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Abstract

Background
Metastasis leads to recurrence and death in colorectal cancer (CRC) patients; however, mechanisms
underlying CRC metastasis, especially in its initial stages, remain largely unknown. In this study, we aim
to identify long noncoding RNAs (lncRNAs) functionally involved in CRC metastasis initiation and their
regulation that could lead to targeted therapeutics.

Methods
We performed whole transcriptome sequencing using CRC cell lines with divergent spontaneous
metastatic properties. The biological roles and mechanisms of lncRNA MIR99AHG were characterized
with a series of in vitro and in vivo models and molecular analyses.

Results
MIR99AHG was upregulated in CRC patients and associated with tumor stage and prognosis. MIR99AHG
potently drove migration, invasion and metastasis in CRC cells, and these effects were dependent on its
role in promoting invadopodia formation. MIR99AHG interacted with RNA splicing factor PTBP1, which
cooperatively modulated alternative splicing of chromatin remodeling gene SMARCA1. Mechanistically,
MIR99AHG acted as an address label for PTBP1 to direct its binding to the 5’ splice site of SMARCA1
intron 12, thereby facilitating inclusion of the alternative exon 13 to generate a long isoform (SMARCA1-
L). The canonical SMARCA1 inhibited cell migration and invasion and suppressed a core set of genes
involved in invadopodia, but the SMARCA1-L was functionally inert in metastasis suppression. Clinically,
SMARCA1-L levels were positively correlated with MIR99AHG and PTBP1 in patients with metastatic CRC.

Conclusions
This study identi�ed that invadopodia was regulated by a splicing switch of SMARCA1 due to the
interaction between MIR99AHG and PTBP1, highlighting a novel regulatory mode mediated by lncRNA in
alternative splicing of chromatin remodeler during CRC metastasis.

Introduction
Colorectal cancer (CRC) is the most common gastrointestinal malignancy worldwide [1]. The major cause
of death and recurrence from CRC is metastasis, which greatly hampers the success of treatment
modalities [2]. Metastasis is characterized by a stepwise succession of biological events, with cell
migration and invasion into surrounding tissue being an initial step [3]. During this process, motile cancer
cells penetrate barriers, such as the extracellular matrix (ECM) and basement membrane, by forming
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protrusive invadopodia, which are specialized F-actin-rich membrane protrusions with matrix degradative
properties [4]. Currently, the mechanisms underlying CRC metastasis initiation as well as that governing
invadopodia formation remain poorly understood. Therefore, it is critically important to identify
invadopodia regulation mechanisms and their relation to biological events that promote metastasis,
which could bene�t biomarker discovery and drug development for CRC [5].

Alternative splicing (AS) of precursor mRNA (pre-mRNA) is an important regulatory process for
modulation of gene expression [6]. Abnormalities in AS, which lead to functionally aberrant gene
products, have been involved in multiple oncological processes, including metastasis [7]. PTBP1, also
known as hnRNP I, acts as a splicing regulatory factor that is elevated in multiple cancers and has been
found to be involved in metastasis by regulating AS of a variety of pre-mRNAs [8–10]. PTBP1 functions
through recognition of speci�c pyrimidine-rich elements within intronic sequences via several RNA
binding domains (RBDs) [11]. PTBP1 was originally reported as a splicing repressor [11], but it was
subsequently found to also activate AS [12, 13]. The effect of PTBP1 on the �nal splicing pattern was
proposed to be dependent on its position relative to the regulated exons, which allows it to act
differentially on different targets [14]. However, the precise interaction speci�cs underlying the position-
speci�c effect of PTBP1 during AS remain an open question.

Chromatin remodeling is a prerequisite for controlling gene expression in eukaryotes [15]. In addition to
histone modifying enzymes, remodeling can be carried out by a superfamily of ATP-dependent chromatin
remodelers that either move, eject or restructure nucleosomes [16]. The imitation switch (ISWI) complexes
constitute one family of conserved chromatin remodelers which have been shown to affect cancer
phenotypes via regulation of oncogenic gene transcription [16]. SMARCA1, also known as SNF2L, is an
ATPase subunit of the ISWI chromatin remodeling complexes. Several alternatively spliced transcript
isoforms have been reported for SMARCA1 [17–19], but the regulation of these isoforms and their
specialized roles during CRC progression still requires study.

Long non-coding RNAs (lncRNAs) are de�ned as transcripts longer than 200 nucleotides (nts) that lack
protein translation capabilities [20]. lncRNAs are functionally involved in cancer progression, and their
aberrant expression is a characteristic of the majority of cancers [21]. A growing body of evidence
demonstrates that lncRNAs play important roles in gene regulation [22]. Here, we analyzed the lncRNA
expression pro�les in CRC cells with low and high metastatic capacity. The lncRNA MIR99AHG was
identi�ed as a pro-metastatic, invadopodia-related lncRNA that is associated with poor prognosis in CRC
patients. MIR99AHG interacted with and stabilized PTBP1, enhancing cell migration and invasion, as well
as invadopodia formation. MIR99AHG and PTBP1 cooperatively regulated the AS of SMARCA1 pre-mRNA
in CRC cells, increasing production of the long isoform that is an inactive subunit and decreasing the
short isoform which inhibits metastasis and invadopodia formation. Our �ndings identify an epigenetic
cause of metastatic CRC with diagnostic and therapeutic implications.

Materials And Methods
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Cell lines and cell culture
KM12C and KM12SM cells were established as previously described [23] and obtained from the Coffey
lab (Vanderbilt University Medical Center). CoLo205, RKO, SW1463, T84, HCT8, HT29, HCT15, SW948, SK-
CO-1, DLD-1, SW837, LS123, SW1116, LoVo, Caco-2, LS174T, SW480, HCT116, SW48, SW620, NCI-H716,
CoLo320DM and HuTu80 cells were obtained from the American Type Culture Collection. The DiFi and
NCM460 cell lines were obtained from the China Infrastructure of Cell Line Resources. The V9P cell line
was provided by Prof. John Mariadason (Olivia Newton-John Cancer Research Institute). All cell lines
were maintained and passaged at the State Key Laboratory of Cancer Biology (CBSKL). All cell lines were
subjected to authentication by short tandem repeat analysis and were frequently checked to ensure that
their morphological features and functionalities were maintained. All cell lines were con�rmed to be free
of mycoplasma contamination. Cells were grown in Dulbecco’s modi�ed Eagle’s medium (Corning)
supplemented with 10% fetal bovine serum (Gibco), glutamine, nonessential amino acids and antibiotics
in a 5% CO2 incubator at 37°C. Three-dimensional collagen cultures were set up using three layers of type-
I collagen PureCol (Advanced BioMatrix) as previously described [24, 25].

A detailed description of the Materials and Methods used in this study can be found in the
Supplementary Material.

Results

MIR99AHG is upregulated in metastatic CRC cells and
tissues
Highly metastatic KM12SM cells were isolated from spontaneous metastases of the liver in nude mice
after multiple cycles of intracecal orthotopic injection of the parental KM12C cells [23]. We con�rmed the
enhancement of cell migration, invasion and metastasis in KM12SM compared to KM12C cells (Figures
S1A-D), but no difference was observed in cell proliferation or tumor growth (Figures S1E-J). To identify
non-coding RNAs involved in CRC metastasis, RNA-seq and small RNA-seq were performed on KM12C
and KM12SM cells. A total of 410 lncRNAs and 46 miRNAs were found to be differentially expressed
between the two cell lines with a stringent �ltering criterion (log2 fold change ≥ 4, p < 0.01; Fig. 1A).
Notably, the most upregulated lncRNA in KM12SM cells was MIR99AHG, and the three most upregulated
microRNAs (miRNAs) were miR-99a, let-7c and miR-125b-2, which are derived from a common host gene
named MIR99AHG (Fig. 1B). We validated upregulation of MIR99AHG, as well as the precursor and
mature transcripts of miR-99a, miR-125b and let-7c, in KM12SM cells (Figs. 1C, 1D and S2A). Since the
roles of these miRNAs in CRC have been determined previously [26–29], we focused our investigation on
the lncRNA MIR99AHG.

