Muscleblind-like 1 suppresses breast
cancer metastatic colonization and
stabilizes metastasis suppressor transcripts
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Post-transcriptional deregulation is a defining feature of metastatic cancer. While many microRNAs have been
implicated as regulators of metastatic progression, less is known about the roles and mechanisms of RNA-binding
proteins in this process. We identified muscleblind-like 1 (MBNL1), a gene implicated in myotonic dystrophy, as a
robust suppressor of multiorgan breast cancer metastasis. MBNL1 binds the 3’ untranslated regions (UTRs) of DBNL
(drebrin-like protein) and TACCI1 (transforming acidic coiled-coil containing protein 1}—two genes that we impli-
cate as metastasis suppressors. By enhancing the stability of these genes’ transcripts, MBNL1 suppresses cell in-
vasiveness. Consistent with these findings, elevated MBNL1 expression in human breast tumors is associated with
reduced metastatic relapse likelihood. Our findings delineate a post-transcriptional network that governs breast
cancer metastasis through RNA-binding protein-mediated transcript stabilization.
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For metastasis to occur, cancer cells must acquire cellular
phenotypes that enable migration into distant organs,
where their outgrowth gives rise to end-organ failure
(Chaffer and Weinberg 2011). Enhanced invasiveness and
migratory capacity may be generated through the coordi-
nated expression of specific gene sets (Chiang and Mas-
sague 2008). Gene expression levels are established not
only by transcriptional induction but also through cotran-
scriptional processing and post-transcriptional regulation
of mRINA stability and expression. Two important classes
of molecules that act as post-transcriptional regulators are
microRNAs (miRNAs) and RNA-binding proteins (RBPs).
miRNAs have well-documented roles in post-transcrip-
tional regulation of mRNA expression both in normal de-
velopment and during cancer progression (Tavazoie et al.
2008; Zhang and Ma 2012; Gurtan and Sharp 2013; Pen-
cheva and Tavazoie 2013; Llobet-Navas et al. 2014).
RBPs can act similarly, where a single RBP can interact
with and modulate the expression of many transcripts
(Keene 2007). Through their binding to specific sets of
transcripts, RBPs regulate numerous processes, including
pre-mRNA processing, RNA stability, and translation.
Together, these processes contribute to a cell’s gene ex-
pression state, which drives biological phenotypes such
as those required for metastatic progression (Licatalosi
and Darnell 2010; Mitchell and Parker 2014).
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In this study, we identify the RBP muscleblind-like pro-
tein 1 (MBNLI1) as a metastasis suppressor in human
breast cancer and elucidate a mechanism through which
it acts. The MBNLI gene encodes a protein containing
two pairs of conserved RNA-binding CCCH zinc finger
domains (Pascual et al. 2006) and has a well-characterized
role in pre-mRNA splicing regulation (Ho et al. 2004). Loss
of MBNLI function results in a shift to fetal and embryon-
ic stem cell-like splicing expression patterns (Lin et al.
2006; Han et al. 2013) and impairs erythroid terminal dif-
ferentiation (Cheng et al. 2014). The Drosophila ortholog
of human MBNLI is required for normal development of
photoreceptor cells and normal muscle differentiation
and attachment (Begemann et al. 1997; Artero et al.
1998). MBNLI1 is also required for normal mammalian de-
velopment. Mice with genetic knockout of the MBNL]1
gene display muscle weakness and develop cataracts
(Kanadia et al. 2003a). MBNL2 and MBNL3, the remaining
members of the MBNL family, are highly homologous to
MBNLI, yet individual MBNL family members have dis-
tinct and tissue-specific expression patterns during devel-
opment and in somatic tissues (Kanadia et al. 2003Db).

In addition to its role in splicing, MBNLI1 has been im-
plicated as a regulator of other steps of RNA processing
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and expression. MBNL1 has been shown to influence
mRNA localization and translation in mouse myoblasts
(Wang et al. 2012) and promote mRNA decay in this
same system (Masuda et al. 2012). MBNLI1 also affects
developmentally regulated alternative polyadenylation
in mice (Batra et al. 2014) and regulates the processing of
pre-miR-1 (Rau et al. 2011). Taken together, these studies
highlight the wide range of tissue-specific RNA process-
ing steps mediated by MBNLI.

By integrating high-throughput sequence analysis of
transcripts bound to MBNLI1 with genome-wide tran-
scriptomic measurements of mRNA stability, we uncov-
ered a metastasis regulatory network governed by
MBNLI1 in breast cancer. We found that endogenous
MBNLI can suppress metastasis by human breast cancer
cells. MBNL1 directly binds to the 3’ untranslated regions
(UTRs) of two genes that suppress metastatic invasion.
MBNLI1 promotes the stability of transcripts encoding
these genes. MBNL1 depletion reduces the abundance of
these transcripts, increasing metastatic colonization. In
support of these experimental findings, analysis of
MBNL]1 expression in breast tumor samples reveals a sig-
nificant association between the expression of MBNL]I
and metastasis-free survival.
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Results

MBNL]1 is a suppressor of breast cancer metastasis,
and its expression is associated with reduced clinical
metastatic relapse outcomes

Loss of MBNLI activity is associated with the pathogene-
sis of myotonic dystrophy (Miller et al. 2000) and MBNLI1
has been found to regulate developmental phenotypes
(Kanadia et al. 2003a). A recent study, for example, impli-
cated MBNLI1 as a negative regulator of endocardial cell
invasion during chick heart development (Vajda et al.
2009). Given the impact of MBNLI on gene expression,
its implicated regulatory role in developmental cell inva-
sion, and its expression in breast cancer cells (Supplemen-
tal Fig. S1A), we investigated its potential role in cancer
metastasis—a process that requires cell invasiveness.
Depletion of MBNLI using two independent shRNAs ro-
bustly enhanced the metastatic colonization capacity of
MDA-231 human breast cancer cells in tail vein metastat-
ic colonization assays (Fig. 1A). Moreover, MBNLI1 deple-
tion also significantly enhanced (~15-fold) metastatic
colonization by LM2 cells, a metastatic in vivo selected
subline derived from the MDA-231 cell parental popula-
tion (Fig. 1B; Minn et al. 2005). We next examined the
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effect of MBNLI knockdown on metastasis by an inde-
pendent and minimally passaged human breast cancer
cell line, CN34 (Gupta et al. 2007). Again, we found that
MBNLI1 knockdown in this line significantly increased
(~100-fold) lung colonization (Fig. 2A). These findings re-
veal that endogenous MBNLI can act as a suppressor of
breast cancer metastatic colonization in these human
breast cancer cells.

