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ABSTRACT

Differential gene isoform expression is a ubiquitous mechanism to enhance proteome diversity and maintain cell homeo-
stasis. Mechanisms such as splicing that drive gene isoform variability are highly dynamic and responsive to changes in cell
signaling pathways. Wnt/B-catenin signaling has profound effects on cell activity and cell fate and is known to modify
several splicing events by altering the expression of individual splicing factors. However, a global assessment of how ex-
tensively Wnt signaling regulates splicing and other mechanisms that determine mRNA isoform composition in cancer is
lacking. We used deep time-resolved RNA-seq in two independent in vivo Wnt-addicted tumor models during treatment
with the potent Wnt inhibitor ETC-159 and examined Wnt regulated splicing events and splicing regulators. We found
1025 genes that underwent Wnt regulated variable exon usage leading to isoform expression changes. This was accom-
panied by extensive Wnt regulated changes in the expression of splicing regulators. Many of these Wnt regulated events
were conserved in multiple human cancers, and many were linked to previously defined cancer-associated splicing quan-
titative trait loci. This suggests that the Wnt regulated splicing events are components of fundamental oncogenic process-
es. These findings demonstrate the wide-ranging effects of Wnt signaling on the isoform composition of the cell and
provides an extensive resource of expression changes of splicing regulators and gene isoforms regulated by Wnt signaling.
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INTRODUCTION trolled by tissue-specific factors that can be regulated by
extracellular signals (Srebrow and Komblihtt 2006; Ortis
et al. 2010; Buljan et al. 2012; Martinez et al. 2012) and
cancer-associated alterations in isoform composition can
also be caused by dysregulated cell signaling pathways
(Anczukdéw and Krainer 2016; Sveen et al. 2016).

Whnt signaling has potent and diverse effects on organ-
ismal development and the physiology of adult tissues.
This pathway maintains homeostasis of a number of organs
including the gut, skin, hair, and taste buds (Mah et al.
2016; Gaillard et al. 2017; Veltri et al. 2018). In its simplest
form (Supplemental Fig. S1), Wnt signaling regulates the
abundance of B-catenin, which then regulates the expres-
sion of tissue-specific target genes by binding to its
cognate TCF/LEF transcription factors (Arce et al. 2006;
Archbold et al. 2012; Cadigan and Waterman 2012).

Greater than 90% of all multiexon human protein-coding
genes produce multiple isoforms, generating increased
functional diversity (Pan et al. 2008; Wang et al. 2008).
Some of these isoform expression changes can alter non-
protein-coding regions, whereas others can modify protein
domains, leading to either complete or partial change of
function (Kelemen et al. 2013). Although differential gene
isoform expression is prevalent and essential in normal
physiology, dysregulated isoform expression can result in
disease and is often observed in cancer. These events can
be brought about via the aberrant regulation of multiple
mechanisms, including alternative promoter usage, alter-
native splicing, or alternative polyadenylation. Moreover,
aberrantsplicing isthe target of emerging therapeutic strat-
egies in cancer (for reviews, see Lee and Abdel-Wahab

2016; Jyotsana and Heuser 2018). Isoform diversity is con- ) S )
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Splicing regulation by Wnt signaling

However, Wnt signaling can also regulate diverse down-
stream processes independent of B-catenin (Kohn and
Moon 2005; Acebron and Niehrs 2016; Daulat and Borg
2017). If the mechanisms that tightly regulate these path-
ways are interrupted or perturbed, it can lead to diseases
such as cancer (for review, see Nusse and Clevers 2017).
Indeed, dysregulated Wnt signaling significantly modifies
the gene expression pattern of cancer cells (Madan et al.
2016, 2018a).

Whnt-addicted cancers are an ideal model system to ex-
amine Wnt regulated variable exon usage leading to splic-
ing changes. Mutations in RNF43 or RSPO3 that cause an
increase in the abundance of Wnt receptors at the cell sur-
face can cause Wnt addiction in cancers (for review, see
Madan and Virshup 2015). Treatment of mice bearing
Whnt-addicted cancer xenografts with orally administered
PORCN inhibitors leads to a rapid cessation of Wnt signal-
ing, followed by widespread changes in Wnt regulated
gene expression, culminating in the suppression of cell
proliferation and induction of cellular differentiation (Ho
and Keller 2015; Madan et al. 2016, 2018a). Our group re-
cently reported that >75% of the cell transcriptome in pan-
creatic and colorectal cancer is altered after inhibition of
Wnt signaling in vivo (Madan et al. 2016, 2018a). Previous
work has shown that dysregulation of the Wnt/B-catenin
signaling pathway, examined particularly in colorectal
cancers, can alter the gene expression of certain splicing
regulators such as SRPK1, SRSF1, and SRSF3, affecting
the splicing pattern of select genes such as CD44 and
SLC39A14 (Gongalves et al. 2008; Thorsen et al. 2011,
Bordonaro 2013). Although the gene expression changes
driven by Wntsignaling in multiple cell types have been ex-
plored by RNA sequencing (Madan et al. 2016, 2018a;
Zimmerli et al. 2018; Michels et al. 2019), the same level
of inquiry has not yet been extended to changes in gene
isoform expression.

Here we report that Wnt signaling modifies the expres-
sion of numerous isoform expression regulators such as
splicing factors, including many that were previously not
known to be associated with Wnt signaling. Importantly
Wntsignaling exerts a strong influence over the differential
variable exon usage in more than 1000 genes, leading to
isoform expression changes. Cis-regulatory sites that can
influence the Wnt regulated differential exon usage were
identified using splicing-associated quantitative trait loci
(sQTLs). Some of these cis-regulatory sites can act as bind-
ing sites for transcription factors and function at the DNA
level, whereas other cis-regulatory sites function only in
RNA molecules by allowing the binding of regulatory
proteins such as polyadenylation and splicing factors to
promote or suppress the inclusion of the variable exon.
This work highlights the considerable impact of Wnt
signaling on differential gene isoform expression and pro-
vides a resource of Wnt regulated splicing events and
splicing regulators.