MIR99AHG was upregulated in most CRC cell lines compared to the normal colon mucosa cell line
NCM460 (Fig. 1E). To investigate the clinical relevance of MIR99AHG, its expression level was analyzed
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by in situ hybridization (ISH) in tissue microarrays (TMAs), which contained 48 pairs of primary CRC
tissues with matched adjacent normal tissues and lymphatic or distant metastatic tissues. Enhanced
MIR99AHG expression was observed in 40 (83.3%) cases of metastatic tissues, compared to the matched
adjacent normal tissue and primary CRC tissue (Fig. 1F). Statistically, the MIR99AHG expression level
was positively correlated with metastasis and AJCC stage in the TMA cohorts (Fig. 1G). Further analysis
using the TCGA data repository revealed that a higher MIR99AHG level was observed in advanced CRC
samples (Fig. 1H) and was correlated with poor overall and disease-free survival in CRC patients (Fig. 1I).
Similar expression patterns were observed in bladder cancer and mesothelioma (Figure S2B). These
results indicate that MIR99AHG is pathologically and clinically associated with CRC metastasis and
patient outcome.

MIR99AHG promotes migration, invasion and metastasis in
CRC cells
To determine the role of MIR99AHG in CRC metastasis, we silenced MIR99AHG by transfecting antisense
oligonucleotides (ASOs) into KM12SM and HuTu80 cells (Figure S3A). Inhibition of MIR99AHG
signi�cantly attenuated cell migration and invasion (Figs. 2A and S3B). In contrast, overexpression of
MIR99AHG by transduction of a full-length MIR99AHG (MIR99AHG-FL) construct into KM12C and RKO
cells (low endogenous MIR99AHG expression), as well as in DLD-1 cells (moderate endogenous
MIR99AHG expression), promoted cell migration and invasion (Figs. 2B, S3C and S3D). We further
generated MIR99AHG knockout (MIR99AHGKO) KM12SM cells using CRISPR/Cas9 gene-editing, which
speci�cally deleted the longest exon, exon 8 (3,784 bp), of MIR99AHG (4,478 bp) without altering the
expression of its neighboring miRNAs (Figures S3E and S3F). The MIR99AHGKO KM12SM cells exhibited
impaired migration and invasion (Figure S3G), whereas reconstitution of MIR99AHG-FL, rather than its
antisense counterpart, restored migration and invasion (Figs. 2C and S3H). Furthermore, tail vein
injections of wild-type (WT) and MIR99AHGKO KM12SM cells into nude mice revealed that MIR99AHG
knockout decreased the incidence of lung metastasis and the number of lung metastatic nodules in mice
when compared to WT (Figure S3I). We established clones stably expressing MIR99AHG in KM12C and
DLD-1 cells by lentiviral transduction, with overexpression of MIR99AHG remarkably increasing the
metastatic potential of both cell lines (Fig. 2D). Notably, manipulation of MIR99AHG had no in�uence on
cell proliferation or tumor growth (Figures S4A-E). These results indicate that MIR99AHG promotes
migration, invasion and metastasis in CRC cells.

MIR99AHG regulates invadopodia formation in CRC cells
Gene Ontology (GO) and Gene Set Enrichment Analysis (GSEA) of RNA-seq data from KM12C and
KM12SM cells revealed that a majority of the enriched differentially expressed genes (DEGs) were for cell
membrane categories like “cell periphery”, “cell projection”, “anchoring junction” and “focal adhesion”
(Figs. 2E and 2F), and for biological processes such as “locomotion”, “cell motility” and “cell migration”
(Figure S5A). Reactome pathway analysis showed that DEGs involved in “ECM organization”,
“degradation of the ECM” and “non-integrin membrane-ECM interactions” were also enriched (Figs. 2F
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and S5B). Consistent with these analyses, we observed that KM12C and KM12SM cells exhibited
different morphological features in three-dimensional (3D) culture, with KM12C cells forming solid
organized colonies and KM12SM cells forming disorganized masses with protrusions (Fig. 2G). Dense
protrusions of KM12SM could be also observed at a single cell resolution (Fig. 2G). We then used electron
microscopy to visualize these protrusions. Consistent with the 3D-culture studies, KM12C and KM12SM
cells exhibited distinct morphological characteristics in term of membrane protrusions: there were few
scattered �nger-like projections at the edge of KM12C cells, but many podosome-like protrusion
structures were observed in KM12SM cells (Fig. 2H). We speculated that the protrusions in KM12SM cells
were invadopodia, which are present on invasive cancer cells and can degrade the ECM [4]. In line with
this, Rho GTPases, a family of proteins that modulates invadopodia dynamics [30], were enriched in
KM12SM cells (Figure S5C). The expression of invadopodia components TKS5, N-WASP, MMP7 and
MMP14 was remarkably increased, and the expression of tissue inhibitor of metalloproteinases 1 and 2
(TIMP1 and TIMP2) was decreased in KM12SM compared to KM12C cells (Fig. 2I). Although the total
level of cortactin remained unchanged, phosphorylated cortactin at tyrosine 421 (p-cortactin) was
increased (Fig. 2I), indicating hyperactivity of actin polymerization [31]. Silencing of TKS5 or cortactin
attenuated cell migration and invasion of KM12SM cells (Figures S5D and S5E), suggesting that
invadopodia were related to the enhanced migration and invasion phenotypes. Additionally, we did not
observe changes in markers of epithelial-to-mesenchymal transition between KM12C and KM12SM cells
(Figure S5F).

We next investigated whether MIR99AHG is involved in invadopodia formation of CRC cells. Knockout of
MIR99AHG not only diminished the density and shape of protrusive structures (Fig. 2J), but also reduced
the expression of TKS5, p-cortactin and MMP14 in KM12SM cells (Fig. 2K). Overexpression of MIR99AHG
exerted opposite effects in KM12C and DLD-1 cells (Figs. 2J and 2K). Notably, knockdown of TKS5 or
cortactin largely attenuated cell migration and invasion mediated by MIR99AHG overexpression (Figs. 2L,
S5G and S5H), indicating that MIR99AHG promotes migration and invasion in CRC cells via invadopodia
formation.

MIR99AHG functions via its interaction with PTBP1 in CRC
cells
We next investigated the mechanism by which MIR99AHG promotes CRC metastasis. We �rst determined
which region of MIR99AHG is responsible for increasing metastatic capabilities. To this end, a series of
truncated MIR99AHG fragments were generated (Fig. 3A), and the 1,261-nt sequence (termed MIR99AHG-
F5 hereafter) near the 3’ end of MIR99AHG showed the closest equivalent to the effect of MIR99AHG-FL
on promoting migration and invasion in KM12C, DLD-1 and RKO cells (Figs. 3B and S6A). A substantial
fraction of lncRNAs exert functions by interacting with RNA binding proteins [32], hence we used biotin-
labeled MIR99AHG-F5 as an RNA probe and conducted an RNA pulldown assay followed by mass
spectrometric analysis to identify protein partners of MIR99AHG (Fig. 3C). Among the identi�ed proteins,
PTBP1 and U2AF2 (also known as U2AF65) are factors in regulating AS of pre-mRNAs [6], and their
cellular distribution was consistent with the nuclear localization of MIR99AHG (Fig. 1D). Despite PTBP1
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and U2AF2 being functionally related [6], there was no interaction between them (Figure S6B). Given that
PTBP1 and U2AF2 levels were positively correlated with CRC progression [33, 34], we validated that
MIR99AHG interacted with PTBP1 and U2AF2 individually (Figs. 3D and 3E). We next determined whether
PTBP1 and/or U2AF2 mediated the pro-metastatic effects of MIR99AHG. Either PTBP1 or U2AF2
knockdown impaired cell migration and invasion in KM12SM and HuTu80 cells (Figures S6C and S6D).
However, only knockdown of PTBP1, but not U2AF2, abolished the enhanced migration and invasion in
MIR99AHG-overexpressing KM12C and DLD-1 cells (Figs. 3F, S7A and S7B), indicating that MIR99AHG
promotes CRC migration and invasion mainly via PTBP1. Moreover, knockdown of PTBP1 reduced the
levels of TKS5, p-cortactin and MMP14 in KM12SM cells (Fig. 3G), suggesting the functional involvement
of PTBP1 in invadopodia formation.

