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p53 is an intensely studied tumor-suppressive transcription factor. Recent studies suggest that the RNA-binding
protein (RBP) ZMAT3 is important in mediating the tumor-suppressive effects of p53. Here, we globally identify
ZMAT3-regulated RNAs and their binding sites at nucleotide resolution in intact colorectal cancer (CRC) cells.
ZMAT3 binds to thousands of mRNA precursors, mainly at intronic uridine-rich sequences and affects their
splicing. The strongest alternatively spliced ZMAT3 targetwasCD44, a cell adhesion gene and stem cellmarker that
controls tumorigenesis. Silencing ZMAT3 increased inclusion of CD44 variant exons, resulting in significant up-
regulation of oncogenic CD44 isoforms (CD44v) and increased CRC cell growth that was rescued by concurrent
knockdown of CD44v. Silencing p53 phenocopied the loss of ZMAT3 with respect to CD44 alternative splicing,
suggesting that ZMAT3-mediated regulation of CD44 splicing is vital for p53 function. Collectively, our findings
uncover a p53–ZMAT3–CD44 axis in growth suppression in CRC cells.
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The p53 protein is known as the “guardian of genome”
and is the most frequently mutated gene in human can-
cers.Mechanistically, p53 directly activates the transcrip-
tion of hundreds of genes by binding to p53 response
elements at their promoter regions. When activated, its
targets in turn mediate diverse functions, including but
not limited to DNA repair, apoptosis, autophagy, cell cy-
cle arrest, metabolism, and senescence (Vogelstein et al.
2000). Despite the critical role of p53 in tumor suppres-
sion and control of cell cycle arrest, apoptosis, and senes-
cence, the mechanisms responsible for p53-mediated
tumor suppression are not fully understood. To give an ex-
ample, unlike p53-knockoutmice that are highly prone to
spontaneous tumor development, triple knockout mice
for three major p53 target genes (p21, Noxa, and Puma)
controlling cell cycle arrest and apoptosis, are not prone

to spontaneous tumor development (Valente et al. 2013).
This suggests that p53 targets regulating cellular process-
es other than cell cycle arrest and apoptosis could be im-
portant for p53-mediated tumor suppression. A focus on
direct p53 targets could obscure its potential for broad re-
wiring of post-transcriptional gene regulatory pathways
by controlling key RNA-binding proteins (RBPs), each of
which can in turn regulate the expression of hundreds or
thousands of mRNA targets (Gerstberger et al. 2014).
While an unbiased survey of RBPs regulated by p53 is pres-
ently missing, there is evidence of p53 directly inducing
specific RBPs, such as ZMAT3 (Israeli et al. 1997;Hellborg
et al. 2001). A recent study uncovered a critical role of the
ZMAT3 in p53-mediated tumor suppression (Janic et al.
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2018). However, the molecular mechanism(s) by which
ZMAT3 functions in an intact cell remains to be elucidat-
ed. Identifying the RNA targets of ZMAT3 is critical for
better characterizing the genes and pathways it regulates
downstream from p53 and for uncovering additional
mechanisms contributing to p53-mediated tumor
suppression.
ZMAT3 is a relatively small, 32-kDa zinc finger domain

containing RBP highly conserved in vertebrates, from fish
to humans (Israeli et al. 1997; Hellborg et al. 2001; Hell-
borg and Wiman 2004). ZMAT3 predominantly localizes
to the nucleus and its three C2H2-type zinc finger do-
mains prefer binding to RNA over DNA in vitro (Mén-
dez-Vidal et al. 2002). Little is known about its target
RNAs and regulatory impact on a transcriptome-wide
scale. Nevertheless, based on RNA immunoprecipitation,
biotin-pulldown, and reporter assays, ZMAT3 was previ-
ously suggested to interact with AU-rich elements in
mRNA 3′ untranslated regions (UTR), either stabilizing
its targets (e.g., p21 and p53) (Vilborg et al. 2009; Kim
et al. 2012) or promoting their decay (FAS) (Bersani et al.
2014). Regulation of these key mRNAs has been linked
to decreased clonogenicity and cell growth, suggesting a
tumor suppressive role of ZMAT3 (Hellborg et al. 2001).
Here, we determined the set of RBPs up-regulated by

p53 by integrating RNA-seq andGRO-seq after p53 induc-
tion with p53 ChIP-seq data. We found that ZMAT3 was
the top of 11 p53-induced RBPs and we identified its
RNA target sites in intact human colorectal cancer
(CRC) cells on a transcriptome-wide scale and at nucleo-
tide resolution by PAR-CLIP (photoactivatable ribonucle-
oside-enhanced cross-linking and immunoprecipitation)
(Hafner et al. 2010). We focused on CD44, a potent onco-
gene and stem cell marker (Zöller 2011) because it was
among the top PAR-CLIP targets and exhibited consider-
able changes in alternative splicing patterns upon
ZMAT3 knockdown. Silencing ZMAT3 led to the inclu-
sion of variant CD44 exons resulting in up-regulation of
the oncogenic, longer CD44 variants (CD44v) and down-
regulation of the standard CD44s isoforms. Importantly,
silencing p53 phenocopied the loss of ZMAT3 with re-
spect to alternative splicing of CD44, suggesting that
ZMAT3-mediated regulation of CD44 splicing played a
role in p53 function. Furthermore, the growth advantage
after knockdown of ZMAT3 was rescued by concurrent
knockdown of CD44v, suggesting that CD44v is a major
downstream effector of ZMAT3. Collectively, our find-
ings uncover a direct role of ZMAT3 in regulation of
RNA splicing and demonstrate that expression of onco-
genic CD44 splice variants is controlled by p53 via
ZMAT3 to suppress growth and proliferation in human
CRC cells.

Results

p53 directly induces the expression of specific RBPs,
including ZMAT3

We aimed to determine the set of RBPs induced by p53 in
an unbiased manner. To do this, we performed RNA-seq

from HCT116 (CRC) cells treated with DMSO or Nut-
lin-3a, a molecule that induces p53 (Supplemental Table
S1). Of the 1542 manually curated RBPs in the human ge-
nome (Gerstberger et al. 2014), 11 RBPs increased and 2
RBPs decreased in abundance more than 1.5-fold (P<
0.05) upon Nutlin-3a treatment (Supplemental Table
S2). Among these, ZMAT3 was the most up-regulated
and changed ∼2.5-fold (Fig. 1A), which is a modest in-
crease but of similar order of magnitude as canonical
p53 targets, such as CDKN1B, BTG2, GDF15, MDM2,
and TP53INP1, that are induced ∼4.5-fold to sixfold
upon p53 activation (Supplemental Table S1).
We argued thatRBPs directly induced by p53 at the tran-

scriptional level can be revealed by measuring transcrip-
tional activity by GRO-seq, a method that captures
nascent RNAs. We mined a previously published GRO-
seq data set from HCT116 cells after 1 h of Nutlin-3a
treatment (Allen et al. 2014). Considering that p53 is a
transcriptional activator, we focused on the 198 genes
that showed increased transcriptional activity after p53
activation. Among those, four of the 11 up-regulated
RBPs showed increased transcriptional activity:
ZMAT3, RPS27L, DCP1B, and AEN. Using publicly avail-
able p53 ChIP-seq data (Andrysik et al. 2017) we found
strong enrichment of p53 at the promoter of ZMAT3
(Fig. 1B). Finally, we validated the activity of the previous-
ly reported p53 response element (RE) in the promoter of
ZMAT3 (Wilhelm et al. 2002) with luciferase assays using
the wild-type or mutant p53 RE (Supplemental Fig. S1A).
Collectively, these lines of evidence indicated a potential
role of p53 in indirectly reprograming post-transcriptional
gene regulatory pathways by inducing a distinct set of
RBPs.

