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Long-Read RNA Sequencing Identifies

Alternative Splice Variants in Hepatocellular
Carcinoma and Tumor-Specific Isoforms
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Alternative splicing (AS) allows generation of cell type—specific mRNA transcripts and contributes to hallmarks of
cancer. Genome-wide analysis for AS in human hepatocellular carcinoma (HCC), however, is limited. We sought to
obtain a comprehensive AS landscape in HCC and define tumor-associated variants. Single-molecule real-time long-
read RNA sequencing was performed on patient-derived HCC cells, and presence of splice junctions was defined by
SpliceMap-LSC-IDP algorithm. We obtained an all-inclusive map of annotated AS variants and further discovered
362 alternative spliced variants that are not previously reported in any database (neither RefSeq nor GENCODE).
They were mostly derived from intron retention and early termination codon with an in-frame open reading frame
in 81.5%. We corroborated many of these predicted unannotated and annotated variants to be tumor specific in an
independent cohort of primary HCC tumors and matching nontumoral liver. Using the combined Sanger sequencing
and TagMan junction assays, unique and common expressions of spliced variants including enzyme regulators
(ARHGEF2, SERPINH]1), chromatin modifiers (DEK, CDK9, RBBP7), RNA-binding proteins (SRSF3, RBM27,
MATR3, YBX1), and receptors (ADRM1, CD44v8-10, vitamin D receptor, ROR1) were determined in HCC tu-
mors. We further focused functional investigations on ARHGEF2 variants (vl and v3) that arise from the common
amplified site chr.1q22 of HCC. Their biological significance underscores two major cancer hallmarks, namely can-
cer stemness and epithelial-to-mesenchymal transition-mediated cell invasion and migration, although v3 is consist-
ently more potent than vl. Conclusion: Alternative isoforms and tumor-specific isoforms that arise from aberrant
splicing are common during the liver tumorigenesis. Our results highlight insights gained from the analysis of AS
in HCC. (HepaTtorocy 2019;70:1011-1025).

Iternative splicing (AS) is a posttranscriptional ~ and survival. Through expression switch from canon-
process that allows generation of alternative ical isoform to aberrant isoform,” the production of
mRNA transcripts crucial to normal develop- noncanonical and cancer-specific mRNA transcripts
ment and contributes to proteome complexity of mam-  can lead to inactivation of tumor suppressors or acti-
malian genomes. AS can also promote cancer growth vation of oncogenes and thus trigger cancer signaling

Abbreviations: A3, alternative 3’ splice site; A5, alternative 5’ splice site; aa, amino acid; AS, alternative splicing; CCS, circular consensus
sequencing; cDNA, complementary DNA; EMT; epithelial-to-mesenchymal transition; FPKM, fragments per kilobase of transcript per million
mapped reads; GO, gene ontology; HCC, hepatocellular carcinoma; IDP, isoform detection and prediction; IR, intron retention; MIHA,
immortalized human hepatocyte cell line; mTORCI, mammalian target of rapamycin complex 1; NMD, nonsense-mediated decay; ORF, open
reading frame; RhoGEF, Rho guanine nucleotide exchange factors; Rho-GTP, Rho-guanosine-5-triphosphate; R1, retained intron; SE, skipping
exon; SE, splicing factor; SGS, second-generation sequencing; SMR'T; single-molecule real-time; VDR, vitamin D receptor.
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pathways.? It is therefore not surprising that dysreg-
ulation of mRNA splicing can contribute to almost all
hallmarks of cancer, including sustained proliferation,
cell invasion and metastasis, and stemness.
Hepatocellular carcinoma (HCC) is the third lead-
ing cause of cancer mortality worldwide. Cumulating
studies have unveiled genetic alterations harbored
within HCC tumors.” Earlier genome-wide anal-
yses by our group, and others, have shown common
genomic imbalances in HCC, among which gain of
chr.1q21-23 is considered an early initiating event.?)
More recent next-generation sequencing revealed
somatic mutations in driver genes of HCC, which
shed insight on disease mechanism and potential
therapeutic targets.”) Aberrant RNA splicing has also
been implicated in the liver carcinogenesis. Studies on
individual genes, including CD44° and CDH17,®
suggested that the AS isoform expressed correlated
with tumor stage, early recurrence, and shorter patient
survival. Although interest in defining cancer-associ-
ated AS continues to increase, the specific biological
function harnessed by many of the AS variants in
conferring oncogenic advantages remained minimally
investigated. To date, there are only a handful of such
studies described in HCC.”? Moreover, although
many observational studies have illustrated presence
of aberrantly spliced genes in human cancers, the AS
landscape of human HCC remains largely unexplored.