RESULTS

Wht signaling regulates the expression of multiple
splicing regulators

To ascertain the effects of Wnt signaling on the expression
of gene isoforms and splicing regulators, we analyzed our
large RNA-seq data sets from two physiologically relevant
in vivo models of Wnt-addicted cancer (Madan et al. 2016,
2018a). The first data set is from an RNF43-mutant pancre-
atic cancer (HPAF-II) orthotopic xenograft model in which
gene expression changes were assessed with five to seven
replicates at each of seven time points over 7 d after the
start of Wnt inhibition using ETC-159 treatment (Madan
etal. 2018a). ETC-159 is a potent inhibitor of Wnt secretion
with an ICsg of 2.9 nM (Madan et al. 2016). No significant
off-target effects were identified during the evaluation of
ETC-159 prior to its approval for human clinical trials.
Additionally, the toxicities seen in both mice and humans
treated with ETC-159 are shared with other PORCN inhib-
itors and are directly explainable by the mechanism of ac-
tion of the drugs (Madan et al. 2018b). The time points
were chosen in order to distinguish between the early
and direct effects of Wnt signaling inhibition (3, 8, and
16 h) against the late and indirect consequences of Wnt
signaling inhibition (32 h, 56 h, and 7 d). Changes in vari-
able exon usage were also assessed in a second system
with a RSPO3-mutant colorectal cancer patient-derived
xenograft (PDX) sequenced 56 h after the start of ETC-
159 treatment (Madan et al. 2016). A schematic illustration
of the two experimental systems is shown in Figure 1A.
Splicing regulators are proteins that regulate which ex-
ons are included or excluded in an mRNA transcript and
consequently determine the exact isoforms that are pro-
duced from a specific gene. Proteins recognized to influ-
ence changes in isoform expression include splicing
factors, kinases such as SRPK1 (Colwill et al. 1996), and
chromatin modifiers (Kornblihtt 2006; Zhou et al. 2014).
To determine which splicing regulators are Wnt regulated,
we assessed the differential gene expression (Fig. 1B) of
402 human genes annotated as involved in RNA splicing
(GO:0008380) in the Amigo gene ontology database
(Ashburner et al. 2000; Carbon et al. 2009; The Gene
Ontology Consortium 2017) following ETC-159 treatment.
These 402 genes include splicing factors, transcription fac-
tors, chromatin remodelers, and 3’ end processing factors.
Seventy-six percent (304) of these genes were differen-
tially expressed (adjusted P-value <0.05) after inhibition
of Wnt signaling in the least one of the two ETC-159-treat-
ed Wnt-addicted cancer RNA-seq data sets, with the ma-
jority of these expression changes occurring after 32 h of
Wnt signaling inhibition (Fig. 1C). The magnitude of the
changes in the differentially expressed splicing regulator
genes was higher in the colorectal patient-derived xeno-
graft than in the HPAF-Il pancreatic cancer cell line
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FIGURE 1. Wnt signaling regulates the expression of multiple splicing regulators involved in cancer biology. (A) Overview of the two indepen-
dent in vivo Wnt-addicted tumor models that were used to detect Wnt regulated differential gene and isoform expression. (B) Workflow used to
assess Wnt regulated differential gene expression for 402 splicing regulators using the two in vivo tumor models. (C) Summary of the magnitude
of gene expression change (measured as log, fold changes) for the splicing regulators genes differentially expressed (relative to the untreated
control) in the ETC-159-treated HPAF-II orthotopic model and colorectal PDX (ColoPDX) model. Note that the 3 h ETC-159-treated time point
in the HPAF-I| orthotopic model did not have any statistically significant differentially expressed splicing regulator genes. The numbers of up-reg-
ulated and down-regulated genes are indicated in red and blue, respectively. (D) Spearman correlation between the differential expression pat-
terns of the splicing regulators at each time point using the log, fold changes from 304 differentially expressed splicing regulators. (E) Heatmap of
the scaled differential gene expression values (z-scores) of selected cancer-associated splicing regulators in response to Wnt signaling inhibition
(with ETC-159 treatment). Three well-established Wnt target genes (AXIN2, MYC, and TCF7) have been included and highlighted in red for ref-
erence. The splicing regulators that are highlighted in blue (PTBP1, SRSF1, SRPK1, SRSF3, and SRSF10) were found in previous studies to be
regulated by Wnt signaling. The heatmap was clustered into three sets via k-means clustering followed by hierarchical clustering to sort the genes
within the sets.
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implanted orthotopically, consistent with the higher dy-
namic range seen with other genes in our earlier study
(Madan et al. 2018a). Nonetheless, there was a high de-
gree of correlation in the expression changes (measured
in terms of log, fold changes of ETC-159-treated samples
relative to the untreated controls) seen in the colorectal
PDX (ColoPDX) data set and the later time points (32 h
to 7 d) of the HPAF-II orthotopic data set (Fig. 1D).
Among the 402 splicing regulators that we tested, the ex-
pression of 148 regulators changed consistently in the
ColoPDXs and at least one of the time points in the
HPAF-Il orthotopic xenografts. Correlation between these
putative cell-type agnostic Wnt regulated splicing regu-
lators in the ColoPDXs and each of the five other time
points in the HPAF-II orthotopic xenografts is shown in
Supplemental Figure S4.

Many of these splicing regulators have been implicated
in cancer (for reviews, see Anczukéw and Krainer 2016;
Sveen et al. 2016). A small number have previously been
established as Wnt target genes—for example, SRSFT,
SRPK1, SRSF3, and PTBP1 (Goncalves et al. 2008;
Thorsen et al. 2011; Bordonaro 2013). We also assessed
the effect of Wnt signaling inhibition by ETC-159 on a
range of cancer-associated splicing regulators (Fig. 1E;
Chen et al. 2015b; Gabriel et al. 2015; Tian et al. 2015;
Anczukdéw and Krainer 2016; Sveen et al. 2016; Zhou
et al. 2017; Matsumoto et al. 2018; Sakuma et al. 20183,
b). We found that multiple such regulators, such as
HNRNPA1, HNRNPAZ2B1, and HNRNPM, that have not
previously been linked to Wnt signaling were affected by
the suppression of Wnt signaling.

Selected gene expression changes were further vali-
dated in vitro by gPCR using control HPAF-II cells or the
HPAF-II cells expressing stabilized B-catenin (Fig. 2). As
shown in Figure 2A, ETC-159 treatment of HPAF-II cells
suppresses the expression of core Wnt target genes
AXIN2 and NOTUM by 92% and 86%, respectively. In con-
trast, in cells with stabilized B-catenin, the effect of ETC-
159 was attenuated, as AXIN2 and NOTUM expression
were reduced by only 58% and 43%, respectively.
Stabilized B-catenin also attenuated the decrease in the
expression of SRPKT and SRSF1, genes that have been
previously associated with Wnt signaling. Conversely, the
ETC-159-induced decrease in SRSF3 was not attenuated
by stabilized B-catenin (Fig. 2B). Inhibition of Wnt signaling
suppressed the expression of HNRNPA1, HNRNPA2BT,
and HNRNPM in HPAF-II cells and the ability of ETC-159
to suppress the expression of these genes was also atten-
uated in the cells with the stabilized B-catenin (Fig. 2C).
Confirming that selected splicing factors were regulated
by B-catenin signaling and not altered by an off-target ef-
fect of ETC-159, B-catenin knockdown with two indepen-
dent siRNAs similarly decreased the expression of these
genes (Supplemental Fig. S5A). Taken together we ob-
served that the expression of many of these genes was

largely regulated by the Wnt/B-catenin pathway. In our
hands, SRSF3 expression was dependent on ETC-159
but not B-catenin, suggesting it could be regulated by pre-
viously described Wnt-dependent but B-catenin-indepen-
dent pathways (Acebron et al. 2014; Koch et al. 2015).

These findings demonstrate that Wnt signaling can
directly or indirectly regulate the expression of a wide
range of splicing regulators, many of which have been im-
plicated in cancer. The complete differential expression
analysis for the 402 splicing regulators and three Wnt
target genes (AXIN2, MYC, and TCF7) is available in
Supplemental Table 1.

Wht signaling broadly regulates variable exon usage
leading to isoform expression changes

We next asked how many variable exon usage events lead-
ing to isoform expression changes were regulated by Wnt
signaling. Differential exon expression was determined us-
ing the workflow defined in Figure 3A (see Materials and
Methods). Briefly, we determined the statistical signifi-
cance (adjusted P-value <0.1) and magnitude of relative
exon inclusion (defined by the change in percent-
spliced-in values |APSI| > 10%) for each variable exon (de-
fined as differentially expressed exonic parts in the
JunctionSeq algorithm) in ETC-159-treated samples rela-
tive to untreated controls (see Materials and Methods).
This analysis identified 1025 unique genes with differential
exon usage induced by Wnt signaling inhibition, account-
ing for 1585 variable exons. We considered isoform chang-
es detected in either RNA-seq data set that passed this
filter as events that were regulated by Wnt signaling.
Validating our approach, we identified previously charac-
terized Wnt regulated splicing changes including isoform
changes that stem from the differential expression of mu-
tually exclusive exons in SLC39A714 and exon skipping
events in CD44 (Supplemental Figs. S6A,B, respectively;
Wielenga et al. 1999; Thorsen et al. 2011). Details about
the 1585 Wnt regulated variable exon usage events is pre-
sented in Supplemental Table 2.