Clinical data coupled with microarray analysis of pri-
mary tumors from three independent cohorts of breast
cancer patients (n=1609) revealed a significant associa-
tion between MBNL1 transcript levels in tumors and in-
creased metastasis-free survival (Fig. 1C). Furthermore,
we observed that breast cancer metastases expressed sig-
nificantly lower levels of MBNLI relative to primary tu-
mors (Fig. 1D). The two other human MBNL family
proteins, MBNL2 and MBNL3, share sequence similarity
with MBNL1. However, MBNLI is the most abundant
MBNL transcript in breast cancer tumors, suggesting
that, of the MBNL proteins, MBNLI1 plays the major regu-
latory role in this tissue (Supplemental Fig. S1A). Further-
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more, in the cell lines used in this study, MBNLI
depletion by RNAi did not down-regulate MBNL2 tran-
script levels (Supplemental Fig. S1B,C). Together, these
data reveal a clinical association between MBNL1 expres-
sion and metastasis-free survival in breast cancer that is
consistent with the functional metastasis-suppressive
role that we identified for this RBP.

We next assessed the impact of MBNL1 loss of function
on systemic metastasis to multiple organs through intra-
cardiac injection of breast cancer cells into the arterial
systemic circulation. This revealed a significant increase
in colonization of multiple distal organs, including the
brain, lungs, and bone, by MBNLI1-depleted cells relative
to control cells (Fig. 2B,C). We next sought to determine
whether MBNLI overexpression could, conversely, sup-
press metastatic colonization in vivo. Overexpression of
MBNLI in highly metastatic LM2 cells significantly re-
duced their lung colonization capacity (Fig. 2D). These ex-
periments reveal MBNLI to be a robust suppressor of
metastasis to multiple distal organs in these breast cancer
models.
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Figure 2. MBNLI is sufficient to suppress breast cancer metastasis in a xenograft model. (A) Western blot for MBNL1 in whole-cell lysate
of CN34 cells expressing either of two independent shRNAs targeting MBNL1 or a control shRNA. Of these cells, 7.5 x 10* were intrave-
nously injected into NOD-Scid mice, and lung colonization was assessed by bioluminescence imaging at day 78 after injection. Represen-
tative vimentin-stained lungs correspond to day 78 after injection. n=6. (B) After intracardiac injection of 5x 10* MDA-231 cells
expressing a control hairpin or an shRNA targeting MBNLI into athymic nude mice, systemic metastasis was monitored over time by
bioluminescence imaging. nn = 10. (C) Bioluminescence signal quantification of bone and representative H&E- stained gross bone histology
35 d after intracardiac injection of 5 x 10° MDA-231 cells expressing a control hairpin or an shRNA targeting MBNLI into athymic nude
mice. n=10. (D) Western blot for MBNLI in whole-cell lysate of LM2 cells stably expressing exogenous MBNLI or an empty vector. Of
these cells, 1 x 10° were injected intravenously into NOD-Scid mice. Lung colonization was monitored by bioluminescence imaging. Rep-
resentative H&E- and vimentin-stained lungs correspond to day 37 after injection. n = 10.
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MBNL1 suppresses invasion and transendothelial
migration in breast cancer cells

We next sought to define the cellular phenotypes altered
in cells depleted of MBNL1. shRNA-mediated knock-
down of MBNLI did not enhance in vitro proliferation
rates. In fact, MBNLI1 depletion actually reduced in vitro
proliferation (Fig. 3A). Furthermore, cells depleted of
MBNLI1 did not exhibit enhanced primary tumor growth
rates in vivo (Supplemental Fig. S1D). Therefore, the en-
hanced in vivo metastasis phenotype exhibited by
MBNLI1-depleted cells is unlikely to be caused by in-
creased proliferative or growth rates.

To identify potential phenotypes displayed by MBNL1-
depleted cells that could enhance metastatic activity, we
analyzed the ability of breast cancer cells depleted of
MBNLI to invade through Matrigel, a model of cancer
cell invasion through the basement membrane. MBNLI1
depletion significantly enhanced invasion of both
MDA-231 and CN34 breast cancer cells through Matrigel

>

MBNLI suppresses breast cancer metastasis

(Fig. 3D,F). Furthermore, this increase in invasiveness
was abrogated upon stable overexpression of MBNLI in
cells depleted of MBNLI1 (Fig. 3E; Supplemental Fig.
S1E). These effects appeared to be cell type-specific, as
knockdown of MBNLI in a HER2-positive breast cancer
cell line (SKBR3) did not enhance cell invasiveness. An-
other phenotype required for efficient metastasis to
organs such as the lungs or brain, which contain endothe-
lial barriers, is enhanced transendothelial migration ca-
pacity. We found that cancer cells depleted of MBNLI1
displayed enhanced transendothelial migration capacity
relative to control cells (Fig. 3C). Importantly, MBNLI1
depletion did not enhance general migratory capacity in
the absence of Matrigel or endothelial cells as a barrier
(Fig. 3B). These results reveal that MBNLI impedes
both the invasion and transendothelial migration capaci-
ty of MDA-231 breast cancer cells and suggest that these
processes, fundamental to metastatic progression, may
contribute to the in vivo metastasis-suppressive role of
MBNLI.
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Figure 3. MBNLI1 suppresses in vitro invasion and transendothelial migration. (A) Cell proliferation of MDA-231 cells expressing
shRNAs targeting MBNLI or a control sShRNA was assessed by seeding 2.5 x 10* cells and, after 5 d, quantifying the viable number
of cells using Trypan blue exclusion. n =3. (B) Cell migration capacity of MDA-231 MBNL1 knockdown cells compared with control
cells was assessed by seeding 5 x 10% cells in a Boyden chamber with 3.0-um pores. After 12 h, the number of cells that migrated to the
basal side of each insert was quantified. n=6-7. (C) The transendothelial migration capacity of MDA-231 cells with MBNLI1 knock-
down compared with control cells was assessed by seeding 5 x 10* cells on a transwell insert with 3.0-um pores coated with a monolayer
of human umbilical vein endothelial cells ([HUVECs). After 20 h, the number of cancer cells that migrated through the HUVEC mono-
layer was quantified by counting the number of cells on the bottom side of each insert. n=6. (D) Transwell invasion capacity of MDA-
231 cells with MBNLI knockdown compared with control cells was assessed by seeding 5 x 10* cells on a Matrigel-coated transwell
insert with 8.0-um pores. After 20 h, the number of cells invaded onto the bottom side of each insert was quantified. n=12-13. (E)
Transwell invasion assays were performed using MDA-231 cells with MBNL1 knockdown and stable overexpression of MBNLI. n =
5. (F) Transwell invasion assays were performed using CN34 cells with MBNL1 knockdown or control cells. n=5-6. Data are shown
as mean = SEM.
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MBNL1 binds and stabilizes transcripts
in breast cancer cells