HEPATOLOGY, September 2019

Even though studies have demonstrated that anom-
alous AS of mRNA precursors plays important roles
in cancer development,(l) this mechanism has largely
been undermined because of technical limitations in
systematic analysis. Nonetheless, over the past decade,
technologies for genome-wide study of AS events
have evolved. The low-sensitivity and low-reliability
probed-based isoform microarray has been replaced by
high-throughput high-sensitivity and low-error rate
RNA-seq of second-generation sequencing (SGS).
However, RNA-seq of SGS encounters severe limita-
tions by its short reads generated, usually 101 bp, in
reconstructing the full-length transcript and identify-
ing isoforms with complex AS events. Single-molecule
real-time (SMRT) sequencing, also referred to as
third-generation sequencing, overcomes these limita-
tions by producing long reads >10 kb in length, which
encompass virtually all human transcripts from the 5’
end to their poly-A."%Y However, intact RNA of high
quality is prerequisite to the generation of full-length
complementary DNA (cDNA) libraries for SMRT
sequencing. More recently, hybrid sequencing is con-
sidered the ideal approach to study global AS events
by taking advantage and integrating full-length tran-
script detection from long reads and improved base
calling accuracy by short reads correction of errors. 1)

In this study, we undertook the challenge to
profile the entire transcriptome composition of
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isoforms expressed in HCC. We deployed low-
passage patient-derived HCC cultures from eight
cases, and compared results with immortalized hepato-
cyte line and normal liver. SMRT isoform sequencing
and SGS RNA-seq were applied on the same spec-
imen, and computed transcript discovery and recon-
struction based on the combined hybrid sequencing
information from error-corrected long-reads and
short-read counts. A comprehensive map of annotated
AS variants was obtained. In addition, we discovered
unannotated spliced isoforms that are not reported in
any database and corroborated many of these predicted
unannotated and annotated variants to be tumor spe-
cific from rigorous validations in primary HCC tumors
and matching nontumoral liver. Although the number
of AS events observed in different cancer types has
grown in recent years with the use of advanced tech-
nologies,(lz) relatively few reports have embarked on
functional studies. Here, we focused functional inves-
tigations on ARFAGEF2 variants (v1 and v3) that arise
from the common amplified site chr.1q22 of HCC
and confirmed their biological significance in under-
scoring two major cancer hallmarks, namely cancer
stemness and epithelial-to-mesenchymal transition
(EMT)-mediated cell invasion and migration.

Materials and Methods

CELL CULTURE

Patient-derived HCC cell cultures (HKCI-2, 4, 5A,
8,9,11, C1, C2, and C3) were maintained in AIM-V
medium supplemented with 10% fetal bovine serum
(FBS; Life Technologies). Hep3B, immortalized
human hepatocyte cell line (MIHA), and L02 were
maintained in Dulbecco’s modified Eagle’s medium

supplemented with 10% FBS.

PATIENTS SPECIMENS

Paired HCC tumor and adjacent nontumoral
liver tissues were collected from patients who under-
went curative surgery at Prince of Wales Hospital,
Hong Kong. Human sample collection protocol was
approved by The Joint Chinese University of Hong
Kong — Hospital Authority New Territories East
Cluster Clinical Research Ethics Committee. Informed
consent was obtained from each patient recruited.

Diagnosis of HCC was confirmed by histology.
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SMRT SEQUENCING

Total RNA was extracted using RNeasy Mini Kit
(Qiagen). First-strand cDNA synthesis was performed
using the SMARTer PCR c¢DNA Synthesis Kit
(Clontech). Single-stranded cDNAs were amplified for
11 cycles by PCR using KAPA HiFi polymerase (Kapa
Biosystems). Amplified cDNA was loaded on the
BluePippin System for size selection. cDNAs with non-
size selection or separate size fractions (1-2 kb, 2-3 kb,
3-6 kb, and 5-10kb) were subjected to SMRTbell
library construction using the DNA Template Library
Preparation Kit (Pacific Biosciences). Template librar-
ies were sequenced on a Pacific Biosciences RS II
sequencer using the DNA Sequencing Kit (Pacific
Biosciences). Basic quality information of PacBio
SMRT-seq data was obtained by aligning long reads
to human reference genome (hgl9) with Genomic
Mapping and Alignment Program and examined for
quality by AlignQC" against reference transcriptome
of RefSeq gene annotation (Supporting Table S1).