ZMAT3 binds to thousands of precursor mRNA
molecules at uridine-rich sequences

Considering that previous reports point to a role for
ZMAT3 in tumor suppression and that ZMAT3 was the
top RBP induced by p53, we decided to identify its RNA
ligands, as well as its post-transcriptional gene regulatory
impact in order to understand whether and how ZMAT3
could contribute to p53 function.
We used lentiviral infection to generate a stable

HCT116 cell line expressing FLAG epitope-tagged
ZMAT3 under the control of 13 p53 REs in its promoter
(Supplemental Fig. S1B). Similar to the endogenous pro-
tein, transgenic ZMAT3-FLAG expression was indeed
p53-dependent and increased by Nutlin-3a treatment ap-
proximately twofold and decreased upon p53 knockdown
(kd) (Supplemental Fig. S1B,D).
In order to reliably capture ZMAT3 binding sites and

characterize its RNA recognition elements (RREs) we
mapped the RNA interactome of ZMAT3 in these cells
on a transcriptome-wide scale at nucleotide resolution
by 4-thiouridine (4SU) PAR-CLIP (Hafner et al. 2010;
Benhalevy et al. 2017). For PAR-CLIP we used four biolog-
ical replicates each from HCT116-ZMAT3-FLAG cells
treated either with Nutlin-3a or DMSO. Fluorescence
imaging of cross-linked, ribonuclease-treated, FLAG
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Figure 1. ZMAT3 is the top RBP up-regulated by p53 and binds to thousands of pre-mRNAs at uridine rich sequences. (A) RBPs in
HCT116 cells ranked according to their fold change upon activation of p53 by Nutlin-3a samples compared with DMSO. The 11 up-reg-
ulated RBPs sorted in decreasing order of up-regulation by p53 (fold change≥ 1.5 and P< 0.05 as cutoff). Red font indicates whether their
transcriptional activity increased upon p53 stimulation in GRO-seq experiments (Allen et al. 2014). (B) Genome browser snapshot from
p53 ChIP-seq (blue tracks) and RNA-seq (red tracks) samples using HCT116 cells treated with Nutlin-3a or DMSO. ChIP-seq data were
obtained from Andrysik et al. (2017). (C ) Representative ZMAT3 PAR-CLIP images. (Top) Fluorescent image of SDS-PAGE separating
cross-linked ZMAT3-FLAG RNPs ligated to a fluorescent 3′ adapter after immunoprecipitation (IP) using anti-FLAG or IgG antibodies
from HCT116 lysates with or without Nutlin-3a treatment. The fluorescent band migrating at ∼55 kDa, corresponding to the expected
size of the ZMAT3-FLAG-RNA-3′ adapter complex, is indicated. The bottom panel shows control immunoblots before (input) and after IP
stained for FLAG. (D, top panel) Venn diagrams of intersection of genes bound by ZMAT3 recovered from four independent PAR-CLIP
experiments each after DMSO or Nutlin-3a treatment. (Bottom panel) Venn diagram of intersection of genes reproducibly bound by
ZMAT3 in all replicates of PAR-CLIP after DMSO and Nutlin-3a treatments. (E) Correlogram using Spearman’s correlation coefficient
of cross-linked reads among PAR-CLIP samples replicates upon DMSO (right panel) or Nutlin-3a treatment (left panel). (F ) Average of dis-
tribution of cross-linked sequence reads from four biological replicates across different annotation categories. (G) The dot plots depict Z-
scores (X-axis) and frequency (Y-axis) for the occurrence of all 1024 possible 5-mers in ZMAT3 PAR-CLIP binding sites fromHCT116 cells
treated with Nutlin-3a (left) or DMSO (right). Shade of blue indicates the number of pyrimidines in the respective 5-mer.
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immunoprecipitate revealed a single ribonucleoprotein
(RNP) complex at 55 kDa, corresponding to the ZMAT3-
FLAG-RNP (37 kDa) ligated to a fluorescently labeled 3′

adapter (∼20 kDa) (Fig. 1C). After Nutlin-3a treatment
the levels of the cross-linked and immunoprecipitated
ZMAT3-FLAG-RNP increased in the PAR-CLIP experi-
ments, consistent with the Nutlin-3a-dependent increase
inZMAT3-FLAGtransgene expression (Supplemental Fig.
S1D, left panel).
We recovered bound RNA fragments from ZMAT3-

RNPs from four biological replicates each from the
HCT116-ZMAT3-FLAG cells treated with either DMSO
or Nutlin-3a and transformed them into small RNA
cDNA libraries for next-generation sequencing. Next,
we determined clusters of overlapping reads that harbor
characteristic T-to-C conversions diagnostic of 4SU
cross-linking events at higher frequencies than expected
by chance (see Supplemental Table S3 for summary statis-
tics; Corcoran et al. 2011). For all eight samples we found
between 35,430 and 205,648 binding sites (data available
at GEO: GSE150718) (Supplemental Table S3). These
binding sites distributed on a set of 5561 and 4726
ZMAT3-bound target genes shared in all replicates from
DMSO and Nutlin-3a treatment, respectively (Fig. 1D),
suggesting that a large proportion of expressed transcripts
in these cells are bound by ZMAT3. The biological repli-
cates showed excellent correlation, with an R2 between
0.7 and 0.8 for both DMSO- and Nutlin-3a-treated sam-
ples (Fig. 1E). Furthermore, the correlation between
DMSO and Nutlin-3a treated samples exceeded 0.7 indi-
cating that the ZMAT3 binding profile was largely inde-
pendent of its expression levels. Considering the high
correlations between the biological replicates, we pooled
the respective samples for DMSO- or Nutlin-3a-treated
cells, which yielded altogether 66,671 and 44,589 binding
sites (Supplemental Table S4). Approximately 80% of
ZMAT3 binding sites were found on mRNA transcripts
and of those, >60% were found in intronic sequences
(Fig. 1F), indicating that ZMAT3 interacted with nascent
transcripts, consistent with its nuclear localization (Fig.
2D; Hellborg et al. 2001).
To determine the RNA recognition element of ZMAT3,

we counted the occurrence of all possible 5-mer sequences
in our binding sites and calculated their Z-scores over a
background of shuffled sequences of the same nucleotide
composition. Both PAR-CLIP data sets showed an enrich-
ment of 5-mers that were containing uridines, with a stat-
istically significant enrichment of those containing in
addition As and to a lesser degree Cs (Fig. 1G; Supplemen-
tal Fig. S2A,B; Supplemental Table S5). In contrast, G-con-
taining 5-mers were depleted (Supplemental Fig. S2A).
Taken together our data indicate that ZMAT3 binds thou-
sands of precursor mRNAs across the entire transcript
body at U/A and pyrimidine-rich sequences.

ZMAT3 binding results in increased target mRNA
abundance

In order to investigate the gene regulatory roles of
ZMAT3, we next quantified mRNA abundance using to-

tal RNA sequencing (RNA-seq) from HCT116 cells upon
knockdown of endogenous ZMAT3 using a pool of four
specific siRNAs or negative control siRNA after induc-
tion of the p53 responsewithNutlin-3a or DMSO vehicle.
Increasing levels of ZMAT3 by activating p53 led to

an increase in targetmRNA levels, dependent on the num-
ber of ZMAT3-binding sites (Fig. 2A) or the number of
cross-linked reads per targetmRNAnormalized by overall
mRNA abundance (normalized cross-linked reads per
million, NXPM) (Fig. 2B). We previously found that both
metrics correlated well with the occupancy of an RBP on
its target (Hafner et al. 2010; Ascano et al. 2012; Yamaji
et al. 2017). The positive effect of p53 activation on
ZMAT3 target RNA levels was abolished by ZMAT3
knockdown (Fig. 2C). Finally, RNA levels of targets
that contained the preferred sequence motifs in their
ZMAT3-binding sites (Fig. 1G) were more likely to corre-
late with ZMAT3 levels compared with the rest of target
genes (Supplemental Fig. S2C). Collectively, our data
strongly suggest a direct effect ofZMAT3binding on target
RNA abundance.