We next investigated the molecular mechanism through
which MBNLI1 could mediate metastasis suppression.
Given that MBNLI is an RBP, we sought to identify its di-
rect targets as potential mediators of its effects. To identi-
fy endogenous RNA targets of MBNLI in breast cancer
cells, we performed high-throughput sequencing—cross-
linking immunoprecipitation (HITS-CLIP), as previously
described (Fig. 4A; Supplemental Fig. S2A; Jensen and
Darnell 2008). Statistically significant MBNL1-bound re-
gions were then identified using the CIMS (cross-link-in-
duced mutation site) algorithm, which incorporates
information provided by the cross-link-induced nucleo-
tide deletions present at the site of RNA-protein interac-
tions, a mutation type that is a consequence of the
UV radiation used to cross-link RNA and proteins in
the HITS-CLIP procedure (Zhang and Darnell 2011).
MBNLI1-bound CLIP tag clusters were significantly en-
riched in the GCUU motif (Fig. 4A), which is in agreement
with the YGCY motif previously determined as the opti-
mal MBNLI1-binding motif by SELEX (systematic evolu-
tion of ligands by exponential enrichment) (Goers et al.
2010). This finding was also in agreement with HITS-
CLIP data for MBNLI in mouse myoblasts, where
MBNLI1-binding sites were enriched for UGC and GCU
containing 4 mers (Wang et al. 2012). We also found
that, as expected from its known role as a regulator of al-
ternative splicing, the majority of MBNLI1-binding sites
occurred in introns. However, MBNL1 was also bound
to many sites in coding regions and UTRs (Fig. 4A), consis-
tent with recent findings from HITS-CLIP studies of
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MBNLI1 in mouse myoblasts (Masuda et al. 2012; Wang
et al. 2012).

MBNLI1 was originally characterized as a regulator of al-
ternative splicing, and recent studies have implicated it in
the regulation of RNA stability. Given its known role in
alternative splicing regulation, we used MISO (mixture
of isoforms) (Katz et al. 2010) to analyze RNA sequencing
(RNA-seq) data from MDA-231 breast cancer cells with
MBNL1 knockdown and control cells to identify
MBNLI1-dependent alternative splicing events. Through
this analysis, we identified 21 MBNLI1-dependent alterna-
tively spliced exons that were in transcripts also bound by
MBNLI1 (Supplemental Table S1). We validated the
MBNLI1-dependent changes in exon inclusion for these
transcripts using semiquantitative RT-PCR and arrived
at four genes that exhibited large MBNLI1-dependent
changes in exon inclusion (Supplemental Fig. S2B).
The MBNLI-dependent changes in relative transcript
splice variant abundance were then tested to see whether
they could affect the invasion phenotype observed in
MBNLI1-depleted cells. To do this, we specifically deplet-
ed the transcript variant that exhibited an increase in exon
inclusion using siRNA targeting the alternative exon.
However, modulation of the levels of these individual
transcript variants did not significantly impact the inva-
sion capacity of breast cancer cells (Supplemental Fig.
S2C,D). This does not exclude the possibility that reg-
ulation of alternative splicing by MBNLI1 contributes to
invasion and metastasis, and modulation of multiple tran-
script variants simultaneously could have this effect.
However, analysis of the transcripts identified here as hav-
ing MBNLI1-dependent changes in exon inclusion and be-
ing directly bound by MBNL1 revealed that modulation of

Figure4. MBNLI depletion affects the stability of

transcripts directly bound by MBNLI. (A) 3%P-la-

beled RNA-MBNL1 complexes were visualized
3UTR by autoradiography after RNase treatment, immu-
23% noprecipitation with anti-MBNLI1 or IgG, and sep-
aration by SDS-PAGE. The nucleotide motifs
shown are significantly enriched in the MBNLI-
bound HITS-CLIP CIMS clusters. Pie chart depict-
ing the percentage of MBNL1 HITS-CLIP clusters
mapping to the indicated transcript regions. (B)
Heat map depicting the relative enrichment of
MBNLI1-bound transcripts in the set of transcripts
destabilized by MBNLI1 depletion compared with
transcripts with no MBNLI1-dependent changes
in stability. Transcript stability was measured by
transcriptomic profiling of MDA-231 sh;MBNLI
and shCTRL cells at 0 and 9 h after a-amanitin
treatment. MBNLI1-bound transcript enrichment
in the stability data set was assessed using
TEISER. (C) Venn diagram of transcripts stabi-
lized and bound by MBNLI1. Numbers are tran-
scripts bound by MBNLI in the HITS-CLIP
data, transcripts with steady state levels down-
regulated in shMBNLI versus control cells
(fold change down >1.3 in shMBNLI vs. shCTRL,

CDs
8%

g <0.05), and transcripts destabilized upon MBNLI knockdown (fold change down >1.1 after amanitin treatment in shMBNL1

vs. control cells).
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each of these transcript isoform levels individually did not
regulate the invasive capacity of breast cancer cells.