RNA SEQUENCING

Integrity of RNA extracted from cell lines was
examined with the Bioanalyzer 2100 (Agilent). cDNA
libraries were prepared using the Illumina TruSeq
RNA Sample Preparation kit (Illumina). The median
insertion size of each library was around 300 nucleo-
tides. Library quality was measured on Agilent 2100
Bioanalyzer. Paired-end libraries were sequenced on
the Illumina HiSeq 2000 platform (2 x 100 nucleotide
read length) to obtain at least 100 million total reads
per sample. FASTQ files were generated by CASAVA.

Bioinformatic analysis and experimental procedures
of other supporting verifications and functional assays

are described in Supporting Methods.

Results

LANDSCAPE OF ALTERNATIVE
SPLICING VARIANTS

SMRT sequencing captured full-length tran-
scripts (transcription start sites, splice sites, and
poly-A sites) in eight patient-derived HCC cases
and immortalized human hepatocyte MIHA that
generated a total of 2,731,554 circular consensus
sequencing (CCS) reads with consensus of full-

pass cDNA molecules and 5,430,909 partial-CCS
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reads that support quality consensus sequence from
overlapping reads to CCS. Together, the CCS and
partial-CCS reads provided confidence in mapping
alignment and high coverage read data. We obtained
CCS reads with median of 2,395 bp (quartiles
1,681-3,833 bp) (Supporting Fig. S1A). The length
of partial-CCS reads, on the other hand, have a
median of read length at 2,916 bp (quartiles 1,695-
4,556 bp). In 99% of long reads, the ratio of con-
tinuous long-read length to CCS read length was
2 to 15 (Supporting Fig. S1B), suggesting that the
majority of sequences passed each original cDNA
molecule at least twice, which on overlaid built con-
sensus sequences of high accuracy.

We used hybrid sequencing pipeline, the
SpliceMap-LSC-IDP algorithm,"® to detect AS
events and define isoforms. Aligned to hgl9 refer-
ence genome, 84% error-corrected long reads showed
high consensus mapping quality (Supporting Fig.
S1C). Isoforms were detected and predicted by iso-
form detection and prediction (IDP), which uses both
junction detections and alignment of error-corrected
long reads to establish reliability in statistical mod-
eling (Supporting Table S2). Using stringent criteria
(see Supporting Methods), we identified 8,990 full-
length transcripts (from 7,250 genes), including 8,292
annotated coding transcripts, 120 long noncoding
RNAs, 216 noncoding transcripts, and 362 unanno-
tated isoforms of known genes (Fig. 1A). The lat-
ter unannotated isoforms denote unannotated splice
junctions that have not been previously reported in
RefSeq or GENCODE. Among the annotated genes,
1,414 genes (coding and noncoding) transcribed two
or more dominantly expressed isoforms (Fig. 1B).
These variants arose from either AS or alternative
transcription initiation/termination (Supporting Fig.
S2A). Interestingly, 233 variants of our newly discov-
ered unannotated AS (61.6%) represent another alter-
native isoform(s) of 223 known genes (Fig. 1C).

Among the 1,414 genes with splice variants,
83.8% (1,185 genes) expressed only annotated iso-
forms. The most frequent AS types found in anno-
tated isoforms were skipping exon (SE), followed
by alternative 5’ and 3’ splice sites (A5 and A3). SE
accounted for more than a third of these variants
(40%), and A5 and A3 each accounted for 18%.
Retained intron (RI), on the other hand, only con-
tributed to 10% of AS events (Fig. 1D). The anno-
tated isoforms contain open reading frames (ORFs)
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of median 1,134 bp (quartiles 720-1,677 bp) (Fig.
1E). To evaluate the role of proteins derived from
annotated isoforms, we performed hallmark path-
way analysis using gene set enrichment analysis
(GSEA). Interestingly, we observed enrichment of
many cancer-related pathways, with the top-ranked
pathways highlighting mammalian target of rapamy-
cin complex 1 (mTORC1) signaling, G2M check-
point, EMT, and the DNA repair process (Fig. 1F).
The genes involved in mTORCT1 signaling pathway
are mostly metabolically related, such as pyruvate
dehydrogenase kinase 3 (PDK3), aldolase, fructose-
bisphosphate A (ALDOA), succinate dehydrogenase
complex subunit C (SDHC) (glycolysis), isopente-
nyl-diphosphate delta isomerase 1 (IDI1), and star
related lipid transfer domain containing 4 (SZ4RD4)
(cholesterol metabolism), but also included some
related to cell cycle, such as cyclin-dependent kinase
inhibitor 1A (CDKN1A). G2M checkpoint included
important cell cycle controlling genes, such as MYC,
cell division cycle 20 (CDC20), aurora kinase A
(AURKA), cell division cycle 25B (CDC25B), cell
division cycle 27 (CDC27), and CDC28 protein
kinase regulatory subunit 1B (CKSIB). Splicing
variants of these genes might represent an alternate

mechanism for regulating these cancer-related path-
ways in HCC.