Whnts can regulate signaling through both transcrip-
tional and posttranscriptional mechanisms. One method
of posttranscriptional regulation of downstream signaling
includes the rapid inhibition of GSK3 kinase activity
(Taelman et al. 2010; Acebron et al. 2014). Consistent
with such rapid posttranscriptional regulation, a few differ-
ential exon usage events were detected as early as 3 h fol-
lowing treatment with ETC-159 in HPAF-II orthotopic
cancers (Fig. 3B). These events occurred prior to any sta-
tistically significant changes in the expression of core
Whnt target genes and the 402 splicing regulators that
we examined (Fig. 1C-E). We speculate that these early
isoform expression changes may occur due to nontran-
scriptional Wnt regulated changes in cellular signaling in-
volving kinases such as GSK3 and CK1 (Taelman et al.
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FIGURE 2. In vitro validation of the Wnt regulated differential gene expression of (A) B-catenin (CTNNBT) and two well-known Wnt target genes
(AXIN2 and NOTUM) (note that both the endogenous and mutant CTNNB1 gene are detected by the primers), (B) three splicing regulators that
were found to be regulated by Wnt signaling in previous studies (SRPK1, SRSF1, and SRSF3), and (C) three cancer-associated splicing regulators
that were previously not associated with Wnt signaling (HNRNPA1, HNRNPA2B1, and HNRNPM). ETC-159 was administered to Wnt-addicted
HPAF-II cells with or without the stabilized B-catenin. The percentage decrease in expression upon ETC-159 treatment was calculated. The boxplot
shows the average relative gene expression (centerline) and the 95% confidence interval (length of the box). A two-tailed t-test was used to deter-
mine significance between highlighted comparisons. For statistical tests, (ns) P>0.05, (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001.

2010; Acebron et al. 2014). This is consistent with a report
by Shinde et al. (2017), who showed that GSK3 can phos-
phorylate and affect the activity of splicing factors such as
RBMB8A, SRSF9?, and PSF in mouse embryonic stem cells.
Indeed, we identified some overlap between splicing
events in these distinct tissue types (Supplemental Fig. S7).

The number of differential exon usage events in the
ETC-159-treated samples (measured in terms of APSI val-
ues relative to the untreated controls) reached a peak at
32 h following the start of therapy (Fig. 3B). Most of the var-
iability in exon usage events was seen at early time points
(3 hto 32 h of ETC-159 treatment). The variability in these

1700 RNA (2019) Vol. 25, No. 12

splicing events was reduced in the later time points as the
correlation of the magnitude of change in exon inclusion
(measured in APSI) peaked between 56 h and 7 d ETC-
159 treatment at 0.8 (Fig. 3C). This may be driven by the
finding that most of the variability in splicing regulator
gene expression was seen at the early time points, which
then became more consistent (with a correlation of 0.93)
at the later time points (Fig. 3C). Despite the inherent dif-
ferences between the two tumor types used in the analysis,
we found 35 differential exon usage events from 30 genes
were shared (significant exon usage events [adjusted P-val-
ue <0.1] with the same direction of relative exon inclusion
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FIGURE 3. Wnt signaling regulates the differential isoform expression of genes involved in important biological processes. (A) Workflow with the
different algorithms that were used to determine differential exon usage leading to isoform expression changes. (B) Summary of the magnitude of
isoform expression change (IEC) events (measured as the change in percent-spliced in values [APSI]) for the differentially expressed variable exons
and their associated genes in both tumor models at indicated time points after the start of treatment with ETC-159. (C) Spearman correlation of
the magnitude of variable exon usage (APSI) between the various differentially expressed variable exons in each time point, shown as a heatmap.
(D) Gene Ontology (GO) categories of genes that underwent isoform expression changes in at least one time point in either of the tumor models
used, sorted by adjusted P-value. The numbers within the circles refer to the number of genes that underwent isoform changes in each of the
categories. (E) Heatmaps corresponding to three GO categories (found in D and highlighted in blue) represent the Wnt regulated differential
exon usage for a subset of genes. Each row represents a gene with a Wnt regulated variable exon. The APSI for each variable exon measures
the relative inclusion of the variable exon in the ETC-159-treated time points relative to the untreated control. Hierarchical clustering was applied
to each of the heatmaps.
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[APSI] and significant magnitude of differential exon usage
[|APSI| > 0.1]) between the pancreatic and colorectal can-
cers. The complete list of these genes and differential
exon usage events is shown in Supplemental Figure S8.
This highlights that a number of the Wnt regulated splicing
events were shared between the pancreatic and colorectal
cancers.

Gene ontology (GO) analysis revealed that the genes
that underwent Wnt regulated differential exon usage
were involved in a number of important biological process-
es that are implicated in tumor progression, such as RNA
splicing, cell-substrate adhesion, and Ras signaling (Fig.
3D; Supplemental Fig. S9). Examples of genes with alter-
native exon usage that comprise these categories are
shown in Figure 3E. Some of the genes with differentially
expressed exons, such as SMAD6, DDX39A, FBLN5, and
KRAS, have strong and consistent differential exon usage
patternsin both tumortypes. Thisis consistentwith Wnt sig-
naling broadly modulating the expression of gene isoforms
involved in biological processes associated with cancer.

Whnt regulated splicing events found in multiple
tumor types

Our analysis in Wnt-addicted pancreatic and colorectal
cancer models identified several genes with Wnt regulated
variable exon usage. We next asked if these variable exons
were significantly dysregulated in other human cancers,
which would suggest a more fundamental role in cancer
progression. A number of studies have examined isoform
expression alterations in different cancer types using The
Cancer Genome Atlas (TCGA) RNA-seq data sets
(Danan-Gotthold et al. 2015; Sebestyén et al. 2016). We
looked at the cancer-associated splicing events described
in the TCGA SpliceSeq database (https:/bioinformatics
.mdanderson.org/TCGASpliceSeq/) (Ryan et al. 2016).
This database contains mRNA splicing information
(including alternative promoter usage events and alterna-
tive termination or polyadenylation events) for a broad
range of cancers, derived using TCGA RNA-seq data
sets. We determined the differential splicing (APSI=
PSliumor — PSlmatched normal) ©f cancer types in which data
from at least six tumor-normal pairs was available. We
found 991 cancer-associated splicing events that over-
lapped with 577 Wnt regulated variable exons from 512
genes (Fig. 4A). Detailed splicing information for the 991
unique splicing events found in 16 different cancer types
can be found in Supplemental Table 4. The most frequent
types of Wnt regulated splicing events detected in multi-
ple cancers were exon skipping, alternative promoter us-
age and alternative polyadenylation events (Fig. 4B). This
suggests that these shared variable exon changes repre-
sent core events undergoing positive selection in cancer.

Splicing effect sizes for each splicing event in each can-
cer, based on the APSI values, indicate the relative inclu-
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sion of an exon related to the splicing event. Figure 4C
describes some of these Wnt regulated splicing events
that were also detected in different cancers. The two heat-
maps compare the same splicing events with each row rep-
resenting a particular splicing event (or expression of
variable exons). The right panel shows Wnt regulated splic-
ing events (measured in APSI values) identified using our
HPAF-II orthotopic xenografts and ColoPDXs xenograft
models treated with ETC-159. The left panel compares
these Wnt regulated splicing in different cancer types
from the TCGA SpliceSeq data set. The tumor samples
from the TCGA data set are arranged according to their
Whnt score, determined based on the level of expression
of Wnt target genes in paired normal versus tumor sam-
ples. For example, our analysis identified that the inclusion
of SRl exon 2 was Wnt regulated in HPAF-II and ColoPDX
models (right panel). Comparing across additional tumor
types from TCGA SpliceSeq data, we observe that the
Wnt-high cancers such as colorectal cancer (COAD) had
higher expression of SRl exon 2, providing independent
validation that this event is Wnt regulated.