A key feature of RBP regulation is control of transcript
stability. MBNLI has been shown to modulate transcript
stability in mouse myoblasts (Masuda et al. 2012). Howev-
er, the effect of MBNLI on transcript stability in cancer
has not been reported. Therefore, to determine whether
MBNLI1 could mediate its effects on cancer progression
by altering the stability of metastasis regulatory tran-
scripts, we conducted transcriptome-wide analysis of
RNA stability. In this experiment, MBNLI1-depleted or
control breast cancer cells were treated with a-amanitin,
and RNA was isolated. Relative transcript levels were de-
termined through transcriptomic profiling, revealing a set
of transcripts whose stability was deregulated upon
MBNLI loss. Next, we asked whether transcripts directly
bound by MBNL1 were significantly enriched among tran-
scripts with MBNLI-dependent changes in stability. To
this end, we analyzed the set of MBNLI1-bound transcripts
(from the HITS-CLIP data) along with transcript stability
measurements obtained from the transcriptomic profiling
of MBNLI knockdown and control cells that had been
treated with a-amanitin. We found that transcripts bound
by MBNLI1 in vivo were enriched in the group of tran-
scripts destabilized by MBNLI1 depletion compared with
transcripts with no MBNL1-dependent changes in stabil-
ity (Fig. 4B). These findings suggest that, in breast cancer,
MBNLI acts as an enhancer of transcript stability through
direct binding of transcripts.

We next sought to identify MBNLI-bound transcripts
that could mediate its effects on metastasis. As we had
observed that MBNLI1-bound transcripts were generally
stabilized, we sought to identify transcripts bound by
MBNL1, destabilized by MBNL1 depletion, and down-reg-
ulated at steady state in MBNLI1-depleted cells. Through
this analysis, we identified seven genes as potential regu-
lators of breast cancer metastasis downstream from
MBNLI1. This gene set was comprised of COL6AI,
DBNL (drebrin-like protein), IGFBP4, TACC1 (transform-
ing acidic coiled-coil containing protein 1), TK1, TOX2,
and VIPR1 (Fig. 4C). The steady-state levels of these tran-
scripts were assessed in two MBNL1-depleted breast can-
cer lines. We observed that three of these transcripts
(DBNL, TACC1, and TK1) exhibited reduced steady-state
levels upon MBNLI1 knockdown in both cell lines (Supple-
mental Fig. S3A,B). The protein levels of DBNL, TACCI,
and TK1 were also decreased in MBNLI1-depleted cells
(Supplemental Fig S3C).

MBNL1-bound targets DBNL and TACC1 suppress
metastatic invasion in breast cancer cells

Given that MBNLI depletion reduced the stability and
subsequent abundance of DBNL, TACC1, and TK1 tran-
scripts, we sought to determine whether reconstituting
the expression of these genes in cells depleted of
MBNLI1 could reverse the enhanced metastatic pheno-
type. We found that stable overexpression of DBNL and
TACC]I, but not TK1 or an mCherry control, significantly
decreased the invasive capacity of MBNL1-depleted breast

MBNLI suppresses breast cancer metastasis

cancer cells (Fig. 5A; Supplemental Fig. S3D). Important-
ly, restoring the expression of DBNL and TACCI1 in
MBNLI-depleted cells significantly abrogated the en-
hanced metastatic lung colonization phenotype conferred
by MBNLI depletion alone, while overexpression of TK1
did not have a significant effect (Fig. 5B). These findings
demonstrate that overexpression of either DBNL or
TACCI is sufficient to repress the metastatic lung coloni-
zation of MBNLI1-depleted breast cancer cells in vivo as
well as suppress transwell invasion in vitro. Consistent
with these findings, overexpressing either DBNL or
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Figure 5. DBNL and TACCI suppress metastatic invasion and
colonization. (A) Candidate MBNLI1-regulated genes were stably
overexpressed in shMBNL1 MDA-231 cells. mCherry was over-
expressed as a control. Transwell invasion assays were per-
formed with these cells. n=6. (B) MDA-231 cells (2x 10%
stably overexpressing DBNL, TACC1, TK1, or mCherry were in-
jected into the venous circulation of mice. Lung colonization
was monitored by bioluminescence imaging. n=5. (C) Trans-
well invasion assays were performed with CN34-LM1a cells sta-
bly overexpressing DBNL, TACCI1, or mCherry. n=6. Data are
shown as mean + S.E.M.
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TACCI in the CN34-Lmla line, an independent highly
metastatic breast cancer cell population, suppressed cell
invasiveness as well (Fig. 5C). Interestingly, although
simultaneous overexpression of DBNL and TACCI in
MBNLI1-depleted breast cancer cells resulted in a signifi-
cant decrease in invasion capacity, this effect was not sig-
nificantly greater than the effect of overexpressing DBNL
or TACCI individually (Supplemental Fig. S3E). Notably,
overexpression of either DBNL or TACCI alone did not
affect the level of the other protein (Supplemental Fig.
S3F). Therefore, DBNL and TACC1 may function redun-
dantly in reducing the invasive capacity of MBNLI-de-
pleted cells.

The cell biological processes affected by DBNL and
TACCI1 could conceivably mediate the phenotypes
that we observed upon MBNLI1 depletion. DBNL is an F-
actin-binding protein and has been reported to have roles
in mammalian development, endocytosis, and the im-
mune response (Larbolette et al. 1999; Kessels et al.
2000; Connert et al. 2006; Schymeinsky et al. 2009; Hep-
per et al. 2012). Although there is no reported role for
DBNL in cancer progression, a recent study showed that
DBNL depletion in Src transformed fibroblasts regulates
podosome rosette formation and, interestingly, increases
cell invasiveness (Boateng et al. 2012). TACCI has been
reported to associate with proteins involved in diverse cel-
lular processes, including those involved in centrosome
dynamics (chTOG, TRAP, and Aurora A, B, and C), tran-
scription (Gas41, thyroid hormone receptor, and retinoid
acid receptor a), and RNA processing (LSM7 and SmG]
(Lauffart et al. 2002; Conte et al. 2003; Guyot et al.
2010; Gabillard et al. 2011). Intriguingly, TACCI mRNA
has been shown to be down-regulated in breast tumors
compared with normal breast tissue, supporting the sup-
pressive role that we identified for this gene in cancer pro-
gression (Conte et al. 2002).