UNANNOTATED AS VARIANTS

We further characterized the unannotated AS
isoforms by comparing them to the annotated iso-
forms, in terms of their transcript lengths, causative
AS events, ORF length, and expression levels. On
average, unannotated isoforms had shorter tran-
script length than annotated ones (Supporting Fig.
S2B), which might be due to a large proportion
(52%) of unannotated isoforms having a late tran-
scription initiation and early transcription termi-
nation (Supporting Fig. S2C). On comparing the
type of AS event, unannotated isoforms showed
a higher percentage of RI but less SE than anno-
tated isoforms (Fig. 1D). The overall shorter tran-
script despite frequent RI could be explained by the
fact that intron retention is known to cause non-
sense-mediated decay (NMD) and mRNA insta-
bility by the introduction of premature termination
codons (PTCs).™ The combined effects of RI

and late transcription initiation/early transcription
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FIG. 1. RNA splicing landscape. (A) Proportion of different transcript categories identified by hybrid sequencing. (B) Number of
variants per gene. (C) Proportion of genes with annotation and unannotated variants. (D) Distribution of AS types in annotated and
unannotated variants. (E) Distribution of ORF lengths. Annotated and unannotated isoforms have similar ORF length distribution
(Median: annotated 1,134 bp, unannotated 1,044 bp). (F) Gene set enrichment analysis shows enrichment of cancer-related pathways

in genes with annotated isoforms.

termination within a single transcript could be
another contributory factor. Indeed, such co-occur-
ring events could be detected in 45.6% (36/79) of
isoforms with RI.

To predict the potential effect of AS on protein
translation, we defined the ORF of unannotated iso-
forms using ORF Finder. The unannotated isoforms
had a similar ORF length distribution compared
with annotated isoforms, with the median length at

1,044 bp (quartiles 575-1742 bp) (Fig. 1E). For most

of the unannotated isoforms (70%), their ORFs were
changed, but remained in-frame compared with their
annotated counterparts (Fig. 2A), suggesting that they
might be translated into a paired and even functional
variant. Only 15% of the unannotated isoforms had
frameshift (Fig. 2A), which might result in untrans-
latable mRNA or nonfunctional proteins. The changes
in ORF led to early stop codons in 33% of unanno-
tated isoforms (Fig. 2B). We found that the major-
ity (94%) of AS events ensuing an in-frame ORF
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FIG. 2. ORF changes and expression level of unannotated variants. (A) Percentage of isoforms with ORF change among unannotated
isoforms. (B) Percentage of stop codon types in unannotated isoforms. SC denotes stop codon. (C) Percentage of AS types with in-
frame ORF change and early stop codon events in unannotated isoforms. (i) Four major types of AS (SE, RI, A5, and A3) account for
75% of in-frame ORF changes. (ii) RI accounts for 35% of all early stop codon events. (D) Expression level of isoforms. No significant
difference in expression level between annotated and unannotated isoforms (P = 0.357, unpaired 7 test). (E) Pairwise comparison for
expression level of annotated and unannotated isoforms with retained introns of the same genes. Unannotated isoforms with retained
intron have significantly lower expression compared with their annotated counterparts (Mean FPKM: annotated 59 vs. unannotated

37, P=0.02 by paired # test).

were SE, RI, A5, and A3 (Fig. 2Ci). Nonetheless, RI
had stronger association with early stop codon when
compared with other AS types, which accounted for
more than one third of early stop codon events (Fig.
2Cii). Because intron retention (IR) is known to
cause NMD of mRNA by introducing PTC," we
further examined whether high frequency of IR in
unannotated isoforms affected their expression level.
We found that the expression level of unannotated
isoforms was not significantly different from anno-
tated isoforms (P = 0.357, unpaired ¢ test) (Fig. 2D).
However, when compared pairwise, the unannotated
isoforms that underwent IR had significantly lower
expression than their annotated counterpart without
IR (P =0.02, paired ¢ test) (Fig. 2E), suggesting that
IR likely led to reduced expression through NMD.
Recurrent detections of the 362 unannotated iso-
forms were common, with 108 isoforms identifiable in
three or more patient-derived HCC lines. Although
less frequent than the annotated isoforms, such recur-
rent frequency suggested these unannotated isoforms
could be dominantly expressing variants as well
(Fig. 3A). This led us to speculate the possible cause
underlying the generation of these unannotated iso-
torms in HCC. We postulated dysregulation of splic-
ing factors (SFs) could be a contributory factor and
examined the correlation between expression of SFs