ZMAT3 predominantly binds to introns near 3′ splice
sites and affects splicing

ZMAT3 could affect target RNA levels via multiple
mechanisms, either modulating their half-life, or interfer-
ing with their processing. Considering its preferential
binding to pre-mRNAs, we asked whether ZMAT3might
be involved in splicing changes, which can then lead to
mRNA abundance changes (Witten and Ule 2011). Immu-
nostaining in HCT116-ZMAT3-FLAG cells revealed
ZMAT3-FLAG localized predominantly in the nucleus
where it was partially colocalized in nuclear speckles
(Fig. 2D), structures also known as splicing factor-en-
riched compartments (Lamond and Spector 2003). Analy-
sis of our binding sites suggested that the intronic region
∼100 nt upstream of mRNA 3′ splice sites was highly en-
riched for ZMAT3 binding (Fig. 2E). This region harbors
the polypyrimidine tract that is crucial for recruitment
of key splicing effector complexes to ensure the definition
of the proper 3′ splice site. Furthermore, mRNAs with
ZMAT3 binding sites in that region were more likely to
be significantly differentially expressed upon changes in
ZMAT3 levels (Fig. 2F). We used the rMATS software
package (Shen et al. 2014) to predict alternative splicing
(AS) events after ZMAT3 knockdown or Nutlin-3a treat-
ment. Altogether, we identified 1727, 1151, and 1867 AS
events (with at least five sequence reads covering the
splice junction, FDR<0.05 and ΔPSI (percent spliced in)
≥10%) uponZMAT3knockdown,Nutlin-3a, or combina-
tion of both treatments, respectively (Fig. 2G). The simi-
larity of the AS event occurrence after ZMAT3
depletion with or without Nutlin-3a treatment suggests
that changes in ZMAT3 may be the cause of the bulk of
AS events mediated upon p53 activation, likely by direct
regulation of its targets. Interestingly, we noticed an in-
crease of ZMAT3 binding close to the 3′ splice site of ex-
ons that were differentially spliced following ZMAT3
knockdown, compared with unchanged exons (Fig. 2H).
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Figure 2. ZMAT3 predominantly binds to regions close to 3′ splice sites and its knockdown induces widespread changes in splicing pat-
terns. (A,B) mRNA expression changes upon ZMAT3 induction in HCT116 cells determined by RNA-seq in biological triplicates. The
empirical cumulative distribution function of ZMAT3 PAR-CLIP targets (fromHCT116 cells after Nutlin-3a treatment) binned by num-
ber of binding sites (A) or number of NXPM (cross-linked reads per million normalized to target gene expression levels) (B) compared with
nontargets (FPKM>5, black line). P-values were determined by Kolmogorov-Smirnov test (∗∗∗) P < 0.001, (∗∗∗∗) P < 0.0001, (ns) nonsignif-
icant. (C ) Same as A after knockdown of ZMAT3 and only separating ZMAT3 target genes (orange line) from nontargets (black line). (D)
Fluorescent microscopy images of immunostaining experiments with HCT116-ZMAT3-FLAG (top images) and HCT116-FLAG cells
stained with antibodies against FLAG (red) or the nuclear speckle marker protein SON (green). DNA is counterstained with DAPI
(blue). (E) Plot of cross-linked sequence read coverage distributed along the intron-exon boundary from a representative sample of
ZMAT3 PAR-CLIP from DMSO treated HCT116 cells. (F ) Percentage of ZMAT3 target mRNAs with significantly changed abundance
(P<0.05, Sleuth) in their transcripts that contained (Yes) or did not contain (No) ZMAT3-binding sites within 100 bp of the 3′ splice
site. Note that the number of gene expression changes was significantly higher in HCT116 cells after ZMAT3 knockdown (kd) compared
with ZMAT3 induction byNutlin-3a. (DE) Differentially expressed. (G) Table summarizing alternative splicing events (FDR<0.05, reads
≥ 5 and ΔPSI≥10%) upon ZMAT3 kd, Nutlin-3a treatment, or ZMAT3 kd prior to Nutlin-3a treatment, compared with control HCT116
cells. SE, skipped exons; A5SS, alternative 5′ splice site; A3SS, alternative 3′ splice site; MXE, mutually exclusive exon; RI, retained in-
trons. (H) Metagene plot of cross-linked sequence reads at the intron-exon boundary from pooled ZMAT3 PAR-CLIPs in DMSO- or Nut-
lin-3a-treated cells. The metagene plots were separated according to whether the exons were excluded, included, or unchanged upon
ZMAT3 kd.
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This is consistent with previous studies that found that
splicing regulatory RBPs exhibit their strongest splicing
promoting or suppressing effects when binding close to
the splice sites (Dvinge et al. 2016).
Aberrant splicing events may cause the accumulation

of damaged transcripts with premature termination co-
dons and/or retained introns. Such transcripts are cleared
by the nonsense-mediated decay (NMD) pathway (Ni
et al. 2007) and we therefore tested whether mRNA
abundance changes upon ZMAT3 depletion may be, at
least partially, explained by NMD-dependent degrada-
tion of aberrantly spliced ZMAT3 target mRNAs. We
performed RNA-seq after siRNA mediated knockdown
of UPF1, a major factor for NMD (Supplemental Fig.
S2D) and indeed found that alternatively spliced
ZMAT3 target genes showed a modest increase in abun-
dance compared with nontargets upon UPF1 depletion,
suggesting that NMD could be at least one of the causes
for their degradation.

Silencing ZMAT3 promotes expression of oncogenic
CD44 isoforms

We noticed that the gene with the most significant splic-
ing changes after ZMAT3 depletionwasCD44, whichwas
also among the top 200 PAR-CLIP targets (Supplemental
Tables S4, S6). CD44 is a cell adhesion protein that is ex-
pressed in multiple isoforms from a pre-mRNA compris-
ing 20 exons. Typically, the first and last five exons are
retained in the mature CD44 mRNA to form the CD44s
(standard) isoform. CD44 variant isoforms (CD44v) are
generated by inclusion of some of the ten remaining exons
(Zöller 2011). Importantly, increased CD44v expression is
correlated with tumorigenesis in CRC (Wielenga et al.
1993; Bánky et al. 2012; Ozawa et al. 2014; Zeilstra et al.
2014).
The highest density of ZMAT3-binding sites on the

CD44 pre-mRNA were found in the region containing
the CD44 alternative exons (exons 6–14), both in cells
treated with Nutlin-3a to induce ZMAT3 expression or
cells treated with DMSO (Fig. 3A,B; Supplemental Table
S7). Furthermore, depletion of ZMAT3 resulted in more
frequent inclusion ofCD44 alternative exons (Fig. 3A), re-
sulting in increased expression of two CD44 variant tran-
scripts (CD44v2-v10 and CD44v3-v10) and decreased
levels of the standard transcript (CD44s) in RNA-seq
and PCR experiments (Fig. 3C). We also tested whether si-
lencing p53 would phenocopy the loss of ZMAT3. Indeed,
knockdown of p53 resulted in increased expression of
CD44v isoforms (Fig. 3D,E) and a reduction of known di-
rect p53 targets, p21 and PURPL (Fig. 3E; Li et al. 2017).
These changes in RNA expression translated to protein
expression. Immunoblotting with a pan-CD44 antibody
showed a marked decrease in CD44s levels but increase
of the longer CD44v isoforms upon ZMAT3 or p53 deple-
tion (Fig. 3F), likely including the longest ones corre-
sponding to CD44v2-v10 and CD44v3-v10. Collectively,
our data strongly suggest that ZMAT3 mediates the p53-
dependent repression of oncogenic CD44 variants in
CRC cells.