DBNL and TACC1 are bound by MBNL1
and destabilized by MBNL1 depletion

Interestingly, the HITS-CLIP MBNLI1-binding data re-
vealed that MBNL1 binds the 3" UTRs of DBNL and
TACCI1 (Fig. 6A), suggesting that MBNL1 may enhance
the stability of these transcripts through direct interac-
tions with their 3 UTRs. To further validate this observa-
tion, the reduced stability of DBNL and TACCI
transcripts upon MBNLI1 depletion was verified by quan-
titative RT-PCR (QRT-PCR), using a-amanitin to inhibit
transcription (Fig. 6B). To validate the stabilization of
these transcripts by MBNLI1 using an independent meth-
od of transcription inhibition, we used dichlorobenzimi-
dazole 1-p-D-ribofuranoside (DRB), an inhibitor of
CDK9. Following DRB treatment, DBNL and TACCI1
transcripts exhibited shorter half-lives in MBNLI1-deplet-
ed cells relative to control cells (Fig. 6C). Importantly, mu-
tating the major MBNL1-binding sites in the TACC1 3’
UTR, when cloned 3’ of an mCherry OREF, significantly
decreased the levels of the mCherry reporter transcript
compared with wild-type TACC1 3’ UTR-driven reporter
transcript levels (Supplemental Fig. S4B).
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MBNL1 has a known role in modulating poly(A) site se-
lection (Batra et al. 2014), and the location of the MBNL1-
binding sites, immediately 3’ of the coding sequence stop
codons in the DBNL and TACCI transcripts, suggested
that MBNL1 might regulate the stability of these tran-
scripts through modulation of poly(A) site choice. There-
fore, we tested whether the 3’ UTR lengths of the DBNL
and TACCI1 transcripts were altered in MBNL1 knock-
down cells. We did not find a significant difference in
the 3’ UTR lengths of these transcripts upon MBNLI
depletion (Supplemental Fig. S4A). These findings reveal
that, in breast cancer cells, MBNLI binds to the 3 UTRs
of DBNL and TACCI transcripts and promotes their
stability.

DBNL and TACCI1 expression levels are associated
with breast cancer clinical outcome

The expression levels of TACC1 in human cancer samples
can be inferred from microarray data sets, since it is repre-
sented by an informative probe. Analysis of a data set
comprising 3455 tumor samples representing multiple co-
horts revealed a significant positive correlation between
TACC1 expression and relapse-free survival in breast can-
cer patients (Fig. 6D), consistent with TACC1 acting as a
suppressor of breast cancer metastasis. DBNL, however,
was not represented by a probe on the microarray platform
used to generate the large breast cancer data sets analyzed.
Therefore, to determine whether an association exists be-
tween DBNL and breast cancer progression, we performed
qRT-PCR on a panel of commercially available (Origene)
cDNAs generated from breast tumor-derived RNA. Con-
sistent with its uncovered metastasis suppressor role,
metastatic stage IV tumors expressed significantly lower
levels of DBNL relative to early stage, localized tumors
(stages I and II) (Fig. 6E; Supplemental Fig. S4C).

Discussion

Using a combination of biochemical, functional, and com-
putational approaches, we identified the RBP MBNLI as a
suppressor of breast cancer metastasis in models of hu-
man breast cancer progression studied here. We also eluci-
dated a mechanism through which MBNL1 mediates, in
part, its suppressive effect. We found that, in breast cancer
cells, MBNLI globally enhances the stability of the tran-
scripts it binds. Among these transcripts are DBNL and
TACCI1, targets that encode suppressors of invasion and
metastatic colonization. DBNL and TACC1 are examples
of MBNLI1-bound transcripts that are directly regulated by
MBNLI and act as metastasis suppressors. We speculate
that DBNL may exert its invasion-suppressing effects
through its modulation of podosome rosette formation.
Podosomes, cell protrusions enriched in F-actin, have
been shown to regulate cell invasion by localized secre-
tion of extracellular matrix-degrading factors, and this
action is usually associated with increased cell invasive-
ness (Linder 2007). Alternatively, DBNL may modulate
cell invasiveness through a mechanism independent of
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Figure 6. MBNLI1 depletion destabilizes
DBNL and TACCI, and DBNL and
TACC1 expression levels are associated
with clinical outcome in breast cancer. (A)
MBNL1 HITS-CLIP read density mapped
onto the 3 UTRs of DBNL and TACCI.
The two colors indicate the two biological
MBNL1 HITS-CLIP replicates. (B) qRT-

PCR of DBNL and TACCI1 in MDA-231
and CN34 shMBNLI1 and shCTRL cells at
0 and 9 h after a-amanitin treatment. 18S
was used as an endogenous control. n=3.
(C) qRT-PCR of DBNL and TACCI1 in
MDA-231 shMBNLI1 and shCTRL cells at
the times indicated after treatment of cells
with DRB. n=3. (D) Kaplan-Meier curve
showing relapse-free survival of breast can-

cer patients with tumors expressing high
(red) or low (black) levels of the TACCI1
transcript. n=3455. (E) Levels of DBNL
were assessed by qRT-PCR from RNA ob-
tained from a panel of staged breast cancer
tumors. B-Actin was used as an endogenous
control. n=48.
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podosome formation. TACC1 is a scaffolding protein that
has been shown to interact with a variety of proteins, in-
cluding centrosome-associated factors, nuclear hormone
receptors, and RNA processing proteins (Lauffart et al.
2002; Conte et al. 2003; Guyot et al. 2010; Gabillard
et al. 2011). This protein could potentially localize these
interacting factors in order to mediate the observed meta-
static phenotype.

RNA-interacting proteins are abundant, with >800
mRNA-interacting proteins reported in human cells (Cas-
tello et al. 2012). Given their ability to coordinately regu-
late sets of transcripts, proteins belonging to this group
have the potential to confer attributes that affect the met-
astatic potential of cancer cells. Indeed, recent studies
have noted just such effects on breast cancer progression
for a variety of RBPs. The metastasis-modulating effects
of these RBPs were shown to arise through diverse mech-
anisms, including direct modulation of transcript stability
(Goodarzi et al. 2014; Vanharanta et al. 2014) as well as