and the incidence of AS events. We found SFs that
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strongly correlated with two major AS events of
the unannotated isoforms, namely RI and SE (Fig.
3Bi,Bii). Interestingly, most RI-positively correlated
SFs were negatively associated with SE, and vice
versa. For instance, up-regulation of LSM4, U2 small
nuclear RNA auxiliary factor 1 (U2AF1), small nuclear
ribonucleoprotein U1 subunit 70 (SNRNP70), and
dead-box helicase 41 (DDX41) positively correlated
with RI, but negatively correlated with SE. On the
other hand, down-regulation of serine and arginine
rich splicing factor 1 (SRSF1), serine and arginine
rich splicing factor 2 (SRSF2), SNW domain con-
taining 1 (SNW1), and small nuclear ribonucleopro-
tein D1 polypeptide (SNRPD1) correlated with SE,
but negatively correlated with RI (Fig. 3Bi,Bii). Our
analysis suggested that a subgroup of deregulated SFs
was linked to each AS event of RI and SE, and would
seem mutually exclusive.

To systemically evaluate the functions of unanno-
tated isoforms expressed, we performed gene ontology
(GO) enrichment analysis for their molecular func-
tion. We found enriched GO categories for RNA
binding, enzyme binding and regulation, transcription
activity and chromatin binding, kinase binding, and
protease regulation (Fig. 3C). To corroborate existence
of many of these predicted unannotated transcripts
in HCC, we carried out validation studies in paired
primary tumor and adjacent nontumoral liver, in
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FIG. 3. IDP predicted unannotated isoforms verified in HCC tumors and nontumoral livers. (A) Recurrent incidence of annotated

and unannotated isoforms in patient-derived HCC cell cultures. (B)

Correlation between expression of splicing factors and frequency

of skipping exon (i) and retained intron (ii). X axis: Pearson correlation between FPKM of SFs and percentage of genes with SE or RI
within the multi-isoform genes across MIHA and eight patient-derived HCC lines. Y axis: relative FPKM of SFs in patient-derived

HCC lines compared with MIHA. Red dots: SFs with 1.8-fold up-

regulation in HCC lines. (C) Molecular function of unannotated i
unannotated isoforms of YBX1, MATR3, RBM27, CKD9, RBBP7,

regulation in HCC lines. Green dots: SFs with 0.6-fold down-
soforms indicated by gene ontology analysis. (D) Verification of
and SERPINHI by Sanger sequencing in HCC tumors (T) and

paired adjacent nontumoral liver tissues (N'T). Maps of unannotated isoforms and their annotated counterparts shown with exon

arrangement and AS sites highlighted (red rectangle).

addition to IDP-determined patient-derived cell cul-
tures. Within the top three GO categories, candidate
variants were selected based on fragments per kilobase
of transcript per million mapped reads (FPKM) lev-
els and published literature on the annotated coun-
terpart. Unannotated isoforms of RNA-binding
proteins (Y-box binding protein 1 [YBXZ], matrin 3
[MATR3], RNA binding motif protein 27 [RBM27]),
chromatin modifier and transcription regulator (cyclin
dependent kinase 9 [CDK9], RB binding protein 7
[RBBP7]), and enzyme regulator (serpin family H
member 1 [SERPINHI]) were assessed. All isoforms
were detected by quantitative RT-PCR with TagMan
probes specific to the new splice junction. Interestingly,
these new variants of MATR3, RBM27, and RBBP7
displayed significant up-regulation in tumor relative
to nontumoral liver, whereas YBX7 showed common

down-regulation in HCC (P < 0.001, paired # test)
(Supporting Fig. S3A). RT-PCR products were also
Sanger sequenced, which further confirmed IDP
predictions and the presence of these unannotated
isoforms in HCC (Fig. 3D; Supporting Fig. S3B).

TUMOR-SPECIFIC ISOFORMS
To define HCC-specific AS variant, we filtered

out organ-related transcripts and isoforms com-
mon in normal liver, MIHA, and patient-derived
HCC cells. A total of 2,057 transcripts with FPKM
above null in two or more patient-derived HCC
lines were defined as preferentially and recurrently
expressed in patient-derived HCC cells (Fig. 4A;
Supporting Table S3). The extent to which AS pro-