ZMAT3 expression is anticorrelated with oncogenic
CD44 isoforms in vivo

In order to extend the relevance of our findings to CRC tu-
mors and normal human colon tissue, we turned to pub-
licly available RNA-seq data collected from colon
adenocarcinoma (COAD) and matched normal tissues
deposited at the TSVdb database (Sun et al. 2018) and
the GTEx portal (Lonsdale et al. 2013). We observed that
both the expression of CD44s and exon 5–15 junction us-
age (its characteristic exon-junction) was decreased in
COAD tumor samples compared with normal samples.
In contrast, the expression of CD44v2-v10 and CD44v3-
v10 was increased in the CRC (Fig. 4A).
Next, we wanted to investigate whether we could find

correlations between CD44 splicing patterns and
ZMAT3 expression levels in vivo. As a control, we first
calculated the correlations ofCD44s andCD44v isoforms
and ESRP1 and ESRP2, two splicing factors that are
known to regulate CD44 splicing by promoting CD44v
formation at the expense of CD44s levels (Warzecha
et al. 2009). ESRP1 or ESPR2 expression correlated nega-
tively with CD44s (r =−0.47 and −0.48, respectively) and
positively with CD44v3-v10 (r = 0.62 and r = 0.61, respec-
tively) andCD44v2-v10 (r = 0.48 for both genes) in normal
colon tissue (Fig. 4B; Supplemental Fig. S3A), supporting
the validity of our approach. Next, we correlated the ex-
pression of ZMAT3 and CD44 isoforms in the same tis-
sues. As predicted from our cell culture experiments,
ZMAT3 levels correlated positively with CD44s (r =
0.69) and negatively with CD44v3-v10 (r =−0.52) and
CD44v2-v10 (r =−0.40) (Fig. 4B; Supplemental Fig. S3A).
Note the similarity of correlation coefficients for
ZMAT3 or ESRP1/2 with CD44 isoforms, suggesting
that the ZMAT3 effect on CD44 is similar to the well-
characterized key splicing regulators ESRP1/2. These cor-
relations hold true beyond colon tissue, as we found sim-
ilar trends in normal small intestine and adipose tissue
(Supplemental Fig. S3B,C), further supporting a role for
ZMAT3 protein as a key splicing modulator of CD44
pre-mRNA.

Growth-suppressive effect of ZMAT3 is mediated via
inhibition of oncogenic CD44 transcripts

Previous reports showed that ZMAT3 overexpression can
inhibit tumor cell growth (Hellborg et al. 2001), and we
first wanted to recapitulate this effect in our cell line.
We carefully titrated transient overexpression of
ZMAT3 in HCT116 cells to mirror ZMAT3 levels after
p53 activation (Supplemental Fig. S1D) and found signifi-
cant reduction of cell growth under these conditions (Sup-
plemental Fig. S4A,B).
Next,we askedwhether the regulation ofCD44 splicing

by ZMAT3 could be important in mediating the growth
suppressive effects of ZMAT3. To test this, we decided
to knockdown ZMAT3 or CD44v in HCT116 cells and
compare the effects on cell viability and clonogenicity.
First, we designed two different siRNAs against exon 14,
present only in CD44 variant isoforms (siCD44v#1 and
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siCD44v#2) and quantified the expression of CD44s,
CD44v2-v10, CD44v3-v10, and the sum of all CD44 iso-
forms using RT-qPCR. Both siRNAs knocked down
CD44v, with siCD44v#2 showing greater knockdown effi-
ciency (Fig. 4C) and thus, we used this siRNA for the func-
tional assays.

Silencing ZMAT3 significantly increased cell viability
whereas silencingCD44v alone or concurrent knockdown
of ZMAT3 and CD44v significantly decreased cell viabil-
ity after 48 or 72 h of transfection (Fig. 4D). Remarkably,
the effect was more pronounced in colony formation as-
says, where we observed an ∼2.5-fold increase in clonoge-
nicity upon ZMAT3 knockdown compared with the
control. In contrast, silencing of CD44v alone or CD44v
together with ZMAT3 dramatically reduced clonogenic-

ity to approximately fourfold (Fig. 4E,F) revealing an epi-
static interaction between the ZMAT3 and CD44.
Together with our interactome and transcriptomic analy-
ses, these data collectively uncover a previously unrecog-
nized role of ZMAT3 in regulation of alternative splicing
and reveal a growth suppressive function of the p53–
ZMAT3–CD44 regulatory axis in CRC cells.

Discussion

Here, we showed that ZMAT3 was the most robustly in-
duced RBP upon p53 activation in our CRC model. Be-
sides ZMAT3, only a few other RBPs were suggested to
be direct p53 targets, including PCBP4 (Zhu and Chen
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Figure 3. ZMAT3 or p53 depletion pro-
motes alternative splicing of the CD44
pre-mRNA, resulting in an increased ex-
pression of the oncogenic isoforms
CD44v2-10 and CD44v3-v10, and de-
creased expression of the standard isoform
CD44s. (A) Schematic representation of
some CD44 isoforms, with invariant exons
1–5 and the last four exons colored in red
and variant exons 6–10 colored in blue.
The bottom track shows RNA-seq cover-
age from HCT116 cells treated with
ZMAT3 or control siRNAs. The increase
in PSI of each variant exon upon ZMAT3
silencing is indicated. The bottom track
shows the distribution of cross-linked se-
quence reads from ZMAT3 PAR-CLIP ex-
periments. (B) Genome browser track of
ZMAT3 binding sites from all biological
replicates across the CD44 gene showing
the enrichment of ZMAT3 binding around
the variant CD44 exons (left part) and pro-
portion of binding sites at CD44 variant re-
gion/CD44 total RNA (right part). (C ) Gene
expression levels of CD44s, CD44v2-v10 or
CD44v3-v10 upon ZMAT3 kd from RNA-
seq in transcripts per million (TPM) (left),
or RT-qPCR experiments (right). In the
case of qPCR, we were only able to mea-
sure the expression of all CD44variants
harboring v2 or v3 exons. (∗) P < 0.05, (∗∗∗)
P < 0.001, (ns) nonsignificant. RT-qPCR
values are the average of at least three bio-
logical replicates. (D) RT-qPCR quantifica-
tion of CD44s, CD44v2, CD44v3, and
known direct p53 targets (ZMAT3, p21,
and the PURPL lincRNA) after p53 kd in
HCT116 cells. (∗) P < 0.05, (∗∗) P < 0.01,
(∗∗∗) P < 0.001, (∗∗∗∗) P < 0.0001, (ns) nonsig-
nificant. RT-qPCR values are the average
of at least three biological replicates. (E)
Representative images of semiquantitative
PCR from HCT116 cells following ZMAT3
or p53 kd. The forward primer was de-
signed on exon 2 and reverse on exon 18
of CD44 mRNA. Bands were Sanger-se-

quenced to confirm the isoforms. (F ) Immunoblots from HCT116 lysates for p53, CD44, ZMAT3, and GAPDH following p53 or
ZMAT3 kd.
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2000), RNPC1 (Zhang et al. 2010), QKI (Chen et al. 2012),
and RBM24 (Jiang et al. 2014). We were not able to find
these RBPs up-regulated in our stringent analysis and a
clear function of these RBPs in the p53 response has not
been documented. Nevertheless, the integration of
RNA-seq, GRO-seq, and ChIP-seq experiments from
HCT116 cells after activation of the p53 pathway indi-
cates the presence of a robust set of RBPs that are directly
up-regulated by p53 and suggests that rewiring of post-
transcriptional gene regulation is an underappreciated as-
pect of the otherwise well-characterized p53 response. In
addition to RBPs, a number of other noncoding RNAs
that could bind and affect target RNAs in a post-transcrip-
tionalmanner, such as lncRNAs,miRNAs, and circRNAs
were previously reported to be part of the p53 response
(Goeman et al. 2017; Li et al. 2017; Chaudhary et al.