regulation of alternative splicing patterns (Xu et al.
2014). MBNLI affects many steps of RNA maturation
and expression. While MBNLI1 could impact gene expres-
sion and phenotypic output of cancer cells through multi-
ple mechanisms, our findings reveal that its effects are
mediated in part through its regulation of TACC1 and
DBNL. Here, we found that MBNLI enhances the stabil-
ity of the DBNL and TACC] transcripts and interacts
with their 3’ UTRs. Although it has been reported previ-
ously that MBNLI globally destabilizes transcripts
(Masuda et al. 2012), this previous study both used a differ-
ent method to assess global transcript stability in response
to MBNLI depletion and found this effect in mouse myo-
blasts. In the current study, we present evidence that
MBNLI1 directly interacts with a large number of tran-
scripts in human breast cancer cells and can stabilize a
subset of these transcripts. However, as MBNLI1 binds nu-
merous transcripts and as MBNLI1 binding to a transcript
does not result in a binary output, MBNLI1 binding would
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not be expected to impart the same effect on the entire set
of RNAs with which it interacts. This is consistent with
general RBP regulatory paradigms, where the combined
influences of the subcellular compartment and the local
RNA sequence/structure determine the expression out-
put of an RBP interaction with a transcript. We found
that, in breast cancer cells, MBNLI1 interacts with a subset
of transcripts to promote their stability, which may occur
through inhibiting their interactions with destabilizing
factors such as components of the mRNA decay machin-
ery or miRNAs.

It is interesting to note that while MBNL1 has not been
implicated as a regulator of cancer progression, it has been
well established that MBNLI is clinically important in
the pathogenesis of myotonic dystrophy, a genetic disease
that has been extensively studied. In myotonic dystrophy,
a disease-specific CTG repeat expansion in the 3’ UTR of
DMPK in type 1 or a CCTG repeat expansion in the first
intron of CNBP in type 2 results in the accumulation of
transcripts with these repeat expansions (Brook et al.
1992; Liquori et al. 2001). These aberrant RNAs have
been shown to bind and sequester MBNLI, leading to
the subsequent misregulation of MBNL1 RNA targets.
There is considerable evidence that this loss-of-function-
like mechanism is a key contributor to the pathogenesis
of myotonic dystrophy (Miller et al. 2000). Although myo-
tonic dystrophy is primarily characterized by muscle
weakness along with cardiac and neurological abnormali-
ties (Udd and Krahe 2012), a higher incidence of primary
tumor development in individuals affected with myotonic
dystrophy has been observed (Gadalla et al. 2011; Win
et al. 2012). In light of our findings concerning a suppres-
sive role for MBNLI in cancer progression, future studies
into metastatic relapse outcomes in these myotonic dys-
trophy patients are warranted.

Materials and methods

Animal experiments

All mouse studies were conducted according to a protocol ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at Rockefeller University. Intravenous injections of can-
cer cells were performed on age-matched (4- to 6-wk-old) female
NOD-Scid mice. Metastatic lung colonization was monitored
by in vivo bioluminescence imaging and measuring photon flux
in the region of interest. In vivo tumor growth assays were per-
formed by injecting 5 x 10° cancer cells with 100 uL of Matrigel
into bilateral mammary fat pads of NOD-Scid mice. Tumor vol-
ume was assessed by caliper measurements. Two-way ANOVA
was used to assess significance of the metastatic colonization as-
says, and a Student’s two-tailed t-test was used to assess signifi-
cance of the tumor volume measurements.

Cell culture

All cell lines were maintained at 37°C and 5% CO,. The human
embryonic kidney 293T, MDA-MB-231, and CN34 cell lines were
cultured in Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM
sodium pyruvate, 100 U/mL penicillin, 100 pg/mL streptomycin,
and amphotericin B.
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For cell counting, cell viability was assessed by Trypan blue,
and only cells that excluded the dye were counted as viable. A
Student’s two-tailed t-test was used to determine significance.

Gene knockdown

Lentivirus was produced by transfecting 293 T cells that had been
seeded in six-well plates and allowed to become 60% confluent
with 2 pg of pLKO.1 shRNA-containing vector, 2 g of vector K,
and 1 pg of vector A. TransIT-293T (Mirus Bio) was used for trans-
fection according to the manufacturer’s protocol. Virus was har-
vested at 48 h after transfection and passed through a 0.45-um
syringe filter to remove 293T cells.

Target cancer cells were transduced by incubation with the len-
tivirus for 6 h in the presence of 8 ug/mL polybrene. After trans-
duction, the medium was changed to normal growth medium.
Selection was started 48 h after transduction by adding puromy-
cin to a final concentration of 1.5 pg/mL. Cells were kept under
selection for 48 h.

For siRNA-mediated gene knockdown studies, cells were seed-
ed at 5 x 10* per well in 12-well plates. Twenty hours after seed-
ing, cells were transfected with 30 pmol of siRNA using
Lipofectamine 2000 (Life Technologies) according to the manu-
facturer’s instructions.

shRNA target sequences were as follows: shjMBNLI, 5'-GCC
AACCAGATACCCATAATA-3'; shyMBNLI1, 5-GCCTGCTTT
GATTCATTGAAA-3'; and shCTRL, 5-CAACAAGATGAAGA
GCACCAA-3'. siRNA target sequences were as follows:
siFGFR1-SE, 5-TGACACCACCTACTTCTCCGTCAATGT-3;
siMYL6-SE, 5-AAGCGTTTGTGAGGCATATCCTGTCGG-3;
siPICALM-SE, 5-AACAATGAATGGCATGCATTTTCCACA-3;
siSEC31A-SE, 5-CTCCTCCTACTTCAAACGCTTACCCTA-3;
and siCTRL, 5-CGTTAATCGCGTATAATACGCGTAT-3'.

Retroviral- and lentiviral-mediated protein overexpression

Retrovirus was produced by transfecting 293T cells seeded in six-
well plates with 2 ug of pBabe containing the ORF of interest, 2 ug
of Gag/Pol, and 1 pg of VSV-G. Transfection was carried out using
TransIT-293T (Mirus Bio) according to the manufacturer’s proto-
col. Virus was harvested 48 h after transfection and passed
through a 0.45-um syringe filter to remove cells. For C-terminal
Flag-tagged MBNLI overexpression, target cells were transduced
by incubation with retrovirus for 6 h in the presence of 8 ug/mL
polybrene. At this time, the medium was changed to normal
growth medium. Selection was started 48 h after transduction
by adding puromycin to a final concentration of 1.5 pg/mL or
hygromycin to a final concentration of 350 pg/mL. Puromycin se-
lection was maintained for 48 h, while hygromycin selection was
carried out for 11-14 d.