duced tumor-specific isoforms was further analyzed
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FIG. 4. HCC-specific isoforms. (A) Venn diagram on the number of common and specific isoforms in MIHA, normal liver, and
patient-derived HCC cells. (B) GO of recurrent tumor-specific AS isoforms. (C) Maps of HCC-specific isoforms shown with exon
arrangement and AS sites highlighted (red rectangle). Sanger sequencings show unannotated junctions of SRSF3, DEK, and ADRM1
in HCC tumors. (D) Quantitative PCR detected significant up-regulation of unannotated DEK, ADRM1, and CD44v8-10 isoforms
in HCC tumor (T) compared with nontumoral adjacent liver (NT) and normal liver (NL). NL versus N'T, NL versus T by unpaired #

test. N'T versus T by paired # test. %,

P <0.05; %, P<0.01; ** P < 0.001. (E) Quantitative PCR indicated progressive up-regulation of

isoforms SRSF3, ROR1, and VDR from NL to T. Comparisons between groups were performed by one-way analysis of variance with

linear trend test and Tukey post-hoc test. Trend test: SRSF3 and VDR, P < 0.001; ROR1, P < 0.05. Tukey test: *

= P<0.001.

in these 2,057 transcripts. We found 714 genes
exhibited two or more AS variants that totaled to
892 HCC-specific isoforms, with 166 being unan-
notated. Further GO analysis categorized 51.7%
of these genes (369/714 genes) to be enriched for
enzyme binding/regulation, receptor complex/bind-
ing, RNA binding, and transcription regulation (Fig.
4B; Supporting Table S3).

We next assessed the tumor specificity of these
AS variants in a series of primary HCC tumors and
their paired adjacent nontumoral liver (n = 47), and
normal livers (n = 10). Candidate isoforms from
GO categories were selected based on their high
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, P<0.05;™ P<0.01;

FPKM expressions. These included receptor com-
plex (adhesion regulating molecule 1 [ADRM1I],
CD44v8-10, receptor tyrosine kinase like orphan
receptor 1 [RORI], vitamin D receptor [VDR]),
chromatin modifier (DEK), RNA-binding protein
(serine and arginine rich splicing factor 3 [SRSF3]),
and enzyme regulator (Rho/Rac guanine nucleotide
exchange factor 2 [ARHGEF2]). Given the impor-
tance of receptor splice variants in carcinogenesis,
more candidates were selected from this category.
We validated the presence of these isoforms by
Sanger sequencing in the same patient-derived

HCC cells from which they were first identified by
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IDP and also in primary HCC tumors (Fig. 4C;
Supporting Fig. S3B). Studies on enzyme regulator
ARHGEF2 are detailed in the next section. Fig. 4C
shows examples of CCS and short reads alignment
on HCC-specific isoforms.

Quantitative PCR using TagMan junction probe
confirmed all variants to be significantly up-regulated
in HCC tumors compared with their nontumoral liver
(P<0.05, paired # test) (Fig. 4D). Notably, negligi-
ble expressions of DEK and ADRMI1 variants were
consistent in all normal livers, and in most cases for
CDA44v8-10. This in turn reflected distinct and spe-
cific expressions of DEK, ADRM1, and CD44v8-10
variants in HCC tumors. Compared with paired non-
tumoral liver, we observed a median overexpression of
DEK at 10.73-fold (quartiles, 5.66-24.03 folds) and
ADRM1 at 8.33-fold (quartiles, 2.36-32.45 folds). For
both DEK and ADRM1, more than 10-fold up-reg-
ulation could be readily detected in ~50% of cases,
with few cases reaching as high as more than 100-
fold. Although less pervasive, 10-fold up-regulation
of CD44v8-10 could be found in ~28% of cases with
a median fold gain suggested at 2.23 (quartiles, 0.66-
10.52 folds). The curtailed effect, despite negligible
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expressions in normal livers, was attributed to these
AS variants that were detectable in adjacent nontu-
moral livers as well, albeit at much lower levels than
tumors. Similarly, a stepwise progressive increase in
the expression of SRSF3, ROR1, and VDR variants
from normal liver and nontumoral liver adjacent to
HCC was also evident (one-way analysis of variance
test P < 0.05) (Fig. 4E). Because HCC-adjacent non-
tumoral livers are invariably cirrhotic or fibrotic, they
are well recognized as the premalignant state of HCC.
Our findings might thus have implications for these
AS variants in predisposing risk to HCC development.