PTBP1 contains four RBDs (RBD1-4), with the RBD3 and RBD4 exhibiting an interdomain interaction [35].
To determine which RBD is required for interaction with MIR99AHG, full-length and truncated constructs
of PTBP1 with a Flag tag were transduced together with MIR99AHG-F5 (Fig. 3H). RNA
immunoprecipitation (RIP) using the antibody against Flag showed that RBD3 and RBD4 of PTBP1 were
required for the association with MIR99AHG (Fig. 3H). To determine the region of MIR99AHG that bound
PTBP1, nuclear extracts from KM12SM cells were subjected to a limited RNase T1 digestion, so that the
RNA fragments protected by a bound protein would remain preferentially uncleaved. After RIP with the
antibody against PTBP1, the enriched RNA fragments were identi�ed by RT-qPCR analysis using primer
sets that scanned the MIR99AHG transcript in overlapping ~ 150-nt-long segments. As shown in Fig. 3I,
the 5’ end region of MIR99AHG-F5 was enriched by the RIP-based mapping assay, suggesting that the
MIR99AHG transcript from nt 3,136 to 3,946 is the major region responsible for PTBP1 interaction.

Next, we explored the consequence of the interaction between MIR99AHG and PTBP1. Knockdown of
MIR99AHG reduced PTBP1 expression in KM12SM and HuTu80 cells, while overexpression of MIR99AHG
increased PTBP1 expression in KM12C and DLD-1 cells (Fig. 3J). Neither MIR99AHG knockdown nor
overexpression affected PTBP1 mRNA levels (Figure S7C). We therefore speculated that MIR99AHG
in�uences the stability of PTBP1. A higher portion of endogenous PTBP1 was retained in MIR99AHG-
overexpressing cells than in control cells when treated with cycloheximide (CHX); when these cells were
treated with MG132, a speci�c proteasome inhibitor, accumulated PTBP1 in MIR99AHG-overexpressing
cells was comparable to that of the control cells (Fig. 3K). These results indicate that MIR99AHG
contributes to PTBP1 stability in CRC cells.

MIR99AHG and PTBP1 regulate the AS of SMARCA1 pre-
mRNA
Since PTBP1 mainly participates in the regulation of AS [6], we asked whether MIR99AHG in�uences
PTBP1-regulated AS events. To this end, RNA-seq was employed to assess common AS events regulated
by PTBP1 and MIR99AHG. In total, 1024 and 998 AS events were signi�cantly altered (∣percent spliced in
(PSI)∣ ≥ 0.3, p < 0.01) in KM12SM cells after PTBP1 and MIR99AHG knockdown, respectively (Figs. 4A
and 4B). Among these AS events, we focused on cassette exon splicing (also known as exon skipping)
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because it is the most represented category and is known to be regulated by PTBP1 [6, 13]. MIR99AHG
and PTBP1 regulated 20 common cassette exon events (12 skipping and 8 inclusion) in KM12SM cells
(Fig. 4C; Table S1). We noticed that one of the repressive exons after MIR99AHG or PTBP1 knockdown is
exon 13 of SMARCA1 (Fig. 4D). Since SMARCA1 encodes a core subunit of the ISWI chromatin
remodelers [36] and depletion of SMARCA1 in HeLa cells increases cell migration and alters expression of
genes related to cell locomotion [37], we selected SMARCA1 for further investigation.

The inclusion of exon 13 leads to a 12-aa insertion within the conserved catalytic domain of SMARCA1
(schematically depicted in Fig. 4E), which generates a long isoform (termed SMARCA1-L hereafter) that
has no ATP-dependent chromatin remodeling activity [17]. We con�rmed that isoform switching occurred
in KM12SM cells, which express higher levels of SMARCA1-L but lower levels of canonical SMARCA1
(termed SMARCA1-S hereafter) than in KM12C cells (Figs. 4E and S8A). This tendency was observed in a
panel of CRC cell lines with increased endogenous MIR99AHG levels (Fig. 4F). Knockdown of PTBP1
inhibited inclusion of exon 13 in SMARCA1 pre-mRNA, which decreased SMARCA1-L and increased
SMARCA1-S in KM12SM, HuTu80 and HCT116 cells (Figs. 4G and S8B). Similar results were observed
after MIR99AHG knockdown (Figs. 4G, S8C and S8D). Conversely, overexpression of MIR99AHG-FL, but
not its anti-sense counterpart, increased SMARCA1-L and decreased SMARCA1-S in KM12C, DLD-1 and
HCT15 cells, as well as in MIR99AHGKO KM12SM cells (Figs. 4H, 4I and S8E). These results indicate that
PTBP1 and MIR99AHG regulate the AS of SMARCA1 exon 13. However, we did not observe substantial
changes in the level of SMARCA1 isoforms after PTBP1 overexpression (Figs. 4H, 4I and S8F). These
results indicate that the effect of MIR99AHG on SMARCA1 splicing is independent of its role on
stabilizing PTBP1 protein, suggesting a regulatory role for MIR99AHG in the AS process.