Another example, uracil-DNA glycosylase (UNG) under-
goes alternative promoter usage with variable exon 2.1
(schematic available in Supplemental Fig. S6C). The inclu-
sion of this exon is higher in the ETC-159-treated samples
than the untreated controls in both colorectal cancer PDX
and HPAF-II tumor models, indicating that Wnt signaling
suppresses the use of the promoter linked to this variable
exon. From the TCGA SpliceSeq data, we find that the in-
clusion of this variable exon is similarly suppressed in the
majority of tumors relative to the matched control tissue,
regardless of the magnitude of Wnt signaling (Wnt score)
in these tumors. This suggests that the shifting of the pro-
moter preference for the gene, UNG, away from variable
exon 2.1 could be a potential oncogenic process that is rel-
evant in many cancers. It remains an open question of
whether Wnt signaling drives this shift in promoter prefer-
ence in all cancers or if diverse mechanisms converge on
the same event in different tumor types.

sQTLs define cis-regulatory loci for Wnt regulated
splicing events

Multiple proteins can regulate differential exon usage
events in a combinatorial and coordinated manner (for re-
view, see Lee and Rio 2015). Splicing regulators can influ-
ence exon inclusion by binding to cis-regulatory sites (such
as splice enhancers and silencers), but the precise location
of these sites is difficult to determine as they can be at
highly variable locations within or outside exons. Thus, it
becomes challenging to define splicing regulators and
cis-regulatory sites for specific variable exons when the
number of differentially expressed or dysregulated splic-
ing regulator genes is large (Fig. 1C).
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A Wnt Regulated Variable Exons Overlapping
Tumours with = 6 Tumor-Normal Pairs Abbreviation TCGA SpliceSeq Splicing Events
Wnt Regulated TCGA SpliceSeq Genes Unmapped
Variable Exons  Splicing Events Variable Exons
Bladder Urothelial Carcinoma BLCA 529 769 476 1056
Breast Invasive Carcinoma BRCA 550 857 490 1035
Cholangiocarcinoma CHOL 510 723 460 1075
Colon Adenocarcinoma COAD 515 726 464 1070
Esophageal Carcinoma ESCA 562 909 501 1023
Head & Neck Squamous Cell Carcinoma HNSC 537 821 483 1048
Kidney Chromophobe KICH 533 791 482 1052
Kidney Renal Clear Cell Carcinoma KIRC 551 821 494 1034
Kidney Renal Papillary Cell Carcinoma KIRP 531 778 479 1054
Liver Hepatocellular Carcinoma LIHC 463 636 421 1122
Lung Adenocarcinoma LUAD 552 829 492 1033
Lung Squamous Cell Carcinoma LUSC 554 852 494 1031
Prostate Adenocarcinoma PRAD 535 825 481 1050
Prostate Adenocarcinoma STAD 557 861 498 1028
Thyroid Carcinoma THCA 542 823 487 1043
Uterine Corpus Endometrial Carcinoma UCEC 432 580 392 1153
All - 577 991 512 1008
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FIGURE 4. Wntregulated isoform expression changes are found in multiple cancer types. (A) Tabulation of the number of Wnt regulated variable
exons that overlap with splicing events described in the TCGA SpliceSeq database for each tumor type. Only tumors with at least six tumor-normal
pairs were considered for the analysis. The unmapped Wnt regulated variable exons did not overlap with any significant splicing events in the
TCGA SpliceSeq database for the tumors tested. (B) Frequency plot of the different types of splicing events (n=991) in the TCGA SpliceSeq da-
tabase that overlapped with Wnt regulated variable exons. Plot shows the distribution of the splicing events for each tumor type. (C) Heatmap of a
subset of the splicing events (described in the TCGA SpliceSeq database) that overlap with Wnt regulated variable exons. We define these as Wnt
regulated splicing events. Each row is annotated with gene name, (splice type), and affected exons. The left panel shows the effect size (Hedges'
g-estimate) of the splicing change (APSI) seen in the 16 cancer types relative to the matched normals. The effect sizes were scaled by row (divided
by the root mean square) but not centered. The tumor types were sorted according to the Wnt score (Materials and Methods). The higher the Wnt
score, the greater the relative influence of Wnt/B-catenin signaling on the tumor. The right panel shows the magnitude of splicing change (APSI)
for different time points in the HPAF-II orthotopic and the colorectal PDX (ColoPDX) models. Both panels refer to the same set of splicing events.
The different splice types include (AA) alternative acceptor, (AD) alternative donor, (AP) alternative promoter, (AT) alternative terminator, (ES) exon
skipping , (R) retained intron. The heatmap was clustered into three sets via k-means clustering followed by hierarchical clustering to sort the
genes within the sets.
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As an approach to define cis-regulatory elements that
affect the inclusion of Wnt regulated variable exons, we
used the sQTLs from the CancerSplicingQTL database
(www.cancersplicinggtl-hust.com) (Tian et al. 2019).
These sQTLs correlate genetic loci (marked by SNPs) to
the relative inclusion of the variable exons described in
the splicing events from the TCGA SpliceSeq database
for specific cancer types. We wanted to identify the
sQTLs that were linked to the 991 Wnt regulated splicing
events. A total of 477 Wnt regulated splicing events de-
tected in our system were mapped to 38,049 sQTLs from
the CancerSplicingQTL database (Fig. 5A; Supplemental
Table 5). There are multiple sQTLs per event because of
multiple tightly haplotype-linked SNPs in the database.
The genome-wide distribution of genomic loci for all of
the 38,049 sQTLs is summarized in Figure 5B. The top
sQTLs for each of the 477 splicing events (sQTLs with
the minimum P-value) are summarized in Figure 5C. Wnt
regulated exon skipping events, such as CD46 exon 8,
have high confidence cis-regulatory sites involved in the
inclusion of the spliced exon. In Figure 5C, this is measured
in terms of the statistical significance of the sQTLs (P-value)
and the R? values (which quantify the extent of splicing, us-
ing normalized PSl values, that is explained by the genetic
variation [sQTLs]).

This analysis suggests potential binding sites for the
Whnt regulated splicing regulators described in Figure 1.
To overlap the binding sites of trans-acting factors to the
sQTL sites, we used the ReMap database (Cheneby et al.
2018) (which contains genomic binding sites for transcrip-
tional regulators derived from ChIP-seq data that could af-
fect alternative promoter usage events) and POSTAR2
database (Zhu et al. 2019) (which contains binding sites
for RNA-binding proteins such as splicing factors derived
from CLIP-seq data that could affect alternative splicing
events). A list of the different trans-acting factors with bind-
ing sites that overlap sQTLs associated with the 477 Wnt
regulated splicing events is detailed in Supplemental
Table 5.

The CancerSplicingQTL database also contains sQTLs
that are associated with patient prognosis for specific can-
cers. Fifty-five Wnt regulated splicing events were associat-
ed with 580 unique sQTLs that were also linked to patient
survival (Fig. 6A). Some of these splicing events are high-
lighted in Figure 5D. A list of sQTLs that were associated
with Wnt regulated splicing events and linked to patient
survival (for cancer types, as shown in Fig. 5A, where splic-
ing data was available) is shown in Supplemental Table 6.
An example of a Wnt regulated splicing event that is also
linked to patient survival for a particular cancer type is
NR2C1 (Nuclear Receptor Subfamily 2 Group C Member
1). Wnt signaling promotes the alternative termination (or
polyadenylation) of NR2C1 atvariable exon 12.2. The inclu-
sion of this variable exon is enriched in bladder cancer sam-
ples relative to matched normal tissue. The inclusion of this
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variable exon is also linked to a specific SQTL (rs10466993),
in which changes in the haplotype of this sQTL are associ-
ated with changes in the relative inclusion of the variable
exon and the prognosis for patients with bladder cancer.
This underscores the significance of this Wnt regulated
splicing event in specific cancer types and the effect of
DNA sequence variation in regulating this process.

Wht signaling regulates isoform expression changes
in SRI, CD46, and RECQL5

Wnt signaling induces isoform expression changes in
genes that are strongly linked to cancer (Fig. 1E). We high-
light and experimentally validate three such cancer-associ-
ated genes with Wnt regulated variable exon usage (Fig.
6). These changes in isoform expression include the alter-
native promoter usage of sorcin (SRI), the skipping of exon
8 in CD46, and alternative polyadenylation in RECQLS.
The cis-regulatory sites for these variable exon usage
events, determined using sQTLs, and the cognate tran-
scriptional and RNA-binding proteins for these sites are
highlighted in Supplemental Figure S10.