BIOLOGIC AND CLINICAL
SIGNIFICANCE OF 4RHGEF2
VARIANTS

We focused downstream investigations on an
enzyme regulator, ARHGEF2 (variants vl and v3)
(Fig. 5A), which is a Rho guanine nucleotide exchange
factor (RhoGEF) that plays essential role in activat-
ing oncogenic RhoA signaling in HCC."9 Moreover,
both variants are expressed from chr.1q22 locus,
which has been implicated in the initiation stage of
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of IDP predicted ARHGEF2 v1 and v3 in patient-derived HCC lines by RT-PCR. Supporting Fig. S4 shows confirmatory Sanger
sequencing. (C) 3D structure prediction of vl and v3 proteins. (i) Structure and functional domains of v1 protein. (ii) Superimposed
image of v1 and v3 structures. Blue: v1; Magenta: v3. (D) ARHGEF2 v1 and v3 mRNA expression in normal liver (NL), adjacent
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unpaired # test. NT versus T: paired # test. *, P < 0.05; ***, P < 0.001. (E) Expression of vl and v3 correlated positively in HCC tumors.

Pearson correlation, R? = 0.7284, P < 0.0001.
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liver carcinogenesis.’) Initial RT-PCR corroborated
expression of both ARHGEF2v1 (NM_00162383) and
ARHGEF2v3 (NM_004723) isoforms in patient-de-
rived HCC cells but not MIHA (Fig. 5B). Sanger
sequencing of PCR products further confirmed IDP
prediction in the alternate first exons used by v1 and
v3 that lead to their difference in 5’untranslated region
and downstream AUG start codon (Supporting Fig.
S4). In addition, v3 also harbors a 3-base deletion
(GCA) from an alternative 3’splice at the boundary
of exon 6 and exon7 that corresponds to one amino
acid (aa; alanine) loss (Supporting Fig. S4). Hence,
ARHGEF2v1 encodes a protein of 986 aa whereas
ARHGEF2v3 encodes a shorter protein of 959 aa.
Structurally, the ARHGEF2 protein is well character-
ized with highly conserved central domains, includ-
ing a Dbl homology domain (microtubule binding)
and a Pleckstrin homology domain (GEF activity)
(Fig. 5Ci). According to their predicted crystal struc-
tures, these core domains are maintained in both vl
and v3, despite v3 having one aa less at position 194
(Fig. 5Cii). The change in first exon, however, results
in a loss of 81 bases (27 aa) at the N-terminus of v3
compared with v1, which likely corresponded to an
uncapped phorbol esters/DAG zinc finger domain in
v3 (Fig. 5Cii).

To establish relevance of ARHGEF2 v1 and v3
in patients with HCC, we examined expression of
vl and v3 isoforms in an independent cohort of 87
primary HCC and paired nontumoral liver, and 10
normal livers, by quantitative TagMan assays. The
clinicopathological characteristics of patients are
summarized in Supporting Table S4 and detailed
in Supporting Table S5. Frequent up-regulations of
both v1 and v3 in tumors could be readily detected
(Fig. 5D). Compared with their matching nontu-
moral liver, vl showed a median up-regulation of
3.05-fold (quartiles, 1.65-7.13 folds), and up-regu-
lation of v3 at a median 4.07-fold (quartiles, 1.39-
11.34 folds). Overall, both v1 and v3 appeared to be
up-regulated in ~51% of HCC according to their
median factor cutoff, and overexpressed by >10-fold
in 13.8% for v1 (12/87 cases) and 28.7% for v3 (25/87
cases; P < 0.0001) (Fig. 5D). Notably, expressions of
vl and v3 showed strong linear correlation, suggest-
ing common coexpression of these variants in HCC
(Fig. 5E). Our data also suggested normal livers
showed low or negligible levels of both ARHGEF2

vl and v3 with no significant difference relative to
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tumor-adjacent nontumoral livers (Fig. 5D). Notably,
some nontumoral livers showed increased expres-
sions of vl and/or v3 compared with normal livers.
We further conducted gel-based RT-PCR, which
concurred in suggesting some nontumoral livers
displayed elevated expression of vl and v3, albeit at
lower levels than matching tumor (Supporting Fig.
S5Ai,B,C). Consistent with TagMan assay, vl and
v3 expressions were undetectable in gel-based analy-
sis of normal livers (Supporting Fig. S5Aii). Because
adjacent nontumoral liver is often considered the
precancerous lesion of HCC, our finding may have
implication for vl and v3 expressions in the early
carcinogenetic changes.

Using the median fold change as threshold, we
defined HCC tumor with high or low expressions of
vl and v3. In correlative analyses with clinicopath-
ologic features of tumors, we found that cases with
high v1 and v3 expressions showed significant asso-
ciation with the pathologic presence of microvascu-
lar invasion (P = 0.022, Fisher’s exact test), which is a
strong independent predictor for HCC dissemination
and metastasis.1” (Fig. 6A) High v1 expression was
also found to be significantly associated with advanced
tumor grades 2 and 3 (P = 0.013, Pearson chi-squared
test), although a trend was suggested for v3 (Fig. 6B).
In Kaplan-Meier analysis, high expressions of both
vl and v3 correlated with shorter disease-free sur-
vival of patients compared with cases with both low
expressions. The group with either vl or v3 high
expression fell in between the both-high and both-
low groups (P =0.043, log-rank test) (Fig. 6C). Our
findings would suggest that both v1 and v3 contribute
to poorer disease-free survival and that their effects
might be additive.