MIR99AHG modulates the binding position of PTBP1 on
SMARCA1 pre-mRNA
We next sought to illustrate the mechanism by which MIR99AHG and PTBP1 regulates the AS of
SMRACA1 exon 13. We �rst validated PTBP1 binding to the transcript fragment �anking SMARCA1 exon
13 (Fig. 5A). RIP assays further showed that only truncations containing RBD2 of PTBP1 maintained
association with SMARCA1 pre-mRNA (Fig. 5B). These results, together with the data shown in Fig. 3H,
indicate that individual PTBP1 RBDs bind to MIR99AHG or SMARCA1 pre-mRNA with different binding
speci�cities. We then examined whether MIR99AHG interacts with SMARCA1 pre-mRNA. RNA antisense
puri�cation (RAP) assay using a biotin-labeled probe against the transcript fragment �anking SMARCA1
exon 13 showed that MIR99AHG strongly bound to SMARCA1 pre-mRNA, as compared to positive control
U2 snRNA (Fig. 5C). Using chromogenic RNAscope ISH and IF staining, the colocalization of MIR99AHG,
SMARCA1 pre-mRNA and PTBP1 protein was observed in the nucleus of KM12SM and HuTu80 cells
(Figs. 5D and S9A). In addition, chromatin isolation by RNA puri�cation (ChIRP) assays using biotin-
labeled probes against MIR99AHG revealed an interaction of MIR99AHG with the SMARCA1 locus (Figure
S9B). These results, together with the evidence that MIR99AHG interacts with PTBP1 (Figs. 3D, 3E, 3H
and 3I), indicate a molecular basis underlying the mode of MIR99AHG/PTBP1-mediated AS regulation of
SMARCA1 exon 13.
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Next, we investigated how the AS of SMARCA1 exon 13 is regulated by PTBP1 and MIR99AHG. We
mapped multiple potential PTBP1 binding sites across the �anking intronic sequences of SMARCA1 exon
13 using the RBPmap web server [38] according to the consensus sequences for PTBP1 (Fig. 5E). Further
analysis of a crosslinking-immunoprecipitation sequencing (CLIP-seq) dataset of PTBP1 in HeLa cells
[13] revealed that PTBP1 primarily binds near the 3’ splice site of SMARCA1 intron 12 (Fig. 5E). According
to a position-speci�c effect proposed for PTBP1 [14], PTBP1 should promote exon skipping when it binds
near the alternative exon but facilitate exon inclusion when the binding occurs near �anking constitutive
exons. Thus, the CLIP-seq dataset suggests a suppressive role of PTBP1 on SMARCA1 exon 13 inclusion
in HeLa cells, which appears to be the opposite of our observations in which PTBP1 increased SMARCA1
exon 13 inclusion in CRC cells (Fig. 4G). HeLa and KM12SM cells express PTBP1 at a comparable level,
but MIR99AHG is expressed at an extremely low level in HeLa cells (Figure S9C), prompting us to
speculate that MIR99AHG might be an important factor for determining regions within SMARCA1 pre-
mRNA that are recognized and bound by PTBP1. To test this hypothesis, a RIP-based mapping assay was
used to determine PTBP1-binding regions within SMARCA1 pre-mRNA in CRC cells. A total of 27 primer
sets that scanned SMARCA1 exon 13 and its �anking introns were designed according to the potential
PTBP1 binding sites (Fig. 5E). Surprisingly, the transcript segment near the 5’ splice site of SMARCA1
intron 12 (detected by the primer set #2) was strongly retrieved by the anti-PTBP1 antibody in KM12SM
and HuTu80 cells, which contrasted with PTBP1 primarily binding near the 3’ splice site of SMARCA1
intron 12 in HeLa cells (Fig. 5F). The interaction between PTBP1 and this 5’ splice site segment was
resistant to RNase T1 treatment (Figure S9D), indicating strong PTBP1 binding. Notably, knockout of
MIR99AHG in KM12SM cells signi�cantly weakened PTBP1 binding at the 5’ splice site but had a
minimal effect on binding at the 3’ splice site (Fig. 5F). A similar reduction in enrichment was observed in
KM12C compared to KM12SM cells (Fig. 5F). In addition, PTBP1 enrichment around the branch point
sequence of SMARCA1 intron 12 (detected by the primer set #15) was also reduced after MIR99AHG
knockout (Fig. 5F), suggesting the involvement of MIR99AHG in a multistep reaction for the AS of
SMARCA1 exon 13. Moreover, we constructed a minigene which contains SMARCA1 exon 13 and its
�anking introns and constitutive exons (Fig. 5G). Overexpression of MIR99AHG promoted SMARCA1 exon
13 inclusion (Fig. 5H). Deletion of the 5’ splice site largely diminished the effect of MIR99AHG on exon 13
inclusion, and deletion of the site near the branch point augmented this effect (Figs. 5H and S9E). These
results indicate that PTBP1 promoted inclusion of SMARCA1 exon 13 in the presence of MIR99AHG
where MIR99AHG acts as an address label for PTBP1 to locate its binding positions in the process of AS
regulation.

SMARCA1-L loses the suppressive effects on cell migration,
invasion and invadopodia formation
To evaluate whether SMARCA1 isoform switching affects CRC metastasis, we altered the expression of
SMARCA1-L and SMARCA1-S using isoform-speci�c siRNAs in KM12C, DLD-1 and HCT15 cells (Figs. 6A
and 6B). Knockdown of SMARCA1-S enhanced cell migration and invasion (Figs. 6A and S10A) and
increased the levels of TKS5, p-cortactin and MMP14 (Fig. 6C), mimicking depletion of MIR99AHG or
PTBP1 (Figs. 2K and 3G). Knockdown of SMARCA1-L had no substantial effect on cell migration and
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invasion or the expression of invadopodia-related proteins (Figs. 6B, 6C and S10B). Electron microscopy
further showed that SMARCA1-S knockdown induced the formation of membrane protrusions (Fig. 6D).
We then ectopically expressed either SMARCA1-L or SMARCA1-S vectors in KM12SM and HuTu80 cells.
Overexpression of SMARCA1-S, but not SMARCA1-L, inhibited cell migration and invasion as well as
reduced TKS5, p-cortactin and MMP14 levels (Figs. 6E, 6F and S10C). Moreover, we knockout SMARCA1
by CRISPR/Cas9 genome editing in DLD-1 cells (Figure S10D). Enhanced cell migration and invasion
were observed in SMARCA1KO DLD-1 cells and this enhancement was attenuated after reconstitution of
SMARCA1-S but not SMARCA1-L expression (Figs. 6G and S10E). Furthermore, overexpression of
SMARCA1-S not only abolished the elevated migration and invasion in MIR99AHG-overexpressing KM12C
and DLD-1 cells (Figs. 6H and S11A) but also attenuated the promotive effect of MIR99AHG on TKS5, p-
cortactin and MMP14 levels (Fig. 6I), suggesting that loss of SMARCA1-S mediates the pro-metastatic
roles of MIR99AHG. Additionally, manipulating SMARCA1-S expression showed minimal effects on
proliferation or apoptosis in these CRC cells (Figures S11B-E). Since SMARCA1 is a subunit of the ISWI
chromatin remodeling complexes with vital functions in gene expression [16], we performed RNA-seq to
examine whether the phenotypes that resulted from depletion of SMARCA1-S were re�ected at the level of
gene transcription. A gene panel related to cell migration, invasion and invadopodia formation was found
to be elevated upon SMARCA1-S knockdown in KM12C cells (Fig. 6J). Opposite changes for these genes
were observed in KM12SM cells after knockdown of MIR99AHG or PTBP1 (Fig. 6J), which was shown to
increase SMARCA1-S levels (Figs. 4G, S8B and S8D). These results indicate that SMARCA1-S mediates
suppressive effects on cell migration, invasion and invadopodia formation and suggest that the isoform
switching to SMARCA1-L promotes CRC metastasis.

Validation of MIR99AHG, PTBP1 and SMARCA1-L
expression in CRC specimens
We �nally examined the relationship between MIR99AHG, PTBP1 and SMARCA1-L in clinical CRC
samples. We analyzed SMARCA1-L expression using chromogenic RNAscope ISH in TMAs containing 48
pairs of primary CRC tissues and their adjacent normal tissues and matched lymphatic or distant
metastases. Consistent with the expression pattern of MIR99AHG, SMARCA1-L was signi�cantly
increased in metastatic tissues compared to matched primary tumor and adjacent normal tissue
(Figs. 7A, 7B and S12A). Furthermore, multiplex IHC and multispectral imaging was performed and
revealed substantial increases in PTBP1, TKS5, p-cortactin and MMP14 in metastatic tissues compared
to matched primary tumor and normal tissue specimens (Figs. 7A, 7B and S12A). Notably, positive
correlations between MIR99AHG and SMARCA1-L or PTBP1 were observed (Fig. 7C), and expression
levels of MIR99AHG, SMARCA1-L and PTBP1 were highly correlated with the expression of invadopodia-
related proteins (Figs. 7D, S12B and S12C). Collectively, these results support our pre-clinical �ndings and
indicate that the MIR99AHG/PTBP1-mediated inclusion of SMARCA1 exon 13 occurs in the setting of
patients with metastatic CRC.