Sorcin (SRI) is a cytoplasmic calcium-binding protein
involved in intracellular calcium homeostasis and is
implicated in resistance to a variety of anticancer drugs
(Maddalena et al. 2011; Zheng et al. 2012; Hu et al.
2013; Colotti et al. 2014; Gong et al. 2014; Liu et al.
2014; Yamagishi et al. 2014). Expression of the long form
of SRI, with transcription originating at exon 2, is sup-
pressed with ETC-159 treatment in vivo in both tumor
models, suggesting that Wnt signaling strongly induces
the inclusion of SRI exon 2 (Fig. 6A). Protein sequences
found in the long form of SRI but not in the short form
(with transcription originating at exon 1) have been linked
to variable protein binding affinities to target proteins, in-
cluding the formation of homodimers (llari et al. 2015). To
test if the Wnt regulated variable exon use can be repro-
duced in vitro, we compared the ETC-159-mediated
changes in control HPAF-II cells and HPAF-II cells ex-
pressing a stabilized nondegradable form of B-catenin. In
the control HPAF-II, the expression of SRI transcripts con-
taining exon 2 is reduced by 20% with ETC-159 treatment
(Fig. 6B). This ETC-159-mediated effectis abolished in cells
expressing stabilized B-catenin. This suggests that the in-
clusion of SRl exon 2 is regulated by Wnt/B-catenin signal-
ing. Moreover, the knockdown of B-catenin in the HPAF-II
cells reduced the expression of SRI transcripts containing
exon 2 by an average of ~30% (Supplemental Fig. S5B).
Additionally, the inclusion of SRI exon 2 was strongly in-
duced in colorectal cancers relative to matched normal tis-
sues with an average APSI of ~54% (Fig. 6C). Much smaller
(average APSI| ~ 3%), but statistically significant, inclusion of
SRl exon 2 was also seen in breast cancers (BRCA).

CD46 is a transmembrane protein involved in immune
regulation (Ni Choileain et al. 2017; Arbore et al. 2018;
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A All Splicing QTLs (sQTLs) | Survival-Associated sQTLs
Cancer Type| Cancer Full Name
Wnt Regulated [ro,,, sqr o| Wnt Regulated | 1, sori ¢
Splicing Events Splicing Events|
ACC Adrenocortical carcinoma 17 531 0 0
BLCA Bladder Urothelial Carcinoma 129 6348 2 6
BRCA Breast invasive carcinoma 233 10860 0 0
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma 103 4972 2 12
COAD Colon adenocarcinoma 142 7668 2 4
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma 4 20 0 0
ESCA Esophageal carcinoma 101 4451 4 35
GBM Glioblastoma multiforme 81 3904 4 12
HNSC Head and Neck squamous cell carcinoma 158 8874 3 38
KICH Kidney Chromophobe 19 423 0 0
KIRC Kidney renal clear cell carcinoma 207 12650 2 6
KIRP Kidney renal papillary cell carcinoma 125 6220 4 59
LAML Acute Myeloid Leukemia 32 667 0 0
LGG Brain Lower Grade Glioma 195 12590 5 10
LIHC Liver hepatocellular carcinoma 99 4987 3 21
LUAD Lung adenocarcinoma 161 9549 & 17
Lusc Lung squamous cell carcinoma 173 9165 3 12
MESO Mesothelioma 32 1169 2 5
ov Ovarian serous cystadenocarcinoma 144 4346 2 2
PAAD Pancreatic adenocarcinoma 94 5959 2 20
PCPG Pheochromocytoma and Paraganglioma 98 4252 2 26
PRAD Prostate adenocarcinoma 192 13482 13 67
SARC Sarcoma 107 5061 4 65
SKCM Skin Cutaneous Melanoma 51 1849 2 10
STAD Stomach adenocarcinoma 141 7532 1 36
TGCT Testicular Germ Cell Tumors 73 4319 0 0
THCA Thyroid carcinoma 220 15465 10 80
THYM Thymoma 77 3248 2 17
UCEC Uterine Corpus Endometrial Carcinoma 63 2877 0 o
ucs Uterine Carcinosarcoma 5 1 0 0
UVM Uveal Melanoma 34 1552 3 26
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FIGURE 5. Splicing-associated quantitative trait loci (sQTLs) associated with Wnt regulated splicing events highlight potential cis-regulatory re-
gions that can impact patient prognosis. (A) Tabulation of the total number of sQTLs and survival-associated sQTLs linked to Wnt regulated splic-
ing events in each cancer type. (B) Genome-wide overview of all the 38,049 sQTLs associated with Wnt regulated splicing events. (C) Top sQTLs
associated with each of the 477 Wnt regulated splicing events. Because of linkage within a haplotype, each splicing event can have multiple
sQTLs that pass the significance filter. In such cases, the sQTLs were sorted based on the P-value and only the most significant (smallest P-value)
sQTL was chosen to represent the splicing event. The splicing events were then segregated by splice type. Only sQTLs with R? > 0.3 are labeled.
Exon skipping (ES), alternative termination (AT), and alternative promoter (AP) events had the largest number of splicing events with associated
sQTLs (145, 123, and 105, respectively), whereas retained intron (RI), alternative acceptor (AA), and alternative donor (AD) events had fewer splic-
ing events with associated sQTLs (49, 28, and 27, respectively). (D) Heatmap of a subset of the sQTLs that correlate with Wnt regulated splicing
events and associated with patient survival in certain cancer types. The left panel shows the APS| values for the splicing events in the two in vivo
cancer models in response to Wnt signaling inhibition with ETC-159. Positive APSI values (in red) indicate that Wnt signaling promotes the inclu-
sion of the spliced exon. The middle panel shows the effect size (Hedges' g estimate) of the splicing change (APSI) in the TCGA SpliceSeq data set
for the annotated tumor type. A positive effect size (in green) indicates that the spliced exon is included more in the tumor relative to its matched
normal. The right panel shows the median survival time (z-score) associated with the sSQTL. Positive median survival times (in green) indicate better
patient prognosis for the annotated tumor. Each column represents a different haplotype for the various sQTLs. The heatmap was clustered into
three sets via k-means clustering followed by hierarchical clustering to sort the genes within the sets.
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Hansen etal. 2018) and is a potential target for cancer ther-
apy (Su et al. 2018). This gene has a cluster of variable ex-
ons spanning exon 7 to exon 9 (Tang et al. 2016). These
regions encode multiple O-linked glycosylation sites in
the protein. Wnt signaling induced the skipping of CD46
exon 8 in both HPAF-II xenografts and ColoPDX models
(Fig. 6D), which can lead to the expression of a hypoglyco-
sylated form of the protein. In vitro analysis in HPAF-II cells
showed that the proportion of CD46 exon 8 containing
transcripts in the cell increased by 45% in the cells treated
with ETC-159 (Fig. 6E). However, when the cells with stabi-
lized B-catenin were treated with ETC-159, the proportion
of CD46 exon 8 containing transcripts in the cell increased
only by 16%. This shows that the inclusion of CD46 exon 8
is mediated, at least in part, by Wnt/B-catenin signaling.
Moreover, the knockdown of B-catenin in HPAF-II cells
led to an increase in the proportion of CD46 transcripts
containing exon 8 (Supplemental Fig. S5B). The skipping
of CD46 exon 8 was observed in various human cancers in-
cluding colorectal cancer (COAD; average |APSI|~ 15%),
head and neck cancer (HNSC; average |APSI| ~ 13%), and
lung cancer (LUSC; average |APSI|~12%) (Fig. 6F). To a
lesser extent (all with |APSI| < 6%), papillary kidney cancers
(KIRPs), liver cancers (LIHCs), and thyroid cancers (THCAs)
also showed statistically significant exclusion of CD46
exon 8.