Lentivirus was produced by transfecting 293T cells seeded in
six-well plates with 2 pg of pLX302 or pLX304 containing the
ORF of interest with a C-terminal V5 tag, 2 pg of vector K, and
1 ug of vector A. TransIT-293T (Mirus Bio) was used to transfect
the DNA per the manufacturer’s protocol. Virus was harvested at
48 h after transfection and passed through a 0.45-um syringe filter
to remove 293T cells. For DBNL, TACCI1, TK1, and mCherry
overexpression, target cancer cells were transduced by incubation
with the lentivirus for 6 h in the presence of 8 ug/mL polybrene.
After transduction, the medium was changed to normal growth
medium. Selection was started 48 h after transduction by adding
puromycin to a final concentration of 1.5 ug/ml or blasticidin to
a final concentration of 10 pg/mL. Puromycin selection was
maintained for 48 h, while blasticidin selection was carried out
for 5-6 d.



Transcriptome sequencing and alternative splicing analysis

Whole-transcriptome sequencing libraries were constructed us-
ing the ScriptSeq version 2 kit (Epicentre) per the manufacturer’s
instructions. The input RNA was isolated with a spin column-
based kit, including an on-column DNase treatment per the man-
ufacturer’s instructions (Norgen), and then depleted of rRNA us-
ing the Ribo-Zero kit (Epicentre). The libraries were sequenced at
the Rockefeller University Genomics Resource Center on a
HiSeq 2000 (Illumina). Reads were first trimmed to remove linker
sequences and low-quality bases using Cutadapt (version 1.2.1).
TopHat2 (version 2.0.8) was then used to map the reads to the hu-
man transcriptome (RefSeq transcriptome index hgl9). Cufflinks
(version 2.0.2) was then used to estimate RPKM (reads per kilo-
base per million mapped reads) values and compare shControl
and shMBNLI1 samples.

For alternative splicing analysis, mapped reads from each of the
two MBNLI1 targeting shRNA-expressing MDA-231 cell lines
were compared with the shCTRL-expressing cell line using
MISO (version 0.4.9) (Katz et al. 2010), in conjunction with the
provided annotations for skipped exons, to quantitate modula-
tions in alternative splicing events.

gRT-PCR

RNA was isolated using a total RNA isolation kit, including an
on-column DNase treatment (Norgen). cDNA synthesis was car-
ried out using the SuperScript IIl reverse transcriptase kit using a
mixture of oligodT and random hexamers for priming (Life Tech-
nologies). QRT-PCR was carried out using Fast SYBR Green mas-
ter mix (Applied Biosystems), and fluorescence was monitored
using a 7900HT Fast real-time instrument (Applied Biosystems).
Data were analyzed using the AACt method. The endogenous
control transcripts that were used for normalization are indicated
in each figure. Statistical significance was determined using a
one-tailed Student’s t-test. The sequences of the primers used
for all qRT-PCR assays are in Supplemental Table S2.

Semiquantitative RT-PCR

RNA was isolated using a total RNA isolation kit, including an
on-column DNase treatment (Norgen). cDNA synthesis was car-
ried out using the SuperScript III reverse transcriptase kit using
oligodT for priming (Life Technologies). PCR amplification was
carried out using high-fidelity platinum Taq polymerase accord-
ing to the manufacturer’s protocol (Life Technologies). The reac-
tions were separated on 1.5% or 2% agarose gels, depending on
the expected amplicon sizes, and stained with ethidium bromide.
Band intensity was quantified using ImageJ (National Institutes
of Health). The sequences of the primers used for all semiquanti-
tative RT-PCR experiments are in Supplemental Table S2.

Matrigel transwell invasion assays

Cancer cells were serum-starved in medium containing 0.2 % FBS
for 20 h. The starved cancer cells were seeded at 5 x 10* cells per
well in Matrigel-coated invasion chambers with 8.0-um pore size
(BD Biosciences) that were pre-equilibrated in 0.2% FBS-contain-
ing medium. After the cells had been allowed to invade for 20 h at
37°C, the Matrigel-coated inserts were washed with PBS, and the
cells on the top side of each insert were scraped off. The cells were
fixed in 4% paraformaldehyde for 15 min at 37°C, and the inserts
were cut out and mounted onto slides using VectaShield with
DAPI (Vector Laboratories). The number of cells invaded through
the Matrigel was quantified by imaging each insert using an in-
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verted fluorescence microscope (Zeiss Axiovert 40 CFL). Five im-
ages were taken per insert at 10x magnification. Image] (National
Institutes of Health) was used to quantify the number of invaded
cells. Statistical significance was determined using a one-tailed
Student’s t-test.

Transendothelial and migration assays

Cancer cells were serum-starved in medium containing 0.2 % FBS
for 12 h. For transwell migration assays, 5 x 10* serum-starved
cancer cells were seeded into 3.0-um porous HTS Fluoroblock
transwell migration inserts (BD Biosciences) and allowed to mi-
grate for 12 h at 37°C, after which the inserts were processed, im-
aged, and quantified as described above for the Matrigel invasion
assays. For transendothelial migration assays, 5 x 10* human um-
bilical vein endothelial cells (HUVECs) were seeded into colla-
gen-precoated 3.0-um porous HTS Fluoroblock transwell
migration inserts. After the HUVECSs reached a monolayer state
(typically after 2 d), the endothelial cells were serum-starved over-
night in EGM-2 medium containing 0.2% FBS. The following
day, 5 x 10* serum-starved cancer cells were seeded into 3.0-ym
porous inserts containing HUVEC monolayers. The cancer cells
were allowed to migrate through the HUVEC monolayer for
20 h at 37°C. Following completion of the assay, the inserts
were processed, imaged, and quantified as described above for
the Matrigel invasion assays. Statistical significance was deter-
mined using a one-tailed Student’s t-test.