Discussion
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MIR99AHG is a polycistronic miRNA host gene that encodes miR-99a, miR-125b and let-7c in its sixth
intron. While miR-125b has been reported as an oncogenic miRNA that promotes metastasis and
chemoresistance in CRC [26, 29, 39], miR-99a and let-7c tend to play tumor suppressive roles in various
cancers [27, 28]. To investigate the function of MIR99AHG with miRNA expression unaffected, we
speci�cally deleted the longest exon (exon 8) within MIR99AHG using CRISPR/Cas9 genomic editing. We
demonstrated that the functionality of MIR99AHG relies on exon 8, while the expression levels of miRNAs
were unchanged upon knockout of exon 8, indicating that the pro-metastatic role of MIR99AHG is
independent of the intron-embedded miRNAs. We and others have revealed that MIR99AHG can act as an
oncogene in myeloid leukemia and gastric cancer [40, 41]. Nevertheless, it was also reported as a tumor
suppressor in lung adenocarcinoma and endometrial carcinoma [42, 43], highlighting the functional
complexity and tumor speci�city of MIR99AHG. In the present study, we found that MIR99AHG is
upregulated in CRC cell lines, especially in those with a high metastatic potential. We further con�rmed
the stepwise enhancement of MIR99AHG expression during CRC development and progression through
utilization of a CRC cohort and TCGA database. It is noteworthy that MIR99AHG did not exhibit such
expression patterns in other cancer types except bladder cancer and mesothelioma according to TCGA
database, suggesting that MIR99AHG is a promising biomarker for CRC metastasis with high speci�city.
Furthermore, we identi�ed MIR99AHG as a pro-metastatic lncRNA whose function is highly involved in the
regulation of invadopodia formation. First, we observed morphological differences in the cellular
protrusions between KM12C and KM12SM cells by bright�eld visualization, electron microscopy and IF
staining. Manipulation of MIR99AHG expression led to the transformation of cellular protrusions and
alteration of invadopodia-related proteins. Second, knockdown of the key invadopodia components TKS5
and cortactin abolished the pro-metastatic effect of MIR99AHG, indicating the functional involvement of
MIR99AHG in invadopodia dynamics.

PTBP1 participates in the development and progression of various cancers, functioning mainly as a
splicing factor [9, 44, 45]. In the present study, we found that expression levels of PTBP1 were elevated in
metastatic lesions compared to matched primary CRC tissues, and that PTBP1 knockdown repressed
migration and invasion of CRC cells, consistent with a previous report [10]. We further revealed that
MIR99AHG bound to and stabilized PTBP1 in the nucleus, providing an explanation for the elevated
expression of PTBP1 during CRC metastasis. Importantly, we propose MIR99AHG as a novel factor that
in�uences the function of PTBP1 in AS regulation. First, overexpression of MIR99AHG, but not PTBP1,
induced SMARCA1 exon 13 inclusion in CRC cells, implying that PTBP1 itself is not su�cient to induce
exon inclusion and needs the assistance of MIR99AHG. Second, the reciprocal interactions between
MIR99AHG, PTBP1 and SMARCA1 pre-mRNA were identi�ed in CRC cells, which form the basis for their
functional involvement in AS regulation. Intriguingly, PTBP1, which consists of four RBDs, was revealed
to interact with MIR99AHG via RBD3 and RBD4 whereas recognition of SMARCA1 pre-mRNA occurred via
RBD2, suggesting that the individual RBDs of PTBP1 act coordinately to mediate simultaneous PTBP1
binding to two different RNA molecules. Third, our results suggest that MIR99AHG can act as an address
label for PTBP1 to �ne tune its binding position on SMARCA1 pre-mRNA. Our �ndings present a novel
lncRNA-mediated regulatory mechanism in AS, and provide a better understanding of the position-speci�c
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effect on AS regulation by PTBP1. Moreover, it seems likely that our �ndings are not an isolated case.
Many nuclear-retained lncRNAs are tethered to chromatin [22], and some of them, such as MALAT1 and
NEAT1, have been revealed to target nascent pre-mRNAs and transcriptionally active gene loci [46, 47].
Thus, it could be speculated that certain chromatin-tethered lncRNAs other than MIR99AHG may also act
as address labels for PTBP1, even for other splicing factors, to direct their association with pre-mRNAs
for participation in AS regulation.

The SMARCA1 gene is encoded by 25 exons that undergo AS regulation to generate distinct transcript
variants [18, 19]. Although several isoforms exhibit functional properties similar to canonical SMARCA1,
the inclusion of exon 13 resulted in a non-conserved in-frame exon within the conserved catalytic core
domain that abolishes the chromatin remodeling activity of SMARCA1 [17]. Although depletion of
SMARCA1 in HeLa cells was reported to enhance cell migration [37], the specialized roles of these
isoforms in cancer remains largely unknown. In the present study, we described SMARCA1-S to
SMARCA1-L isoform switching in CRC cells and observed that the expression level of SMARCA1-L was
associated with the metastatic potential of CRC cells and metastatic status in patients. SMARCA1-S
played a suppressive role in metastasis and invadopodia formation, but MIR99AHG and PTBP1 act
together to enhance the inclusion of exon 13 and increase unfunctional SMARCA1-L, thereby promoting
invadopodia formation and metastasis. Our results have indicated that SMARCA1-S is implicated in the
regulation of invadopodia-related genes, while further investigations are needed to elucidate the
biological function and mechanism of SMARCA1 mediating metastasis initiation.

Conclusions
In summary, our �ndings identi�ed MIR99AHG as a metastasis-driving lncRNA that potentiates
metastasis initiation of CRC by promoting invadopodia formation. MIR99AHG acts as an address label
for PTBP1 to �ne tune its binding position on SMARCA1 pre-mRNA, thereby triggering an alternative
splicing switch. This study provides insight into the role of lncRNAs in post-transcriptional regulation of
chromatin remodelers during metastasis and highlights the notion that MIR99AHG may serve as a
predictive biomarker and therapeutic target in metastatic CRC.

Abbreviations
3D, three-dimensional; AS, alternative splicing; ASO, antisense oligonucleotide; ChIRP, chromatin isolation
by RNA puri�cation; CHX, Cycloheximide; CLIP-seq, crosslinking-immunoprecipitation sequencing; CRC,
colorectal cancer; DEG, differentially expressed gene; DIC, differential interference contrast; ECM,
extracellular matrix; FISH, �uorescence in situ hybridization; FL, full-length; GO, Gene Ontology; GSEA,
Gene Set Enrichment Analysis; IHC, immunohistochemistry; ISH, in situ hybridization; ISWI, imitation
switch; lncRNA, long non-coding RNA; NC, negative control; nt, nucleotide; pre-mRNA, precursor mRNA;
PSI, percent spliced in; RAP, RNA antisense puri�cation; RBD, RNA binding domain; RIP, RNA
immunoprecipitation; TEM, transmission electron microscope; TMA, tissue microarray; WT, wild-type.



Page 14/32

Declarations
Ethical Approval and Consent to participate

This study was approved by the Ethics Committee of Xijing Hospital and Fourth Military Medical
University. The study was conducted according to the principles expressed in the Declaration of Helsinki.

Consent for publication

Not applicable.

Availability of supporting data

All data that support the �ndings of this study are available from the corresponding authors upon
reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was supported by grants from the National Natural Science Foundation of China (82073197 to
X.Z.; 82173256 and 81972224 to X.W.; 81822031 and 81871913 to Y.L; 31671347 to L.L.; 82073120 to
T.K.), Young Elite Scientists Sponsorship Program by China Association for Science and Technology
(2017QNRC001 to X.Z), National Key Research and Development Project of China (2017YFA0504303 to
L.L.), National Institutes of Health T32 (No. CA009582-33 to S.E.G.) and Science, Technology and
Innovation Commission of Shenzhen Municipality (20200812161921001 to T.K.).

Authors’ contributions

X.Z., Y.L., L.L. and X.W. designed the research. D.L., X.W., H.M., H.L., M.P., X.Y. and X.Z. performed
experiments, analyzed data and prepared �gures and tables. H.G., M.G., J.W., Q.L. and T.K. contributed to
analytical tools and/or new reagents. G.J., Y.N., K.W., D.F., S.E., J.H.K., C.L. and X.S. analyzed the data and
provided critical input. X.Z., L.L., Y.L. and S.E.G. wrote the paper. X.Z. conceived the project, supervised
and coordinated all aspects of the work.

Acknowledgements

We thank Dr. Yang Wang (Dalian Medical University) for assistance with bioinformatics analysis. We
acknowledge the generous support from Dr. Feng Shao (National Institute of Biological Sciences, Beijing)
and Dr. Robert Coffey (Vanderbilt University Medical Center).

Authors’ information



Page 15/32

As mentioned in the cover page.

References
1. Keum N, Giovannucci E: Global burden of colorectal cancer: emerging trends, risk factors and

prevention strategies. Nat Rev Gastroenterol Hepatol 2019, 16:713–732.