RECQLS is a DNA helicase that binds to RNA polymer-
ase Il to regulate its transcriptional activity and maintain
genomic stability (Islam et al. 2010; Tadokoro et al. 2012;
Popuri et al. 2013; Hosono et al. 2014; Saponaro et al.
2014). RECQLS can also support the growth and prolifera-
tion of cancers by alleviating the cellular stress induced by
multiple cycles of replication (Arora et al. 2016; Patterson
et al. 2016). There are three well-known isoforms for
RECQL5. RECQL5B is the full-length and fully functional
isoform, whereas RECQL5a/y, generated via alternative
polyadenylation events, are shorter variants with the heli-
case domains but without the domains required for bind-
ing to RNA polymerase Il or RAD51 (Hu et al. 2007;
Schwendener et al. 2010). From the differential exon us-
age analysis in both in vivo xenograft models, we find
that the Wnt signaling represses the expression of the
shorter, functionally compromised variant—especially
RECQL5y (Fig. 6G). In vitro assessment of RECQL5y ex-
pression confirmed it to be highly sensitive to Wnt signal-
ing inhibition (Fig. éH). In the control HPAF-II cells,
treatment with ETC-159 led to a twofold increase in the ex-
pression of the RECQL5y isoform, whereas in cells with sta-
bilized B-catenin, the ETC-159-mediated increase in the
expression of this isoform was markedly blunted, indicat-
ing that it is partly regulated by Wnt/-catenin signaling.
A similar effect was observed for the other truncated iso-
form, RECQL5a, while Wnt signaling does not appear to
have a strong influence over the expression of the full-
length isoform, RECQL5B (Fig. 6H). The expression of
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RECQLS5y (with transcription ending at exon 8.3) was re-
duced in colorectal cancers (average |APSI| ~4%) as well
as clear cell and papillary kidney cancers (KIRC and KIRP;
each with average |APSI| of ~2%) (Fig. 6l).

DISCUSSION

Our study demonstrates that Wnt signaling has a profound
impact on the expression of gene isoforms in cancer.
We found that variable exon usage is regulated by Wnt sig-
naling in 1025 genes. Some of these genes are involved in
important biological processes that are commonly dysre-
gulated in cancers (Fig. 3D,E). These Wnt regulated chang-
es in gene isoform expression were due in part to broad
changes in the expression of splicing regulators, because
76% (304) of the tested factors showed significant differen-
tial expression in at least one of the two tumor models we
used. This is consistent with the finding that Wnt signaling
affects the expression of 75% of the cellular transcriptome
(Madan et al. 2018a) including some splicing regulators.
This analysis also identified a large number of splicing reg-
ulators that were previously not linked to Wnt signaling.
These findings are broadly applicable, because many of
these Wntregulated splicing regulators were previously as-
sociated with different cancers (Chen et al. 2015b; Gabriel
et al. 2015; Tian et al. 2015; Anczukdédw and Krainer 2016;
Sveen et al. 2016; Zhou et al. 2017; Matsumoto et al.
2018; Sakuma et al. 2018a,b). Wnt signaling was found
to promote the gene expression of some of these
cancer-associated splicing factors such as HNRNPAT,
HNRNPAZ2B1, and HNRNPM. Interestingly, MYC, a well-
known Wnt target gene, was previously found to promote
the expression of HNRNPA1 (David et al. 2010), which
strengthens its association with Wnt signaling. As such,
the prooncogenic effects of some of these splicing factors
could be attenuated with the inhibition of Wnt signaling.

Additionally, 577 out of 1585 Wnt-induced exon usage
changes identified here were also dysregulated in multiple
types of human cancers, suggesting the convergence of
diverse mechanisms to promote prooncogenic splicing
(Fig. 4A). Mechanistically, our data also identified potential
cis-regulatory elements controlling the inclusion of Wnt
regulated exons using 38,039 splicing QTLs associated
with 477 Wnt regulated splicing events (Fig. 5A). These
cis-regulatory sites may serve as binding sites for Wnt
regulated transcriptional regulators and RNA-binding pro-
teins involved in differential exon usage leading to isoform
changes.

Different splicing events that were regulated by Wnt sig-
naling were seen in many different cancer types (Fig. 4C).
One reason for the commonality of these splicing events,
even in cancers that are generally not known to be associ-
ated with Wnt signaling, is that Wnt signaling is only one of
a number of pathways that might regulate the splicing
event. Another reason that could account for the presence
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FIGURE 6. Wntsignaling (A-C) drives the alternative promoter usage of SRI (with preference to the promoter proximal to exon 2), (D-F) suppress-
esthe inclusion of CD46 exon 8, and (G-I) inhibits the alternative polyadenylation of RECQL5 with transcription terminating at exon 8.3, in the two
independent in vivo tumor models descibed in Figure 1A. (A,D,G) Each of the plots includes a schematic illustration of the exon structure of genes
with Wntregulated differential exon usage, together with the heatmaps indicating the magnitude of variable exon usage in both the HPAF-Il ortho-
topic and ColoPDX tumor models. A positive value (in red) indicates that Wnt signaling promotes the inclusion of the exon, whereas a negative
value (in blue) indicates that Wnt signaling suppresses the inclusion of the exon. (B,E,H) In vitro gPCR validation is also shown for the Wnt regulated
(B) change in promoter preference of SRl in favor of the promoter proximal to exon 2, (E) skipping of CD46 exon 8, and (H) inhibition of the gene
expression of the truncated RECQL5a/y isoforms. ETC-159 was administered to Wnt-addicted HPAF-II cells with or without the stabilized B-catenin.
The percentage change in expression upon ETC-159 treatment was calculated. The boxplot shows the average relative gene expression (center
line) and the 95% confidence interval (length of the box). A two-tailed t-test was used to determine significance between comparisons. For sta-
tistical tests, (ns) P> 0.05, (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001. (C,F,I) The differential inclusion of Wnt regulated exons (mea-
sured as APS) in multiple tumors from the TCGA SpliceSeq database were assessed for the Wnt regulated (C) alternative promoter usage of SRI
(with preference for the promoter proximal to exon 2), (F) skipping of exon 8 of CD46, and (I) inhibition of the expression of RECQL5y isoform with
transcription terminating at exon 8.3. A positive APS| value indicates that the variable exon is included more in the tumors relative to the matched
normals. The tumor types are sorted by the Wnt score (see Materials and Methods) with colorectal cancer (COAD) having the highest Wnt score.
The higherthe Wnt score, the stronger the relative influence of Wnt/B-catenin signaling in the cancer. A two-tailed t-test was used with Ho: average
APS| value =0, for each cancer type. For statistical tests, (ns) P>0.05, (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001.
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of shared splicing events is that there are specific down-
stream components of the Wnt signaling pathway, such
as GSK3 and MYC, that are also regulated by other signal-
ing networks. Modulating the activity of GSK3 protein, for
example, was previously shown to lead to changes in phos-
phorylation and activity of proteins including splicing fac-
tors (Taelman et al. 2010; Acebron et al. 2014; Shinde
et al. 2017). GSK3 is a key kinase downstream of Wnt as
well as multiple other signaling pathways. Wnt signaling
suppresses GSK3 activity by several proposed mecha-
nisms (Wu and Pan 2010; Metcalfe and Bienz2011), where-
as growth factor signaling can suppress GSK3 via site-
specific phosphorylation, catalyzed by kinases such as
AKT or S6K1 (Cross et al. 1995; Zhang et al. 2006). This
highlights one potential mechanism whereby Wnt and oth-
er pathways can regulate similar exon usage and splicing
events.