2020). We describe splicing regulation as a direct effect
of the p53 pathway via the activation of the splicing regu-
lator ZMAT3. That regulation of alternative splicing
emerges as one aspect of p53-mediated tumor suppression
may not be surprising considering that misregulation of
alternative splicing is common in tumors (Zhang and
Manley 2013).
ZMAT3 regulation of splicing may be related to its con-

spicuous binding at the polypyrimidine tract of pre-mRNA
introns that is a crucial sequence element required for 3′

splice site definition. Generally, ZMAT3 binding sites
most commonly consisted of Us, with additional sig-
nificant contribution of A/U-rich sequences. A/U-rich ele-
ments (AREs) inmRNA 3′UTRs were previously predicted
as ZMAT3-binding motif, based on sequence comparisons
between mature mRNAs coimmunoprecipitated with
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Figure 4. ZMAT3-levels anti-correlate
with the expression of oncogenic CD44v
isoforms in colon tissues and ZMAT3 and
CD44v depletion lead to opposite pheno-
types. (A) RSEM values of CD44s,
CD44v3-v10, and CD44v2-10 derived from
285 primary TCGA-COAD solid tumor
samples compared with 41 solid normal tis-
sues (top panel), junction usage derived
from exon junction quantification from
the same samples (bottom panel), and sche-
matic figures of CD44mRNAshowing each
quantified junction (black lines above the
CD44 mRNAs). Data were downloaded
from the TSVdb database. (B) Heat map of
gene expression of selected genes from 779
normal colon samples from the GTEx data-
base. CD44s, CD44v3-v10, CD44v2-10,
ZMAT3, ESRP1, and ESRP2 TPM values
transformed into Z-scores. (C ) RT-qPCR
quantification of CD44v isoform depletion
using specific siRNAs targeting exon 14.
(D) Viability assay using Cell Counting
Kit-8 upon kd of ZMAT3, CD44v, or both.
(∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001,
(∗∗∗∗) P < 0.0001, (ns) nonsignificant. (E)
Representative images derived from colony
formation assays. (F ) Cell colony formation
assay after kd of ZMAT3, CD44v, or both
using siRNAs. The values refer to the aver-
age of three biological replicates. Colony
images were quantified using ImageJ soft-
ware. (∗∗∗∗) P < 0.0001.
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ZMAT3 (Vilborg et al. 2009; Bersani et al. 2014, 2016).
Binding to AREs in 3′UTRs—well-characterized sequence
elements recruiting cytoplasmic trans-acting factors to
promote rapid mRNA turnover (Shaw and Kamen 1986)
—led to the interpretation that ZMAT3 modulated
mRNA half-life (Vilborg et al. 2009; Bersani et al. 2014).
However, these reports did not reveal themore widespread
ZMAT3 binding across the entire pre-mRNA, which is
consistent with its predominantly nuclear localization. In
our analysis, the ZMAT3 binding pattern reminded less
of the half-life changing ARE-binding proteins, such as
the ZFP36 family (Carballo 1998), but more of other nucle-
ar RBPs involved in splicing regulation, such as ELAVL1/
HuR, which has amore pronounced affinity to A/U rich re-
gions, but also to the 3′ splice site (Mukherjee et al. 2011).

On a mechanistic level, ZMAT3 might compete with
the splicing machinery for binding to the polypyrimidine
tracts and interfere with the proper recognition of 3′ splice
sites. It thusmight act as a splicing suppressor on some ex-
ons, but on the other hand also prevent binding of spliceo-
some components to weaker splice sites. ZMAT3 could
thus prevent the formation of defective target mRNA iso-
forms containing, e.g., premature termination codons,
which can make up to 40% of alternatively spliced tran-
scripts (Tabrez et al. 2017).

Previous work demonstrated that p53 ablation resulted
in increased expression of the adhesion protein and stem
cell marker gene CD44 in mammary epithelial cell line/
mouse mammary fat pad and mouse liver, respectively
(Godar et al. 2008; Dhar et al. 2018), possibly due to direct
binding of p53 to the CD44 promoter (Dhar et al. 2018).
Our analysis revealed that rather than direct transcrip-
tional regulation, in HCT116 and in human colon tissue,
control of alternative splicing of the CD44 pre-mRNA is
one of the major post-transcriptional regulatory events
controlled by p53 or ZMAT3. Loss of either of these tu-
mor-suppressive proteins resulted in higher abundance
of the CD44v variants associated with many kinds of tu-
mors (Zöller 2011) and a concomitant reduction of the
shorter standardCD44s, the predominant isoform in adult
normal tissues. Nevertheless, CD44s itself is also associ-
ated with the promotion of metastasis in breast (Brown
et al. 2011), liver (Mima et al. 2012), and pancreatic (Li
et al. 2014) cancers. Interestingly, CD44 seems to be a
common target for a number of splicing regulatory
RBPs, like ESPR1 and ESPR2 (Warzecha et al. 2009),
HNRNPM (Xu et al. 2014), and HNRNPA1 (Loh et al.
2015), which reinforces the importance of balanced ex-
pression among its isoforms.

We found that CD44v silencing caused a decreased clo-
nogenicity, further corroborating a body of literature de-
scribing the importance of CD44v to colorectal cancer
and its association with increased tumorigenesis and
worse prognosis (Wielenga et al. 1993; Bánky et al. 2012;
Ozawa et al. 2014; Zeilstra et al. 2014). These effects are
thought to be caused in part by expansions in the extracel-
lular domain of CD44v introduced in the variant exons,
which allow the protein to bind the growth factors HGF
and FGF2 in addition to hyaluronan, the major CD44 li-
gand (Zöller 2011). This highlights the observation that

different isoforms of the same gene can have different or
opposing functions (Zhang and Manley 2013).

In summary, we present mechanistic evidence that the
tumor-suppressive role of ZMAT3 (Hellborg et al. 2001)
may be due to regulation of alternative splicing, and we
furthermore suggest that at least a part of the p53 tumor
suppressor pathway depends on post-transcriptional
gene regulation via a p53–ZMAT3–CD44 axis.

Materials and methods

High-throughput data

The PAR-CLIP and RNA-seq data generated here are available at
GEO under accession code GSE150718 (https://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?acc=GSE150718).
The custom K-mer/motif analysis is available on request. The

in-house algorithm used to create pooled PAR-CLIP samples is
available on request.

Cell lines

HCT116 colorectal carcinoma and 293T cell lines were pur-
chased at American Type Culture Collection (ATCC) and were
derived from adult male and fetus, respectively. They were culti-
vated in DMEM (Gibco 11965118) containing 10% fetal bovine
serum (FBS) (Gibco 10082147) and 100 units/mL penicillin and
0.1 mg/mL streptomycin (Gibco 15140122). Cells were grown at
37°C and 5% CO2. Cell lines were routinely checked for myco-
plasma contamination using Venor GeM mycoplasma detection
kit (Sigma-Aldrich-Aldrich Co. MP0025-1KT). The cell lines
have not been authenticated.