2. Vatandoust S, Price TJ, Karapetis CS: Colorectal cancer: Metastases to a single organ. World J
Gastroenterol 2015, 21:11767–11776.

3. Valastyan S, Weinberg RA: Tumor metastasis: molecular insights and evolving paradigms. Cell 2011,
147:275–292.

4. Eddy RJ, Weidmann MD, Sharma VP, Condeelis JS: Tumor Cell Invadopodia: Invasive Protrusions
that Orchestrate Metastasis. Trends Cell Biol 2017, 27:595–607.

5. Malki A, ElRuz RA, Gupta I, Allouch A, Vranic S, Al Moustafa AE: Molecular Mechanisms of Colon
Cancer Progression and Metastasis: Recent Insights and Advancements. Int J Mol Sci 2020, 22.

�. Ule J, Blencowe BJ: Alternative Splicing Regulatory Networks: Functions, Mechanisms, and
Evolution. Mol Cell 2019, 76:329–345.

7. Escobar-Hoyos L, Knorr K, Abdel-Wahab O: Aberrant RNA Splicing in Cancer. Annu Rev Cancer Biol
2019, 3:167–185.

�. Li S, Shen L, Huang L, Lei S, Cai X, Breitzig M, Zhang B, Yang A, Ji W, Huang M, et al: PTBP1
enhances exon11a skipping in Mena pre-mRNA to promote migration and invasion in lung
carcinoma cells. Biochim Biophys Acta Gene Regul Mech 2019, 1862:858–869.

9. Xie R, Chen X, Chen Z, Huang M, Dong W, Gu P, Zhang J, Zhou Q, Dong W, Han J, et al: Polypyrimidine
tract binding protein 1 promotes lymphatic metastasis and proliferation of bladder cancer via
alternative splicing of MEIS2 and PKM. Cancer Lett 2019, 449:31–44.

10. Wang ZN, Liu D, Yin B, Ju WY, Qiu HZ, Xiao Y, Chen YJ, Peng XZ, Lu CM: High expression of PTBP1
promote invasion of colorectal cancer by alternative splicing of cortactin. Oncotarget 2017,
8:36185–36202.

11. Romanelli MG, Diani E, Lievens PM: New insights into functional roles of the polypyrimidine tract-
binding protein. Int J Mol Sci 2013, 14:22906–22932.

12. Llorian M, Schwartz S, Clark TA, Hollander D, Tan LY, Spellman R, Gordon A, Schweitzer AC, de la
Grange P, Ast G, Smith CW: Position-dependent alternative splicing activity revealed by global
pro�ling of alternative splicing events regulated by PTB. Nat Struct Mol Biol 2010, 17:1114–1123.

13. Xue Y, Zhou Y, Wu T, Zhu T, Ji X, Kwon YS, Zhang C, Yeo G, Black DL, Sun H, et al: Genome-wide
analysis of PTB-RNA interactions reveals a strategy used by the general splicing repressor to
modulate exon inclusion or skipping. Mol Cell 2009, 36:996–1006.

14. Hu J, Qian H, Xue Y, Fu XD: PTB/nPTB: master regulators of neuronal fate in mammals. Biophys Rep
2018, 4:204–214.



Page 16/32

15. Wu C: Chromatin remodeling and the control of gene expression. J Biol Chem 1997, 272:28171–
28174.

1�. Clapier CR, Iwasa J, Cairns BR, Peterson CL: Mechanisms of action and regulation of ATP-dependent
chromatin-remodelling complexes. Nat Rev Mol Cell Biol 2017, 18:407–422.

17. Barak O, Lazzaro MA, Cooch NS, Picketts DJ, Shiekhattar R: A tissue-speci�c, naturally occurring
human SNF2L variant inactivates chromatin remodeling. J Biol Chem 2004, 279:45130–45138.

1�. Ye Y, Xiao Y, Wang W, Gao JX, Yearsley K, Yan Q, Barsky SH: Singular v dual inhibition of SNF2L and
its isoform, SNF2LT, have similar effects on DNA damage but opposite effects on the DNA damage
response, cancer cell growth arrest and apoptosis. Oncotarget 2012, 3:475–489.

19. Lazzaro MA, Todd MA, Lavigne P, Vallee D, De Maria A, Picketts DJ: Characterization of novel
isoforms and evaluation of SNF2L/SMARCA1 as a candidate gene for X-linked mental retardation in
12 families linked to Xq25-26. BMC Med Genet 2008, 9:11.

20. Ulitsky I, Bartel DP: lincRNAs: genomics, evolution, and mechanisms. Cell 2013, 154:26–46.

21. Liu SJ, Dang HX, Lim DA, Feng FY, Maher CA: Long noncoding RNAs in cancer metastasis. Nat Rev
Cancer 2021, 21:446–460.

22. Statello L, Guo CJ, Chen LL, Huarte M: Gene regulation by long non-coding RNAs and its biological
functions. Nat Rev Mol Cell Biol 2021, 22:96–118.

23. Morikawa K, Walker SM, Nakajima M, Pathak S, Jessup JM, Fidler IJ: In�uence of organ environment
on the growth, selection, and metastasis of human colon carcinoma cells in nude mice. Cancer Res
1988, 48:6863–6871.

24. Li C, Ma H, Wang Y, Cao Z, Graves-Deal R, Powell AE, Starchenko A, Ayers GD, Washington MK,
Kamath V, et al: Excess PLAC8 promotes an unconventional ERK2-dependent EMT in colon cancer. J
Clin Invest 2014, 124:2172–2187.

25. Li C, Singh B, Graves-Deal R, Ma H, Starchenko A, Fry WH, Lu Y, Wang Y, Bogatcheva G, Khan MP, et
al: Three-dimensional culture system identi�es a new mode of cetuximab resistance and disease-
relevant genes in colorectal cancer. Proc Natl Acad Sci U S A 2017, 114:E2852-e2861.

2�. Yu X, Shi W, Zhang Y, Wang X, Sun S, Song Z, Liu M, Zeng Q, Cui S, Qu X: CXCL12/CXCR4 axis
induced miR-125b promotes invasion and confers 5-�uorouracil resistance through enhancing
autophagy in colorectal cancer. Sci Rep 2017, 7:42226.

27. Chirshev E, Oberg KC, Ioffe YJ, Unternaehrer JJ: Let-7 as biomarker, prognostic indicator, and therapy
for precision medicine in cancer. Clin Transl Med 2019, 8:24.

2�. Eniafe J, Jiang S: MicroRNA-99 family in cancer and immunity. Wiley Interdiscip Rev RNA 2021,
12:e1635.

29. Sur D, Balacescu L, Cainap SS, Visan S, Pop L, Burz C, Havasi A, Buiga R, Cainap C, Irimie A,
Balacescu O: Predictive E�cacy of MiR-125b-5p, MiR-17-5p, and MiR-185-5p in Liver Metastasis and
Chemotherapy Response Among Advanced Stage Colorectal Cancer Patients. Front Oncol 2021,
11:651380.



Page 17/32

30. Spuul P, Ciu�ci P, Veillat V, Leclercq A, Daubon T, Kramer Ĳ, Génot E: Importance of RhoGTPases in
formation, characteristics, and functions of invadosomes. Small GTPases 2014, 5:e28195.

31. Jeannot P, Besson A: Cortactin function in invadopodia. Small GTPases 2017:1–15.

32. Slack FJ, Chinnaiyan AM: The Role of Non-coding RNAs in Oncology. Cell 2019, 179:1033–1055.

33. Takahashi H, Nishimura J, Kagawa Y, Kano Y, Takahashi Y, Wu X, Hiraki M, Hamabe A, Konno M,
Haraguchi N, et al: Signi�cance of Polypyrimidine Tract-Binding Protein 1 Expression in Colorectal
Cancer. Mol Cancer Ther 2015, 14:1705–1716.