Confirming the results of our RNA-seq analysis, we fur-
ther validated three Wnt regulated isoform changes—
namely, the alternative promoter usage of sorcin (SR),
the exon skipping events seen in CD46, and the alternative
polyadenylation events present in RECQLS5 that showed a
consistent variable exon usage pattern in both tumor mod-
els. We report how B-catenin-dependent Wnt signaling
drives a strong preference for the SRI promoter proximal
to exon 2. This preference for exon 2 was particularly ap-
parent in colorectal cancers relative to normal colon tissue
(Fig. 6C). Colorectal cancers have elevated Wnt signaling
because of the high incidence of loss-of-function muta-
tions in APC, gain-of-function mutations in B-catenin,
chromosomal translocation in R-spondins, or RNF43 loss-
of-function mutations (Sparks et al. 1998; Rowan et al.
2000; Madan and Virshup 2015). This suggests that the
Whnt-induced increase in SRI transcripts containing exon
2 may be a useful biomarker for colorectal cancer. SRl at-
tenuates the buildup of calcium in the cytoplasm and has
been implicated in the drug resistance phenotype in
many cancers (Maddalena et al. 2011; Zheng et al. 2012;
Hu et al. 2013; Colotti et al. 2014; Gong et al. 2014; Liu
et al. 2014; Yamagishi et al. 2014). Reducing cytoplasmic
calcium accumulation and protecting against ER stress
requires SRI to form homodimers to bind and inhibit the
ryanodine receptor (Maddalena et al. 2011). Structural
analysis of SRI by lIllari and colleagues suggest that the
oligomerization of SRI requires the amino-terminal region
of SRI that originates in the differentially expressed exon
2 (llari et al. 2015). This region containing the hexapeptide
(GYYPGG) may affect the binding affinity of SRI to other
proteins. Therefore, our data suggest that Wnt signaling
can potentially generate different isoforms of SRI protein
with known and important functional differences.

Whnt signaling was also found to suppress the inclusion
of exon 8 of CD46, which corresponds to a heavily glyco-
sylated serine, threonine, and proline-rich (STP) region at
its extracellular domain. CD46 is involved in immune reg-
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ulation through complement inactivation and acts as a co-
stimulatory receptor to promote T-cell proliferation and
function (Yamamoto et al. 2013; Arbore et al. 2018;
Hansen et al. 2018). Although CD46 was shown to play
an oncogenic role in cancers by suppressing complement
activity (Buettner et al. 2007), the role of its STP region is
not well-understood. The loss of exons within the STP
region has been observed in multiple cancers, including
colorectal cancers, suggesting that the reduced glycosyla-
tion of CD46 could potentially promote oncogenesis in
certain cancers.

The final Wnt regulated isoform change that we exam-
ined was the alternative polyadenylation of RECQLS.
Full-length RECQLS protein maintains genome stability
and prevents transcriptional and replication-induced stress
based on its ability to act as a helicase as well as to bind to
proteins such as RNA polymerase |l and RAD51 (Islam et al.
2010; Tadokoro et al. 2012; Popuri et al. 2013; Saponaro
et al. 2014; Chen et al. 2015a). The RECQLS5 transcript
undergoes alternative polyadenylation to produce three
protein isoforms: RECQL5 is the full-length isoform and
RECQL5a/y are truncated at the carboxy-terminal end
and lack the binding sites for RNA polymerase Il and
RAD51 (Shimamoto et al. 2000). Wnt signaling favored
the generation of the full-length and functional RECQL58
isoform over the truncated isoforms. The truncated
RECQLS5 isoforms cannot bind to RNA Pol Il and RAD51;
hence, their ability to protect cancer cells from replication
stress could be compromised. Thus, the prooncogenic
functions of RECQLS5 can be inhibited through two poten-
tial mechanisms. One approach is to directly inhibit the en-
zymatic activity of RECQLS5B. The other approach is to
switch the isoform composition of RECQLS to its truncated
variants (RECQL5a/y) by suppressing Wnt signaling in
Wnt-driven tumors.

This work identifies a broad repertoire of variable iso-
forms and splicing regulators that are regulated by Wnt
signaling, which will facilitate future functional characteri-
zation of these events in normal physiology and cancer.
Here we took advantage of a PORCN inhibitor, ETC-159,
which allowed the suppression of Wnt signaling induced
by all Wnt ligands in physiologically relevant in vivo cancer
models. Confirming the on-target effect of ETC-159 on
splicing and splicing regulators, knockdown of B-catenin
had a similar effect. Future work on Wnt regulated isoform
expression changes is required to elucidate the effect of in-
dividual Wnt ligands and the combinatorial effect of differ-
ent Wnts on the expression of variable exons. Likewise,
B-catenin gain-of-function mutations or APC loss-of-func-
tion mutations that are prevalent in colorectal cancers
may regulate subsets of these exon usage and splicing
events. Itis also likely that the cross talk of other cell signal-
ing pathways with Wnt signaling can alter exon usage and
splicing patterns to shape the cancer proteome. These
new insights into the regulation of gene isoform
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expression could illuminate new therapeutic strategies and
mechanisms to combat diseases such as cancer.

MATERIALS AND METHODS

RNA-seq data sets used to identify Wnt regulated
differential gene and isoform expression

To determine Wnt regulated differential isoform expression, we
used RNA-seq data sets from two independent in vivo cancer
models (shown in Fig. 1A). The first was generated using a Wnt-
sensitive (due to RNF43 loss of function mutation) pancreatic can-
cer cell line (HPAF-II) that was orthotopically injected into mice
and treated with ETC-159 in a time course dependent manner,
as described in (Madan et al. 2018a). The corresponding data
is available from NCBI GEO as GSE118041, GSE118231,
GSE118190, and GSE118179. The second was derived from sub-
cutaneous tumors, generated using a Wnt-sensitive (due to
RSPO3 chromosomal translocation leading to its enhanced ex-
pression) colorectal cancer patient-derived xenograft, treated
with the PORCN inhibitor, ETC-159, as described in (Madan
et al. 2016). The corresponding RNA-seq data is available from
NCBI GEO as GSE69687.

Detection of Wnt regulated differential gene and
isoform expression using the two in vivo Wnt-
addicted cancer models

Raw sequence reads for the in vivo data sets were filtered using
Xenome (Conway et al. 2012) to remove reads originating from
the mouse. The filtered reads were aligned to the human genome
(GRCh38; Ensembl version 79) using STAR (v2.5.2) (Dobin et al.
2013). The read counts were quantified from the aligned bam files
using RSEM (v1.2.31) (Li and Dewey 2011), and DESeq?2 (Love
et al. 2014) was used to detect differential gene expression (Fig.
1B). Detailed instruction on the methods used to detect differen-
tial gene expression using the RNA-seq data sets can be found in
Madan et al. (2018a).

To detect differential gene isoform expression, QoRTs (v1.1.8)
(Hartley and Mullikin 2015) was first used to generate a “flat-
tened” gene annotation file, which, together with the aligned
bam files, was used to generate read counts for each variable
exon. Differential expression analysis was performed for each var-
iable exon with JunctionSeq (v1.4.0) (Hartley and Mullikin 2016).
JunctionSeq is based on the statistical framework that underpins
a widely used splicing analysis algorithm, DEXSeq. JunctionSeq
allows us to better evaluate novel splice junctions, and it has a
clear visualization of the results. The JunctionSeq algorithm out-
puts P-values that were derived from statistical tests of the relative
usage of the variable exons in the ETC-159-treated samples rela-
tive to the untreated controls. A Benjamini-Hochberg multiple
testing correction was applied to generate the adjusted P-values.
Percent spliced in (PSI) values were also determined for each var-
iable exon using the pipeline described by Schafer et al. (2015).
APS| values were calculated by subtracting the PSI value of the un-
treated (Wnt-high) sample with the ETC-15%-treated (Wnt-low)
samples. A positive APS| value would indicate that Wnt signaling
promotes the inclusion of the variable exon. Variable exons with

an adjusted P-value <0.1 and |APSI|>10% in at least one time
point in either of the two in vivo cancer model data sets were de-
termined to be regulated by Wnt signaling. The threshold used to
determine differentially expressed variable exons includes both
the APSI metric that measures the magnitude of the splicing
change and the adjusted P-value that provides an evaluation of
the statistical significance of the splicing change. The workflow
for the detection of these differentially expressed variable exons
is shown in Figure 3A.