Plasmids construction and transduction

The expression vector containingZMAT3-FLAGunder control of
p53 promoter was constructed using pLVX-Puro (Clontech
632164) as the backbone. The pCMV IE promoter was removed
and 13 p53RE-Prom (p53-responsive promoter) sequences (5′-
CCAGGCAAGTCCAGGCAGG-3′) were inserted upstream of
the multiple cloning site (MCS). The ZMAT3 ORF containing
three sequences of FLAG at its downstream portion was cloned
at MCS using EcoRI and BamH1 restriction enzymes. The empty
vector only contained the p53RE-Prom. Both vectors were gener-
ated by GenScript.
The vectors were expanded using DH5α cells (Invitrogen

18265017) and the plasmids were purified withMonarch plasmid
miniprep kit (NEB T1010L). The lentiviruses were produced in
293T cells after cotransfection with a third generation of lentivi-
rus packaging system using Lipofectamine 2000 (Thermo Fisher
Scientific 11668027). HCT116 cellswere transduced atMOI close
to 1 and after 2 d transformants were selected with 2 μg/mL puro-
mycin (Gibco A1113803) for 1 wk.
Wild-type (pGL3-Basic-ZMAT3-WT-promoter) and mutant

(pGL3-Basic-ZMAT3-MUT-promoter) constructs containing the
wild-type (5′-AGGCATGTCTGGACTTGTT-3′) and mutant
(5′-CGTAAGGTCATGAGTTCTT-3′) p53 RE element, respec-
tively, found in intron 1 fromZMAT3,were cloned into pGL3-Ba-
sic vector (Promega E2231) for luciferase assays. We used gBlocks
gene fragments (IDT) at region chr3:179,069,907–179,070,507
(hg38) containing restriction sites from XhoI (NEB R0146S) and
HindIII (NEB R0104S) at 5′ and 3′, respectively. We digested
pGL3-Basic vector and DNA fragments with those enzymes, pu-
rified the products using Monarch DNA gel extraction kit (NEB
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T1020S) or QIAquick PCR purification kit (Qiagen. 28106) and li-
gated the inserts with the vector using T4 DNA ligase (NEB
M0202S). The vectors were expanded and purified as
aforementioned.
pcDNA3.1+/C-(K)DYK vector containing ZMAT3 ORF (OE

ZMAT3; Genscript OHu10406/NM_022470.4) or empty vector
was used for cell count assays.

Luciferase assay

The day before the transfection, 105 cells from293T cell linewere
seeded in a 24-well plate. The next day, the cells were cotrans-
fected using 250 ng of pGL3-Basic-ZMAT3-WT-promoter or
pGL3-Basic-ZMAT3-MUT-promoter and 25 ng of pRL-TK (Prom-
ega E2231) vectors with 20 nM siCTRL (Allstars negative control
siRNA; Qiagen 1027281) or sip53 (Horizon Discovery L-003329-
00-0005) siRNAs. The cotransfection was made using Lipofect-
amine 2000 transfection reagent (Thermo Fisher Scientific
11668027) according to the manufacturer’s protocol. Briefly, a
mixture that contained 1 μL of lipofectamine, DNA, and siRNA
in 100 μL of Opti-MEM (Gibco 31985062) was preincubated for
20 min at room temperature and added to the seeded cells. After
2 d, firefly and Renilla luminescences from pGL3 and pRL-TK
vectors, respectively, weremeasured using dual-luciferase report-
er assay system (Promega E1910) according to themanufacturer’s
protocol on EnSight Multimode plate reader (PerkinElmer). Fire-
fly luminescence was normalized with Renilla luminescence for
transfection efficiency.

PAR-CLIP

PAR-CLIP method was performed in four biological replicates as
previously described in Hafner et al. (2010) and Benhalevy et al.
(2017) but using a fewmodifications to track the ZMAT3 ribonu-
cleoprotein complex.

Cell culture and UV cross-linking HCT116 ZMAT3-FLAG cells
were seeded in 10 15-mm cell culture dishes at 6 × 106 cells per
plate. Forty-eight hours later, 10 μM final concentration Nutlin-
3a (Sigma-Aldrich SML0580) dissolved inDMSOor equal volume
of DMSO alonewas added to themedium. After 2 h, 100 μM final
concentration 4-thiouridine (Sigma-Aldrich T4509) was added to
all cells. Cells were incubated for another 16 h followed by 5 min
of cross-linking with 312-nm UV light using a Spectrolinker XL-
1500 (Spectronics Corporation). Cells were scraped off on ice us-
ing a rubber policeman, collected by centrifugation at 500g,
washed with 5 mL of 1× DPBS, and centrifuged again at 500g.
Cell pellets were kept frozen at −80°C until further use. Pellets
were thawed on ice and cells lysed in 1.5 vol of RIPA buffer
(150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS, 50 mM Tris at pH 8.0) made with DEPC water.
Next, the cells were sonicated three times for 30 sec (power set
to 60%; VirTis VIRSONIC 100) to shear chromatin followed by
addition of 1.5 vol of 20 mM Tris-HCl buffer (pH 7.5). Lysates
were cleared by centrifugation in a tabletop centrifuge at maxi-
mum speed for 15 min and the supernatant was kept for the
next steps.

RNA digestion and dephosphorylation RNase T1 (Thermo Fisher
Scientific EN0541) was added to the lysates at a final concentra-
tion of 1 U/μL and the reaction mix was incubated at room tem-
perature for 15 min. Reactions were cooled by incubating the
lysates for 5 min in ice. RNPs were immunoprecipitated from
the predigested lysates for 4 h using 80 μL of Pierce Protein A/G
magnetic beads (Thermo Fisher Scientific 88803) coupled with

20 μg of anti-FLAG (Sigma-Aldrich. F1804) or anti-IgG (Santa
Cruz Biotechnology sc-2025) antibodies for control samples.
Beads were collected on a magnetic rack and washed three times
with 1 mL of IP buffer (20 mM Tris at pH 7.5, 150 mM NaCl, 2
mM EDTA, 1% [v/v] NP40, 0.5 mM DTT). After the final wash,
beads were resuspended in 80 μL of IP buffer and RNase T1 was
added to a final concentration of 10 U/μL. The reaction mix was
incubated for 15 min at room temperature with mild agitation
and washed three times with 1 mL of IP buffer.
Next, the beads were washed in 1 mL of dephosphorylation

buffer (50 mMTris-HCl at pH 7.9, 100mMNaCl, 10 mMMgCl2,
1 mMDTT) without DTT. Washed beads were taken up in 80 μL
dephosphorylation buffer and treated with 0.5 units/μL alkaline
phosphatase, calf intestinal (CIP; NEB M0290S) for 10 min at
37°C with shaking. Subsequently, the beads were washed twice
with 1 mL of dephosphorylation buffer and twice with 1 mL of li-
gation buffer (50 mM Tris-HCl at pH 7.5, 10 mM MgCl2, 1 mM
DTT) without DTT.

3′ adapter ligation and phosphorylation After the final wash beads
were taken up in 80 μL of ligation buffer once, followed by addi-
tion of 0.5 μL of 0.5 mM fluorescent 3′ adapter and 10 U/μL
Rnl2(1-249)K227Q ligase (NEBM0351S) (adapters and primers se-
quences used for PAR-CLIP are listed in Supplemental Table S8).
The reaction mix was incubated overnight at 4°C with gentle ag-
itation. Beads were washed twice with 1 mL of ligation buffer
without DTT and then twice with 1 mL of PNK buffer without
DTT (50 mM Tris-HCl at pH 7.5, 50 mM NaCl, 10 mM MgCl2).
After the final wash, beads were taken up in 80 μL of phosphory-
lation buffer and RNA 5′ ends were phosphorylated with 1 mM
final concentration of ATP using 10 U/μL T4 PNK kinase (NEB
M0201S) for 30 min at 37°C with shaking. Following this reac-
tion, beads were washed twice with 1 mL of PNK buffer without
DTT.

