splicing. Arrows indicate primers. Primer b spans exon 11 and exon 13. (B) qPCR analysis of changes in PAR3 exon 12 skipping with knockdown of TDP43,
SRSF3, or TDP43/SRSF3. (C) Semiquantitative RT-PCR of PAR3 isoforms in the knockdown of TDP43, SRSF3, or TDP43/SRSF3 by shRNA and their control in MDA-
MB231 cells. Two shRNAs (1 and 2) were used for each group. (D) Binding of PAR3, NUMB, and UTsnRNA mRNA to TDP43 or SRSF3 proteins detected by RIP
assay in MDA-MB231 cells. (E and F) Wound-healing assays (E) and statistical analysis (F) in MDA-MB231 cells. Control and TDP43- or SRSF3-knockdown groups
were transfected with control plasmids, PAR3-FL, or A12PAR3 constructs. (G and H) Transwell invasion assays (G) and statistical analysis (H) in MDA-
MB231 cells expressing the indicated vectors. Data shown in B-F represent three independent experiments. (/ and J) Luciferase signal intensities (/) and
statistical analysis (J) of mice after tail-vein injection with MDA-MB231 cells expressing the indicated constructs. Each experimental group contained seven
mice. (K) Splicing of PAR3 exon 12 in paired breast tumor (T) and adjacent normal (N) tissues. (L) PSIs of PAR3 exon 12 in normal (n = 113) and breast cancer
(n = 1,088) tissue in TCGA. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA.

those expressing sh-TDP43 or sh-SRSF3 alone (Fig. S7C). We also  tumor samples than in normal samples (Fig. S7D), further con-
observed higher transcript levels of NUMB with exon 12 in breast  firming the necessity of NUMB exon 12 for tumor progression.
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Taken together, our results show that depletion of TDP43 and
SRSF3 suppresses breast cancer progression partially through
PAR3 and NUMB splicing in TNBC.

Discussion

We uncovered a unique splicing pattern in TNBC relative to normal
breast tissue and other breast cancer subtypes. TDP43, as an im-
portant member of this splicing factor complex, was necessary for
TNBC progression, which was verified by transcriptome analysis
and loss/gain-of-function assays. Mechanistically, TDP43 formed a
complex and collaborated with SRSF3 in the regulation of AS in
TNBC. We also identified a splicing switch from the oncogenic
A12PAR3 isoform to the PAR3-FL isoform as a downstream
splicing event coregulated by TDP43 and SRSF3 (Fig. S7E). Re-
markably, these results highlighted TDP43 and A12PAR3 as targets
for the diagnosis and treatment of TNBC.

In the last few years, TDP43 has been defined as a central
pathological protein in neurodegenerative diseases (39). How-
ever, studies examining the role of TDP43 in cancer have been
less frequently reported, and their conclusions are often con-
tradictory. Some studies have demonstrated that TDP43 is highly
expressed in melanoma (40) and hepatocellular carcinoma (41),
whereas other research has found that high levels of TDP43 and
TRIM16 are good prognostic indicators in neuroblastoma and
breast cancer (42). In the current study, we identified TDP43 as a
proto-oncogene in TNBC based on a large quantity of clinical
data, the TCGA database, and functional assays (Figs. 1-3).
Recently, TDP43, interacting with BRCAL1, was found to par-
ticipate in transcription-associated DNA damage in motor neu-
ron cells (43). Because of the high frequency of BRCAL loss in
TNBC (5), it can be inferred that extra TDP43 protein would
disassociate the TDP43-BRCA1 complex to undergo pro-oncogenic
functions in TNBC. These results imply that TDP43 could be a drug
target in breast cancer, especially in TNBC. Interestingly, it has been
reported that many antitumor drugs can alter TDP43 expression in
cancer cells (44-46), further suggesting that TDP43 might provide a
molecular basis for the treatment of breast cancer.

To date, SRSF3 has been identified as a proto-oncogene in
several types of tumor. In breast cancer, SRSF3 can regulate
HER2 mRNA splicing in HER2* breast cancer cells, in which
the knockdown of SRSF3 leads to a switch from the oncogenic
A16HER? to the p100 isoform, which functions as an inhibitor of
HER? signaling (21). In addition, the TCGA database showed
that the expression of SRSF3 is higher in TNBC than in HER2"
breast cancer, suggesting that SRSF3 might perform a potential
role in TNBC independent of HER2 splicing regulation. Re-
cently, researchers performed SURVIYV, a statistical method that
outperforms conventional Cox regression survival analysis, to
identify alternatively spliced exons correlated with patient sur-
vival in large-scale cancer RNA-seq datasets (47). A total of 229
ES events were significantly associated with survival in 682 in-
vasive ductal carcinoma patients from a TCGA breast cancer
cohort. They examined the correlation between splicing factors
and exon-inclusion levels of survival-associated AS events and
found that SRSF3 was significantly linked to 23% (53 of 229) of
survival-associated AS events. Furthermore, the higher expres-
sion of SRSF3 was associated with shorter survival time and
poorer prognosis. These results are consistent with our findings
that SRSF3 functions as a pro-oncogene in TNBC progression.