34. Nelson LD, Bender C, Mannsperger H, Buergy D, Kambakamba P, Mudduluru G, Korf U, Hughes D, Van
Dyke MW, Allgayer H: Triplex DNA-binding proteins are associated with clinical outcomes revealed by
proteomic measurements in patients with colorectal cancer. Mol Cancer 2012, 11:38.

35. Oberstrass FC, Auweter SD, Erat M, Hargous Y, Henning A, Wenter P, Reymond L, Amir-Ahmady B,
Pitsch S, Black DL, Allain FH: Structure of PTB bound to RNA: speci�c binding and implications for
splicing regulation. Science 2005, 309:2054–2057.

3�. Li Y, Gong H, Wang P, Zhu Y, Peng H, Cui Y, Li H, Liu J, Wang Z: The emerging role of ISWI chromatin
remodeling complexes in cancer. Journal of Experimental & Clinical Cancer Research 2021, 40.

37. Eckey M, Kuphal S, Straub T, Rummele P, Kremmer E, Bosserhoff AK, Becker PB: Nucleosome
remodeler SNF2L suppresses cell proliferation and migration and attenuates Wnt signaling. Mol Cell
Biol 2012, 32:2359–2371.

3�. Paz I, Kosti I, Ares M, Jr., Cline M, Mandel-Gutfreund Y: RBPmap: a web server for mapping binding
sites of RNA-binding proteins. Nucleic Acids Res 2014, 42:W361-367.

39. Zhang X, Li T, Han YN, Ge M, Wang P, Sun L, Liu H, Cao T, Nie Y, Fan D, et al: miR-125b Promotes
Colorectal Cancer Migration and Invasion by Dual-Targeting CFTR and CGN. Cancers (Basel) 2021,
13.

40. Emmrich S: LincRNAs MONC and MIR100HG act as oncogenes in acute megakaryoblastic leukemia.
Molecular Cancer 2014.

41. Meng Q, Wang X, Xue T, Zhao Q, Wang W, Zhao K: Long noncoding RNA MIR99AHG promotes gastric
cancer progression by inducing EMT and inhibiting apoptosis via miR577/FOXP1 axis. Cancer Cell
Int 2020, 20:414.

42. Han C, Li H, Ma Z, Dong G, Wang Q, Wang S, Fang P, Li X, Chen H, Liu T, et al: MIR99AHG is a
noncoding tumor suppressor gene in lung adenocarcinoma. Cell Death Dis 2021, 12:424.

43. Li Y, Huo J, He J, Ma X: LncRNA MONC suppresses the malignant phenotype of Endometrial Cancer
Stem Cells and Endometrial Carcinoma Cells by regulating the MiR-636/GLCE axis. Cancer Cell Int
2021, 21:331.

44. Cheung HC, Hai T, Zhu W, Baggerly KA, Tsavachidis S, Krahe R, Cote GJ: Splicing factors PTBP1 and
PTBP2 promote proliferation and migration of glioma cell lines. Brain 2009, 132:2277–2288.

45. Jiang J, Chen X, Liu H, Shao J, Xie R, Gu P, Duan C: Polypyrimidine Tract-Binding Protein 1 promotes
proliferation, migration and invasion in clear-cell renal cell carcinoma by regulating alternative



Page 18/32

splicing of PKM. Am J Cancer Res 2017, 7:245–259.

4�. Engreitz JM, Sirokman K, McDonel P, Shishkin AA, Surka C, Russell P, Grossman SR, Chow AY,
Guttman M, Lander ES: RNA-RNA interactions enable speci�c targeting of noncoding RNAs to
nascent Pre-mRNAs and chromatin sites. Cell 2014, 159:188–199.

47. West JA, Davis CP, Sunwoo H, Simon MD, Sadreyev RI, Wang PI, Tolstorukov MY, Kingston RE: The
long noncoding RNAs NEAT1 and MALAT1 bind active chromatin sites. Mol Cell 2014, 55:791–802.

Figures



Page 19/32

Figure 1

MIR99AHG is upregulated in metastatic CRC cells and tissues.

(A) Heatmaps of the 410 lncRNAs (left) and the 46 miRNAs (right) differentially expressed in KM12SM
versus KM12C cells. (B) Genomic organization of MIR99AHG on human chromosome 21. (C) RT-qPCR
analysis of MIR99AHG in KM12SM cells compared with KM12C cells. ** P < 0.01 by Student’s t test. (D)
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Fluorescence ISH (FISH) images of MIR99AHG expression in KM12SM and KM12C cells. Scale bar, 10
µm. (E) RT-qPCR analysis of MIR99AHG expression levels among a panel of CRC cell lines. Fold changes
were normalized to NCM460. (F) Left, representative images of ISH staining for MIR99AHG in TMAs.
Scale bars: main, 500 µm; inset, 100 µm. Right, semi-quanti�cation of MIR99AHG expression among the
indicated tissue groups. ** P < 0.01 by Wilcoxon matched-pairs signed rank test. (G) Heatmap displaying
the association of clinical characteristics with MIR99AHG high- and low-expression tumors. Statistical
signi�cance was determined by the Chi-square test. (H) Box plots showing the expression of MIR99AHG
by stage from the TCGA CRC dataset. Statistical signi�cance was determined by the Mann-Whitney U
test. (I) Kaplan-Meier analyses of correlations between MIR99AHG expression and overall or disease-free
survival of CRC patients from the TCGA CRC dataset.
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Figure 2

MIR99AHG promotes metastasis and invadopodia formation in CRC cells

(A) Migration and invasion of KM12SM and HuTu80 cells transfected with ASOs against MIR99AHG or
negative control (NC). * P< 0.05, ** P < 0.01 by one-way ANOVA (Dunnett’s test). (B) Migration and
invasion of KM12C, RKO and DLD-1 cells transfected with MIR99AHG or control vector. ** P < 0.01 by
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Student’s t test. (C) Migration and invasion of MIR99AHGKO KM12SM cells transfected with MIR99AHG-
FL, anti-sense MIR99AHG (MIR99AHG-AS) or control vector. ** P < 0.01 by one-way ANOVA (Dunnett’s
test). (D) Representative bioluminescence images of metastases in whole mice and lungs after tail vein
injection of KM12C and DLD-1 cells stably expressing MIR99AHG or control vector (n = 5 mice per group).
The radiance values of lung metastatic nodules are shown. ** P < 0.01 by Student’s t test. (E, F) GO
analysis showing the top 20 cellular components enriched in KM12SM cells compared to KM12C cells
(E). GSEA plot showing enriched focal adhesion and extracellular matrix organization gene sets in
KM12C and KM12SM cells (F). (G) Representative differential interference contrast (DIC) and confocal
images of KM12C and KM12SM cells in 2D and 3D culture. F-actin was stained with phalloidin (green).
Scale bars: DIC, 100 µm; confocal, 10 µm. (H) Representative transmission electron microscopy (TEM)
images of KM12C and KM12SM cells. Scale bars: left, 5 µm; right, 1 µm. (I) Immunoblots of the indicated
invadopodia-related proteins in KM12C and KM12SM cells. (J) Representative TEM images of WT and
MIR99AHGKO KM12SM cells (left) or MIR99AHG-expressing KM12C cells and control cells (right). Scale
bars: left, 10 µm; right, 2 µm. (K) Immunoblots of the indicated invadopodia-related proteins in WT and
MIR99AHGKO KM12SM cells (left) or MIR99AHG-expressing KM12C and DLD-1 cells and control cells
(right). (L) Migration and invasion of MIR99AHG-expressing KM12C cells transfected with siRNA against
TKS5 or cortactin. ** P < 0.01 by one-way ANOVA (Dunnett’s test).
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Figure 3