SDS-PAGE purification and proteinase K digestion The cross-linked
ribonucleoproteins were dissociated from beads by resuspending
and incubating them in 65 μL of SDS loading buffer for 5 min at
95°C. The samples were loaded onto 4%–12% SDS–polyacryl-
amide gel NuPAGE, 1.0-mm Bis-Tris, and 12 Midi protein gel
two-wells (Thermo Fisher Scientific WG1401BOX) and the
band corresponded to the size of 55 kDa: The ZMAT3-FLAG-
RNP (37 kDa) ligated to a fluorescently labeled 3′ adapter (∼20
kDa) was visualized on a fluorescent imager and cut from the
gel. The recovered ribonucleoproteins were digested for 30 min
initially in 200 μL of Proteinase K buffer (50 mM Tris-HCl at
pH 7.5, 75 mMNaCl, 6.25 mM EDTA, 1% [w/v] SDS) containing
1.2 mg/mL Proteinase K (Roche 03450376103) and then 150 μL of
the same buffer including 0.75 mg/mL Proteinase K was added
twice at each 30min, completing 1.5 h of reaction. The recovered
RNA was purified with phenol-chloroform extraction and etha-
nol precipitation.

5′ primer adapter ligation and cDNA synthesis Next, the recovered
RNA was ligated to the 5′ chimeric DNA-RNA adapter 1.25 μM
(final concentration) using 10 units/μL Rnl1 ligase (NEB
M0204S) in a reaction volume of 20 μL for 1 h at 37°C. The ligated
RNA was purified using Oligo Clean & Concentrator (Zymo Re-
search D4061) and reverse transcribed with SuperScript IV re-
verse transcriptase (Invitrogen 18090010) using the 3′ RT
primer according to the manufacturer’s protocol. Adapters and
primers sequences used for PAR-CLIP are listed in Supplemental
Table S8.
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PCR, purification, size selection, and sequencing PCR amplification
was done with Platinum Taq DNA polymerase (Thermo Fisher
Scientific 10966018) using 0.5 μM 3′ RT primer and 5′ SHORT
PCR primer in a 100-μL reaction volume. After eight cycles
from PCR (10 sec at 94°C, 30 sec at 60°C, and 15 sec at 72°C),
the samples were concentrated and purified using DNA Clean
&Concentrator-5 (Zymo Research, Catalog no. D4013). Products
of a size between 75 and 100 bp were isolated using a 3% agarose
PippinPrep cassette (Sage Science CSD3010) on a BluePippin
device.
The second PCR was done with the purified and size-selected

samples using Platinum Taq DNA polymerase together with
0.5 μM 5′ long PCR primer and 3′ RNA index primer (barcoded
primer) in 100-μL reaction volume for 15 cycles. The PCRs
were again purified, and size-selected for a range between 147
and 173 bp. The resulting library was sequenced on a HiSeq
3000 system using a single-end 50 cycle protocol. Analysis was
performed as described previously using PARalyzer (version 1.5;
Corcoran et al. 2011) built into the PARpipe (Corcoran et al.
2011) pipeline mapping the reads to human genome hg19. Pooled
version of reads was mapped on human genome hg38.

siRNAs transfection

HCT116 cells were reverse transfected using Lipofectamine
RNAiMAX transfection reagent (Invitrogen 13778075) and siR-
NAs at 20 nM according to the manufacturer’s protocol. Briefly,
3 × 105 cells were seeded in six-well plates, adding a mixture
that was preincubated for 20 min at room temperature and con-
tained 5 μL of lipofectamine and an amount sufficient for 20
nM siRNA in 500 μL of Opti-MEM (Gibco 31985062). Cells
used for expression analysis were washed using 1× DPBS (Gibco
14190250) and lysed using 500 μL of TRIzol reagent (Invitrogen
15596018) 48 h after transfection. For p53 knockdown the cells
were transfected one more time after 48 h and then, 2 d later,
theRNAwas extracted. Allstars negative control siRNAs (Qiagen
1027281)were used as control siRNAs.Weused SMARTPool siR-
NAs (Horizon Discovery L-017558-00-0005, L-003329-00-0005,
and L-011763-00-0005) against ZMAT3, p53, and UPF1, respec-
tively. With the intention of targeting most of CD44v, we de-
signed siRNAs against exon 14, which was included in most of
the CD44 variants from Ensemble (https://useast.ensembl.org/
index.html). The aforementioned siRNAs, siCD44v#1 (5′-rArAr-
ArUrCrArUrUrCrUrGrArArGrGrCrUrCrArArCrUrACT-3′ and
5′-rArGrUrArGrUrUrGrArGrCrCrUrUrCrArGrArArUrGrArUrU
rUrGrG-3′) and siCD44v#2 (5′-rGrGrArArGrArArGrArGrArCrCr
CrArArArUrCrArUrUrCTG-3′ and 5′-rCrArGrArArUrGrArUrUr
UrGrGrGrUrCrUrCrUrUrCrUrUrCrCrArC-3′), were purchased
from Integrated DNA Technologies (IDT). For colony formation
and viability assays, cells were transfected using siRNAs against
more than one target (e.g., siCTRL and siZMAT3). Consequently,
the final concentration of siRNAs was 40 nM.

RNA extraction, RT-qPCRs, and RT-PCR

Total RNA for samples used for RT-qPCRhad their total RNAex-
tracted using TRIzol reagent (Invitrogen 15596018) according to
the manufacturer’s protocol. RNA (500 or 1000 ng) was used for
cDNA synthesis using iScript reverse transcription supermix,
(Bio-Rad 1708841) following the manufacturer’s instructions.
For RT-qPCR, 45 or 90 μL of H20 (for 500 ng or 1000 ng of initial
RNA, respectively) was added to 10 μL of cDNA. Diluted cDNA
(2.5 μL) was used in a reaction mixture containing 0.2 μM (final
concentration) each primer, 5 μL of FastStart Universal SYBR
Green Master (Rox; Millipore Sigma 4913914001), and H2O

enough for 10 μL. All reactions were done on StepOnePlus real-
time PCR (Applied Biosystems). GAPDH was used to normalize
the expression and the relative expression was calculated using
the 2−ΔΔCt method.
RT-PCRs for CD44weremade using 1 μL of nondiluted cDNA,

1 μL of each primer (CD44 total PCR, 10 μM stock), 12.5 μL of
Phusion High-Fidelity PCR Master Mix with HF buffer (NEB
M0531S), and H2O enough for 25 μL of reaction. The PCR cycle
used was the following: once for 5 min at 94°C and 28 times for
10 sec at 98°C, 30 sec at 57°C, and 2 min at 72°C,. PCR products
were resolved using 1.2% agarose gels.
The primers for RT-qPCRs and RT-PCRs are listed in Supple-

mental Table S8.

RNA-seq

RNA-seq was performed in biological triplicates from HCT116
cells treated for 6 h with Nutlin-3a (10 μM final concentration)
or DMSO, 48 h after transfection with siRNAs against
ZMAT3 or negative control as described above. Total RNA was
isolated using the RNeasy Plusmini kit (Qiagen 74134) following
the manufacturer’s instructions. Samples were sequenced on
HiSeq4000 using Illumina TruSeq stranded mRNA library prepa-
ration (Illumina 20020594) and paired-end sequencing.
RNA-seq following 48 h after transfection of UPF1 or control

siRNAs in HCT116 cells was also performed in biological tripli-
cates, as above. Total RNA was extracted using TRIzol Reagent
(Invitrogen 15596026) according to manufacturer’s instructions.
We used theNEBNext Ultra Directional RNA library preparation
kit for Illumina (NEB E7760) with NEBNext rRNA depletion kit
(NEB E6318). The samples were sequenced on an Illumina HiSeq
3000machine using the 50 cycles single end sequencing protocol.
Sequence reads were aligned to the human genome hg19 build

using TopHat (version 2.1.1; https://ccb.jhu.edu/software/
tophat/index.shtml) or STAR (version 2.5.4a; https://github
.com/alexdobin/STAR). Differential gene expression was quanti-
fied using RSEM (version 1.2.31; https://deweylab.github.io/
RSEM) and DESeq2 (version 1.26.0; https://bioconductor.org/
packages/release/bioc/html/DESeq2.html).
For analysis at transcript level, raw fastq files were trimmed us-

ing Trimmomatic (version 0.36) (http://www.usadellab.org/cms/
?page=trimmomatic) and Trim Galore (version 0.4.5) (https
://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
Expression levels for gencode v19 version transcripts were quan-
tified using Salmon (version 0.14.1; Patro et al. 2017). The output
of Salmonwas converted to Sleuth (version 0.30.0; Pimentel et al.
2017) compatible format using the prepare_fish_for_sleuth() func-
tion from the wasabi package (version 1.0.1; https://github.com/
COMBINE-lab/wasabi). Normalized TPM expression values
were obtained from the Sleuth package.