Identification of 402 genes associated with
regulation of isoform composition in cells

To determine if Wnt signaling can affect the expression of genes
that code for regulatory proteins that affect differential isoform
expression in a cell, we examined a set of 402 unique splicing reg-
ulators extracted from the gene ontology category of “RNA
Splicing” (GO:0008380) in the Amigo gene ontology database
(Ashburner et al. 2000; Carbon et al. 2009; The Gene Ontology
Consortium 2017). These 402 regulators are composed of splic-
ing factors, chromatin modifiers, and transcriptional coactivators
that can affect alternative promoter usage. The differential gene
expression analysis for this set was performed using the two in
vivo Wnt-addicted cancer models as described above.

In vitro qPCR validation of differential Wnt regulated
gene and isoform expression

Whnt-sensitive human pancreatic cancer cells (HPAF-II) were stably
transduced with the B-catenin gene with four mutations (S33A,
S37A, T41A, and S45A). These sites correspond to amino acid res-
idues that are phosphorylated by CK1 and GSK3 (Supplemental
Fig. S1). Phosphorylation of B-catenin at these residues triggers
its degradation. The mutations to B-catenin prevent its degrada-
tion and HPAF-II cells with the mutant B-catenin have constitutive-
ly active B-catenin signaling. HPAF-II cells with or without the
stabilized B-catenin were treated with 100 nM ETC-159 (PORCN
inhibitor), to suppress Wnt signaling for 3 d. RNA was extracted
from the cells using the RNeasy MiniKit (QIAGEN) according to
the manufacturer’s protocol. Primers used for RT-qPCR are listed
in Supplemental Figure S2. Note that the primer set used to
detect the B-catenin gene (CTNNBT) can detect both the endog-
enous and the transduced mutant variants of the gene.

Gene ontology analysis on the 1025 genes that
underwent Wnt regulated variable exon usage

Gene ontology analysis was performed on the 1025 genes that
were found to undergo Wnt regulated differential exon usage
leading to isoform expression changes (Fig. 2A). The analysis
was performed using clusterProfiler (v3.2.14) (Yu et al. 2012) in
R (v3.3.1). The background genes encompassed all expressed
protein-coding genes from the human transcriptome. GO cate-
gories that had at least 70% overlapping genes were considered
redundant, and only the GO category with the smallest adjusted
P-value was retained.
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Integration of Wnt regulated variable exon usage
with splicing events from the TCGA SpliceSeq
data

To determine if the Wnt regulated variable exon expression that
we detected from the two in vivo cancer model RNA-seq data
sets was also differentially expressed in other cancer types, we
overlapped the Wnt regulated variable exon usage with splicing
events described in the TCGA SpliceSeq database (https
://bioinformatics.mdanderson.org/TCGASpliceSeq/) (Ryan et al.
2016). TCGA SpliceSeq database contains splicing information
for genes in tumor and normal samples derived from RNA-seq
data from The Cancer Genome Atlas (TCGA). Note that “splicing”
information from this database includes alternative promoter us-
age and alternative termination (alternative polyadenylation)
events. We classify the splicing events described in this database
that contain Wnt regulated variable exons as Wnt regulated iso-
form expression changes.

To determine the prevalence of these Wnt regulated isoform
expression changes in other cancer types, we extracted the PSI
values from 16 different tumors with at least six tumor-normal
pairs available in the TCGA SpliceSeq database. Only the tu-
mor-normal pairs were used for downstream analyses. APS| values
were calculated by subtracting the PSI values from the tumors
with the PSl values from the paired normals. A positive APSI value
would indicate that the variable exon from the Wnt regulated iso-
form expression changes is included more in the tumors than in
the matched normals. Splicing events for rectal adenocarcinomas
(READs) were combined into the events described for colorectal
adenocarcinomas (COADs).

Sorting TCGA cancer types by relative magnitude
of Wnt signaling

To sort the 16 different cancer types in terms of the relative level
of Wnt signaling effect, we devised a Wnt score based on the dif-
ferential expression of 10 well-established Wnt target genes
(SOX9, DKK1, CCND1, MYC, LGR5, SP5, AXIN2, TCF7, RNF43,
and BMP4) in the tumors relative to paired normal tissue
(Supplemental Fig. S3).

To perform this differential gene expression analysis on TCGA
RNA-seq data sets, raw read counts for 16 different cancer types
(see Fig. 4A for a list of the different cancer types used) with at
least six tumor-normal pairs were downloaded from Broad
Institute GDAC Firehose (https:/gdac.broadinstitute.org/). To
maintain consistency with our data sets we used the TCGA sam-
ples that were sequenced using the lllumina HiSeq platform.
The raw reads from tumor samples with paired normals were
used in the DESeq?2 pipeline (Love et al. 2014) to determine the
differential expression of the genes in the tumors relative to the
paired normals. The results of the differential expression analysis
for all 16 tumor types can be found in Supplemental Table 3.

Wnt Score Calculation:

Gene Score = LFC x —log1o(Pagjusted), for each gene,
Scaling Factor = max(Gene Score),

Scaled Gene Score = Gene Score/Scaling Factor, for each of
the 10 genes,

Wht score = average(Scaled Gene Score),
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where LFC is the log, fold change (tumors vs. matched
normals).

The larger the Wnt score, the stronger the relative influence of
Wnt/B-catenin signaling in the tumors. As shown in Supplemental
Figure S3 and in line with our expectation, the cancer types with
the highest Wnt score include colorectal cancers (COADs), stom-
ach cancers (STADs), esophageal cancers (ESCAs), cholangiocar-
cinomas (CHOLs), and liver cancers (LIHCs), all of which are known
to have mutationally activated Wnt/B-catenin signaling.

Integration of Wnt regulated splicing events with
cancer-associated splicing quantitative trait loci to
determine putative cis-regulatory sites

sQTLs correlate gene loci (marked by single-nucleotide polymor-
phisms [SNPs]) with splicing events described in the TCGA
SpliceSeq database in multiple tumors (Ryan et al. 2016). All the
sQTLs associated with Wnt regulated splicing events were ex-
tracted, together with the survival-associated sQTLs from the
CancerSplicingQTL database (http://www.cancersplicingqtl-hust
.com) (Tian et al. 2019).

Because these sQTLs can mark the genetic location of potential
cis-regulatory sites that mediate the inclusion of the Wnt regulat-
ed variable exon, we identified some trans-acting factors with
binding sites that overlap the sQTLs. Protein binding data for tran-
scriptional regulators (including transcription factors) (from the
ReMap database [Chéeneby et al. 2018]) and RNA-binding pro-
teins (including splicing factors) (from the POSTAR2 database
[Zhu et al. 2019]) were used to determine if these cis-regulatory
sites (sQTLs) overlapped with binding sites for these trans-acting
proteins. Protein binding data for corresponding sQTLs is avail-
able in Supplemental Table 5. The protein binding data is shown
for the alternative promoter usage of SRI (Supplemental Fig.
S10A), the exon skipping event seen in CD46 (Supplemental
Fig. S10B), and the alternative polyadenylation events for
RECQLS5 (Supplemental Fig. S10C) in its genomic contex

DATA DEPOSITION

The RNA-seq data for the HPAF-II orthotopic tumor model is
available at NCBI GEO GSE118041, GSE118231, GSE118190,
and GSE118179. The RNA-seq data for the ColoPDX tumor mod-
el is available in NCBI GEO GSE69687. Detailed results for the
Whnt regulated gene expression for splicing regulators and Wnt
regulated splicing events can be found in the Supplemental
Tables.
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