Immunoblotting

Whole-cell lysate was prepared by washing trypsinized cells twice
with cold PBS, resuspending the cell pellet in ice-cold RIPA buffer
with 1x Complete protease inhibitor cocktail (Roche), and incu-
batingfor 20 min on ice. The lysate was sonicated and then cleared
by spinning in a microcentrifuge at maximum speed for 15 min at
4°C. The total protein concentration of the resulting cleared lysate
was determined using the BCA assay method (Thermo Scientific).
Equal amounts of total protein, typically 20 ug per lane, were run
on 4%-12% Bis-Tris NuPAGE gels in MOPS buffer (Life Technol-
ogies) under reducing conditions. Proteins were transferred to
0.2 um of PVDF (Millipore) and blocked with 5% nonfat milk in
PBS. Antibodies used in this study include custom-made poly-
clonal rabbit anti-MBNLI (Yenzyme, raised to amino acids 363—
378 of NP_066368), anti-Flag (Sigma, F1804), anti-DBNL (Abcam,
ab86708), anti-TACC1 (Abcam, ab187358), anti-TK1 (Cell Signal-
ing Technology, 8960), and anti-B-tubulin (Cell Signaling Tech-
nology, 2128). The blots were incubated with horseradish
peroxidase-conjugated secondary antibodies and developed using
the ECL method (Thermo Scientific).

HITS-CLIP

HITS-CLIP for endogenous MBNL1 was carried out as described
previously (Jensen and Darnell 2008) with the following modifica-
tions. MDA-231 cells were cross-linked by irradiation with
400 mJ/cm® at 254 nm. A custom antibody raised against
MBNLI1 was conjugated to protein A Dynabeads (Life Technolo-
gies) and used to immunoprecipitate endogenous MBNL1-RNA
complexes. Biological duplicate libraries were prepared, and the
samples were sequenced on an Illumina HiSeq 2000 instrument
at the Rockefeller University Genomics Resource Center. The se-
quencing reads were first trimmed to remove linker sequences
and low-quality bases using Cutadapt (version 1.2.1) with param-
eters -q 15 and -m 25. The resulting reads were then aligned to the
human genome (build hgl19) using Bowtie2 (version 2.1.0). The
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analytical package CIMS (Zhang and Darnell 2011) was then used
to identify CLIP peaks in each of the biological replicates (false
discovery rate < 10%). The peaks from the two replicates were
then overlapped (intersectBed) to generate a high-confidence list
of MBNLI1-binding sites. Sequences were extracted and analyzed
for motif discovery using ChIPseeqer (Giannopoulou and Ele-
mento 2011). Briefly, a randomized background set was generated
using a first-order Markov model to control for length and dinu-
cleotide frequency in the real binding sites. The resulting “real”
and “scrambled” sequences were then analyzed using FIRE (find-
ing informative regulatory elements) (Elemento et al. 2007) to
identify the best representation of the MBNLI-binding site.

Transcript stability assays

For the a-amanitin microarray data, MDA-231 MBNLI knock-
down or control cells were treated with 10 pg/mL a-amanitin
(Sigma). Nine hours after a-amanitin addition, RNA was isolated
from the cells using a total RNA isolation kit with on-column
DNase treatment (Norgen). RNA was labeled using the Target-
Amp nano-labeling kit according to the manufacturer’s protocol
(Epicentre) and hybridized to Illumina beadchip arrays. Lumi
package (R) was used to normalize and compare Illumina HT12
beadchip raw signals for shControl and shyMBNL1 samples at
0 and 9 h after a-amanitin treatment. The differences between
the shyMBNBL1/shControl log fold changes were used as a mea-
sure of stability. To discretize the input values, transcripts with
log fold change difference of less than —0.1 were labeled as “desta-
bilized.” The computational tool TEISER, in nondiscovery mode,
was then used to assess the stability of MBNL1-bound transcripts
in this data set (as described in Goodarzi et al. 2014). For valida-
tion of the beadchip array results, relative transcript levels were
assessed by qRT-PCR, and 18S was used as an endogenous nor-
malization control. Statistical significance was determined using
a one-tailed Student’s ¢-test.

Cells were seeded at 2 x 10° per well in six-well plates. Eighteen
hours after seeding, DRB (Sigma) was added to the cells to a final
concentration of 100 pM. RNA was isolated at 0,2, 4, 6, and 8 h
after DRB addition using a total RNA isolation kit with on-col-
umn DNase treatment (Norgen). Relative levels of the transcripts
of interest were assessed by qRT-PCR, using 18S as the endoge-
nous control. Half-life calculations were done using the formula
t1/o =In2/kgecay, where the decay constant was determined by
plotting the data on a semilog scale and using nonlinear regres-
sion to find the best fit line (Graphpad Prism version 6).

For the reporter assay, a truncated mCherry ORF with all
YGCY motifs mutated was cloned into the pCMV6-AC vector
(Origene) and used as an exogenous reporter gene. The 3’ UTR
of TACC1 was cloned downstream from the mCherry ORF stop
codon. The MBNLI1-binding sites, as determined by CIMS analy-
sis of the MBNLI1 HITS-CLIP data, were mutated (scrambled)
while keeping the dinucleotide frequency constant. For each of
these constructs, 100 ng was transiently transfected into 7.5 x
10* MDA-231 cells in 12-well plates, and total RNA was isolated
48 h after transfection. The relative level of the mCherry reporter
was assessed by qRT-PCR, and the neomycin resistance tran-
script (transcribed from the same vector) was used as the normal-
ization control. Statistical significance was determined using a
one-tailed Student’s t-test.

MBNLI1, DBNL, and TACC1 expression correlation
with clinical outcomes

Relative MBNLI transcript levels in a set of 117 primary breast
cancers and 36 distal metastases were taken from previously pub-
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lished data sets in which cancer samples were transcriptomically
profiled using a common platform (as describe in Png et al. 2011).
The KMplotter tool was used to assess the correlation between
MBNL1 and TACC1 expression and distant metastasis-free sur-
vival or relapse-free survival in breast cancer patients (Gyorffy
etal. 2013). For both, high and low gene expression levels were de-
termined by dividing at the median, and a log rank P-value was
used to assess significance. DBNL correlation with clinical out-
come in breast cancer was assessed by qRT-PCR in a commer-
cially available set of ¢cDNA from 48 staged breast tumor
samples (Origene), using B-actin as the endogenous control.

Data analysis

Statistical comparisons were carried out using the test indicated
for each experiment type. In all figures, P <0.05 (*), P<0.01 (**),
and P<0.001 (***). Statistical significance was concluded at
P<0.05.

Accession number

All high-throughput sequencing and Illumina beadchip array data
have been deposited in the Gene Expression Omnibus (GEO)
database under accession number GSE76488.
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