Western blots

Cells were lysed in 200–500 μL of RIPA buffer (Thermo Fisher Sci-
entific 89901) containing protein inhibitors cOmplete, Mini,
EDTA-free protease inhibitor cocktail (Millipore Sigma
11836170001). Subsequently, samples were sonicated twice for
5 sec (power set to 50%) while samples were on ice. Cleared su-
pernatant from lysates were recovered by centrifugation and the
protein was quantified using Pierce BCA protein assay kit
(Thermo Scientific 23225) according to the manufacture’s proto-
col. Protein (15 or 20 μg) was loaded into 6%, 10%, or 12% SDS-
polyacrylamide gels and, subsequently, transferred onto a PVDF
membrane in a semi-dry apparatus according to standardWestern
Blot protocols. Membranes were blocked and later they were
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incubated with primary antibodies overnight. We used GAPDH
antibody (1:6000 dilution; Cell Signaling 5174S) or β-tubulin
(1:1000 dilution; Cell Signaling 2128S) as a normalizer for protein
expression. The other primary antibodies used are the following:
FLAG (1:1000 dilution; Sigma F1804), p53 (DO-I) (1:1000 dilution;
Santa Cruz Biotechnology sc-126), CD44 (1:1000; dilution Cell
Signaling, Catalog no. 3570S),mouse IgG (SantaCruz Biotechnol-
ogy sc-2025) and ZMAT3 (1:250 dilution), that was generated
fromAbgent.Membraneswere developed using ECL PrimeWest-
ern blotting detection reagent (Fisher Scientific RPN2232).

Immunostaining

Immunostaining analysis was done in HCT116 ZMAT3-FLAG or
empty vector control cells as described earlier (Tripathi et al.
2012). Briefly, cells were washed with 1× DPBS, fixed with 4%
of freshly prepared formaldehyde solution for 15 min at room
temperature and washed twice with 1× DPBS. Next, cells were
permeabilized with 0.5% Triton X-100 in 1× PBS solution for 5
min at room temperature and washed twice with 1× PBS. The
blocking was done using 2% bovine serum albumin for 30 min
at room temperature and cells were washed twice with 1× PBS.
Cells were incubated with anti-FLAG (1:200 dilution) or anti-
SON (1:1000 dilution) (Sigma-Aldrich HPA023535) antibodies
in 2% bovine serum albumin for 2 h at room temperature in a
wet chamber, and then washed three times with 1× PBS. The
cells were stained with DAPI for 3 min and the coverslip was
mounted onto the slides with mounting medium. The Z-stack
images were taken using Axioimager Z1 microscope (Zeiss)
equipped with 63×/1.4 NA oil immersion objective and Zeiss
Axiocam 506 monocamera. Images were processed through
deconvolution and maximum intensity projections using ZEN
software (version 3.1).

Cell count assays

For this experiment, 2 × 105 HCT116 cells were seed at 12-well
plates. On the next day, cells were transfected with 100, 500, or
1000 ng of pcDNA3.1+/C-(K)DYK vector containing ZMAT3
ORF (OE ZMAT3) (Genscript OHu10406/NM_022470.4) or emp-
ty vector using Lipofectamine 2000 transfection reagent (Thermo
Fisher Scientific, 11668027), according to themanufacturer’s pro-
tocol. After 48 h, the cells were counted using Trypan Blue
staining.

Colony formation assay

In this experiment, 103 HCT116 cells were seeded in 6well plates
24 h after siRNA transfections (see above). Cells were kept grow-
ing for 8 d and then were fixed using 100% ice-cold methanol for
15 min and stained with crystal violet 0.5% in methanol (10%)
for 15 min. The ImageJ software package (version 2.0.0-rc-43/
1.52n) was used to analyze images of the resulting colonies
pictures.

Cell viability assays

We seeded 1.5 × 103 HCT116 cells in 96 well plates 24 h after
siRNA transfections (see above). Cell counting kit 8 (DojindoMo-
lecular Technologies, Inc. CK04-13) was used for this assay ac-
cording to the manufacturer’s protocol at time points 24, 48,
and 72 h after cells were seeded. Absorbance at measured at 450
nm on EnSight Multimode plate reader (PerkinElmer).

Alternative splicing analysis

For splice pattern analysis, raw FASTQ files were trimmed using
trimGalore (version 0.4.5, https://www.bioinformatics.babraham
.ac.uk/projects/trim_galore) and Trimmomatic (version 0.36).
Surviving reads were aligned to the hg19 genome with the
STAR aligner (version 2.5.4a) using the GENCODE v19 gene an-
notation using the two-pass mode and “best recall at base and
read level” settings as shown in Supplemental Table S37 of Bar-
uzzo et al. (2017). Alternative splicing events were identified us-
ing the rMATS (version 4.0.2; Shen et al. 2014) package. Data
from rMATS were filtered for events supported by at least five se-
quence reads, with ΔPSI (percent spliced in)≥0.1 and FDR (false
discovery rate) < 0.05 using the maser package (version 1.4.0;
https://rdrr.io/bioc/maser/) for R (version 3.6.2; R Core Team
2019).

Venn diagrams

The venn diagram from Figure 1B was generated using VennDia-
gram package (Chen and Boutros 2011; https://CRAN.R-project
.org/package=VennDiagram). The graph at Figure 1C graph was
made with “Venn Diagrams” web site (http://bioinformatics
.psb.ugent.be/webtools/Venn).

Average coverage of binding sites

Visualization of binding site coverage (Fig. 2A)was done using the
RCAS tool (version 1.12.0; Uyar et al. 2017) with R software (ver-
sion 3.6.2).

Correlograms

The correlograms from Supplemental Fig. S3 was generated using
the corrplot (version 0.84) package (https://github.com/taiyun/
corrplot) with R software (version 3.6.2).

Heat maps

The heat maps from Supplemental Figs. S3 and s4 were made us-
ing pheatmap package (version 1.0.12; https://cran.r-project.org/
web/packages/pheatmap/index.html) with R software (version
3.6.2).

K-mer/motif analysis

The K-mer or motif analysis was done using an in-house script.
Basically, it was performed by counting all 5-mer occurrences
within the binding site sequences and comparing these values
with 5-mer abundances within a background file. This back-
ground file was built by matching each binding site with random
continuous sequences of equal length taken from the region of
the gene where that binding site was found, like intron, 3′UTR,
CDS, etc.

Quantification and statistical analysis

All the statistical analysis was performed using at least three rep-
licates and bar or box plots fromFigures 3 and 4 and Supplemental
Figure 2 indicatemean±SD. Statistical significance of differences
were performed using the Student’s t-test when comparing two
groups or one-way ANOVA when comparing more than two
groups. Spearman’s coefficient correlation was used to analyze
the expression and junction usage from data derived from TSVdb
or GTEx. Kolmogorov-Smirnov test was used for comparisons of
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cumulative distributions. The data were considered significant
when P<0.05. Prism software (version 8) was used to make the
analysis.
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