MIR99AHG functions via its interaction with PTBP1 in CRC cells

(A) Schematic illustration of full-length (FL) and truncated MIR99AHG fragments. (B) Migration and
invasion of KM12C, DLD-1 and RKO cells transfected with the indicated MIR99AHG construct. ** P < 0.01
by one-way ANOVA (Dunnett’s test). (C) Silver staining and mass spectrometry analysis results following
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RNA pulldown with sense or anti-sense (AS) of MIR99AHG-F5 in KM12SM cells. (D) Immunoblots of
PTBP1 and U2AF2 after an RNA pulldown assay speci�c for MIR99AHG. (E) RIP-qPCR for MIR99AHG and
7SK snRNA retrieved by PTBP1 or U2AF2 antibody or by normal IgG. ** P < 0.01 by Student’s t test. (F)
Migration and invasion of MIR99AHG-expressing KM12C cells transfected with siRNAs against PTBP1 or
U2AF2 or negative control. ** P < 0.01 by one-way ANOVA (Dunnett’s test). (G) Immunoblots of PTBP1
and the indicated invadopodia-related proteins in KM12SM cells transfected with siRNAs against PTBP1
or negative control. (H) Schematic illustration of RBDs of PTBP1 (left, top). Immunoblot detecting the
immunoprecipitation e�ciency of Flag-tagged FL or truncated PTBP1 in the RIP assay (left, bottom). RIP-
qPCR for MIR99AHG retrieved by Flag-tagged FL, truncated PTBP1 or control vector (right). (I) Schematic
illustration of the qPCR primer sets scanning the MIR99AHG-F5 (top) and RIP-based mapping assay to
identify the region on MIR99AHG-F5 associated with PTBP1 (bottom). (J) Immunoblot of PTBP1 in the
indicated cells after manipulation of MIR99AHG expression. (K) Immunoblot of PTBP1 in MIR99AHG-
expressing KM12C and DLD-1 cells or control cells after treatment with CHX or MG132 at the indicated
time points.
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Figure 4

MIR99AHG and PTBP1 regulate the AS of SMARCA1 pre-mRNA

(A) Heatmaps of the changes in the percentage spliced in (∆PSI) after knockdown of MIR99AHG or
PTBP1 in KM12SM cells. AS events with signi�cant (p < 0.01) changes in PSI are shown. (B)
Quanti�cation of the AS events regulated by MIR99AHG and PTBP1. ES, exon skipping/inclusion; A3SS,
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alternative 3’ splicing site; A5SS, alternative 5’ splicing site; IR, intron retention; MXE, mutually exclusive
exon. (C) Venn diagram of ES events regulated by MIR99AHG and PTBP1. (D) Schematic diagram of
RNA-seq reads covering SMARCA1 exons 12-14 in MIR99AHG or PTBP1 knockdown and control KM12SM
cells. (E, F) RT-PCR of the inclusion of SMARCA1 exon 13 in KM12C and KM12SM cells (E) and a panel of
CRC cells with different MIR99AHG levels (F). (G-I) RT-PCR of the inclusion of SMARCA1 exon 13 in
PTBP1- or MIR99AHG-silenced KM12SM, HuTu80 and HCT116 cells (G); in MIR99AHG-FL-, MIR99AHG-
AS- or PTBP1-overexpressing KM12C, DLD-1 and HCT15 cells (H); and in MIR99AHG-FL-, MIR99AHG-AS-
or PTBP1-overexpressing MIR99AHGKO KM12SM cells (I). ** P < 0.01 by one-way ANOVA (Dunnett’s test).
n.s., not signi�cant.
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Figure 5

MIR99AHG modulates the binding position of PTBP1 on SMARCA1 pre-mRNA

(A) RIP-qPCR detecting SMARCA1 pre-mRNA retrieved by PTBP1 antibody or normal IgG. 7SK snRNA and
MALAT1 were used as negative and positive controls, respectively. (B) RIP-qPCR detection of SMARCA1
pre-mRNA retrieved by Flag-tagged FL, truncated PTBP1 or control vector. (C) RAP-qPCR detection of
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MIR99AHG retrieved by the probe for SMARCA1 pre-mRNA or control beads. KCNQ1OT1 and U2 snRNA
were used as negative and positive controls, respectively. (D) Confocal images of MIR99AHG and
SMARCA1 pre-mRNA labeled by RNAscope ISH and PTBP1 protein concurrently stained by IF in HuTu80
cells. Scale bar, 10 µm. (E) Density of CLIP-seq tags for PTBP1 within the regions around alternative exon
13 of SMARCA1 in HeLa cells (GSE42701). Red boxes indicate the PTBP1 binding sites predicted by the
RBPmap. (F) Schematic illustration of the qPCR primer sets scanning the regions around alternative exon
13 of SMARCA1 (top). RIP-based mapping assay to identify the region on SMARCA1 pre-mRNA
associated with PTBP1 (bottom). (G) Schematic illustration of the WT and mutant SMARCA1 minigene
constructs. (H) RT-qPCR analysis of WT and mutant SMARCA1 pre-mRNA splicing in response to
MIR99AHG overexpression in KM12C cells. * P< 0.05, ** P < 0.01 by Student’s t test.
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Figure 6

SMARCA1-S inhibits migration, invasion and invadopodia formation in CRC cells

(A, B) Top, RT-PCR demonstrating isoform-speci�c knockdown of SMARCA1-S (A) or SMARCA1-L (B) in
KM12C, DLD-1 and HCT15 cells using isoform-speci�c siRNAs. Bottom, migration and invasion of the
indicated cells. ** P < 0.01 by one-way ANOVA (Dunnett’s test). (C) Immunoblots of the indicated
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invadopodia-related proteins in KM12C and DLD-1 cells transfected with siRNAs against SMARCA1-S or
SMARCA1-L. (D) Representative scanning electron microscope images of KM12C cells transfected with
siRNAs against SMARCA1-S or negative control. Scale bars: top, 50 µm; bottom, 20 µm. (E) Top, RT-PCR
demonstrating overexpression of SMARCA1-S or SMARCA1-L in KM12SM and HuTu80 cells. Bottom,
migration and invasion of the indicated cells. ** P < 0.01 by one-way ANOVA (Dunnett’s test). (F)
Immunoblots of the indicated invadopodia-related proteins in KM12SM and HuTu80 cells transfected
with SMARCA1-S or SMARCA1-L. (G) Top, RT-PCR demonstrating overexpression of SMARCA1-S or
SMARCA1-L in MIR99AHGKO DLD-1 cells. Bottom, migration and invasion of the indicated cells. ** P <
0.01 by one-way ANOVA (Dunnett’s test). (H) Migration and invasion of MIR99AHG-expressing KM12C
and DLD-1 cells transfected with SMARCA1-S or control vector. ** P < 0.01 by one-way ANOVA (Dunnett’s
test). (I) Immunoblots of the indicated invadopodia-related proteins in MIR99AHG-expressing KM12C and
DLD-1 cells transfected with SMARCA1-S or control vector. (J) The expression of invadopodia-related
genes was determined by RNA-seq, and heatmaps were generated from the Z-score of transcripts per
million mapped reads (TPM).
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Figure 7

Validation of the MIR99AHG/PTBP1/SMARCA1-L axis in CRC specimens

(A) Left, representative images of ISH staining for MIR99AHG in TMAs. Scale bars: main, 500 µm; inset,
100 µm. Middle, confocal images of RNAscope ISH for SMARCA1-L in serial sections of TMAs. Scale
bars (from left to right): 500 µm, 100 µm, 20 µm. Right, multispectral staining and imaging for PTBP1,
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TKS5, p-cortactin and MMP14 in serial sections of TMAs. Scale bars: main, 500 µm; inset, 100 µm. (B)
Semi-quanti�cation of the expression of SMARCA1-L, PTBP1, TKS5, p-cortactin and MMP14 in primary
CRC tissues and matched adjacent normal tissues and metastatic tissues. ** P < 0.01 by Wilcoxon
matched-pairs signed rank test. (C, D) Association between MIR99AHG levels and SMARCA1-L or PTBP1
(C) or TKS5, p-cortactin or MMP14 (D) levels in CRC tissues. Pearson correlation coe�cients (r) and P
values are shown.
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