GO analysis of the differentially expressed genes showed that
depletion of SRSF3 regulated many cellular biological processes,
including cell apoptosis, extracellular matrix organization, and
cell adhesion (Fig. S44). SRSF3-regulated AS events were also
identified from our RNA-seq data upon knockdown of SRSF3 in

1. Lee Y, Rio DC (2015) Mechanisms and regulation of alternative pre-mRNA splicing.
Annu Rev Biochem 84:291-323.

2. Merkin J, Russell C, Chen P, Burge CB (2012) Evolutionary dynamics of gene and
isoform regulation in Mammalian tissues. Science 338:1593-1599.

3. Livasy CA, et al. (2006) Phenotypic evaluation of the basal-like subtype of invasive
breast carcinoma. Mod Pathol 19:264-271.
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MDA-MB231 cells. GO analysis revealed that the SRSF3-
regulated AS targets were involved in the regulation of tran-
scription, RNA splicing, Wnt signaling pathway, and cell cycle
(Fig. S4B). These results suggested the important role of SRSF3
in MDA-MB231 cells. The differentially expressed genes and
AS targets upon TDP43/SRSF3 knockdown were identified and
subjected to GO analysis, revealing that these genes were enriched
in cell adhesion, Wnt signaling pathway, and cell migration (Fig.
S4 C and D), thus indicating involvement in cancer progression.

The regulatory mechanism mediated by splicing factors, espe-
cially for nonspliceosomal RNA-binding proteins, is a foundational
issue in the field of AS. Previous research has focused on single
splicing factors to clarify their binding motifs to describe their
potential roles in AS (48-51). However, specific AS event out-
comes are determined by multiple splicing factors (25). Therefore,
recent studies have concentrated on the crosstalk between splicing
factors in terms of AS (23, 24, 52-54). Based on genome-wide
analysis, cross-linking immunoprecipitation sequencing (CLIP-
seq), and exon microarray, two SR family proteins, SRSF1 and
SRSF2, have been found to exert cooperative and competitive
regulation of AS (23). In addition, the RNA-binding proteins
ASD-2 and SUP-12 have been reported to bind to nuc-60 pre-
mRNA and cooperatively promote a switch from isoform UNC-
60A to UNC-60B in Caenorhabditis elegans (54). Our results in-
dicate that TDP43 and SRSF3 form a splicing-regulatory complex
in which they coordinately regulate AS in TNBC.

Splice variants frequently contribute to metastatic progression
(55). As a fundamental player in cell polarization (56), PAR3 is a
strong inhibitor of metastasis in breast cancer (35, 36), lung cancer
(57), and pancreatic cancer (58). However, other reports in-
vestigating PAR3 have observed the opposite effect in ovarian and
skin tumors (59-61). Our results show that the presence and ab-
sence of PAR3 exon 12 induce opposite effects on tumor metas-
tasis. It is possible that AS is tissue specific, which might be one
reason for the different effects of PAR3 on different tumor types.
It would be helpful, therefore, to determine the predominant AS
form in different tumors. However, how PAR3 proteins generated
by isoforms of exon 12 inclusion and exclusion exhibit different
functions in tumor progression remains to be studied.

Experimental Procedures

Materials and methods used for semiquantitative RT-PCR, immunohisto-
chemistry and immunofluorescence, cell culture, the wound-healing assay,
the colony-formation assay, cell migration and invasion assays, the lung
metastasis assay, immunoprecipitation, Western blotting, plasmid construc-
tion, the xenograft assay, and LC-MS/MS were performed using standard
protocols, which are described in detail in S/ Experimental Procedures. The
bioinformatic analyses, including breast cancer subtype classification, phys-
ical interaction networks, RNA-seq analysis, and survival analysis, are avail-
able in S/ Experimental Procedures. Animal procedures were approved by
and performed in compliance with the Institutional Animal Care and Use
Committee of the Kunming Institute of Zoology, Chinese Academy of Sci-
ences. The clinical samples collection and experiments of this study were
approved by the Ethics Committee of the Third Affiliated Hospital of
Kunming Medical University. All participants gave written informed consent.
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