To determine whether alternatively spliced isoforms
can have specific biological functions, we focused
in vitro and in vivo investigations on ARHGEF2v1
and ARHGEF2v3. Our studies centered on elucidat-
ing the functional properties of ARHGEF2 variants
in conferring oncogenicity in HCC cells and the dif-
ference, if any, between v1 and v3. To ensure endog-
enous ARHGEF2 did not interfere with functional
readouts, ARHGEF?2 knockout HKCI-8 and Hep3B
were generated by CRISPR/Cas9-mediated genome
editing (Supporting Fig. S6A-C). Re-expression of
vl or v3 in ARHGEF2-deficient cells was restored
by ectopically expressing ¢cDNA of each isoform
in same cell line (Fig. 7A; Supporting Fig. S7A).
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FIG. 6. Clinicopathological correlations of ARHGEF2 variants in patients with HCC. (A) Pathological correlation of vl and v3
expressions with microvascular invasion. *, P < 0.05, by Fisher’s exact test. (B) Pathological correlation of vl and v3 expressions with
tumor grade. Pearson chi-squared: v1, P =0.035; v3, P=0.164. (C) Kaplan-Meier survival plot of vl and v3 expression status versus
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We also overexpressed vl or v3 in hepatocyte lines
MIHA and L02, which endogenously showed unde-
tectable ARHGEF?2 expression (Fig. 7A; Supporting
Fig. S7A). Successful generation of stably expressing
isoforms was confirmed by RT-PCR and immuno-
blotting and Sanger sequenced to establish the 5’ dif-
ference and alternative 3’splice site at the exon 6-7
boundary (Supporting Fig. S7B).

Contrary to growth promoting function of many
cancer-associated genes, our data suggested that
neither vl nor v3 exerted an effect on cell viability
(Supporting Fig. S7C). This was consistent in three
cell lines in repeated experiments. Instead, both v1
and v3 augmented cell migration toward chemoat-
tractant (Fig. 7B; Supporting Fig. S8A) and cell inva-
sion through Matrigel (Fig. 7C; Supporting Fig. S8B).
However, effect of v3 was constantly more profound
than v1, suggesting that although both variants played
a role in promoting cell migration and invasion, v3
was distinctively more potent. To affirm functional
effects, we knocked down vl and v3 in overex-
pressing cell lines, which readily reversed the pro-
migration (Supporting Fig. S9A,B) and pro-invasion
(Supporting Fig. S9C,D) effects of v1 and v3. Because
RhoA is a common substrate of ARHGEFZ,(lg) we
sought to investigate if RhoA signaling underlines the
cell motility functions of v1 and v3. When active Rho-
guanosine-5-triphosphate (Rho-GTP) levels were
assayed, only v1-expressing cells but not v3-expressing
cells demonstrated an increase in RhoA activity com-
pared with vector control (Fig. 7D).

We next explored the possible involvement of EM'T
in underscoring the ARHGEF2v3 effects. In 102, v3

overexpression induced a morphological change from

polygonal to spindly cell shape, which is an indicator
of EMT change (Supporting Fig. S10A). Two hall-
mark EMT proteins, E-cadherin and vimentin, are
tightly controlled during the process of EMT through
transcriptional  regulation.”
notable down-regulation of epithelial adhesion mol-
ecule E-cadherin and up-regulation of mesenchymal
marker vimentin in v3-expressing HCC cell lines and
L02 (Fig. 7E; Supporting Fig. S10B). Correspondingly,
we found up-regulation of EMT transcription fac-
tors Snaill/Slug and ZEB1 in v3-expressing HCC
cell lines (Fig. 7E) and L02 (Supporting Fig. S10B).
These changes, on the other hand, were less appar-
ent in vl-expressing cells (Fig. 7E; Supporting Fig.
S10B). In accordance with reversing migration and
invasion functions, knockdown of ARHGEF2 vari-
ants also reversed EMT markers expression induced
from v1 and v3 expression (Supporting Fig. S11A,B).
Our results would hence suggest that the high migra-
tory and invasive abilities of v3-expressing cells were
likely directed by a more intense induction of EMT.
Cancer stemness holds importance in tumor initi-
ation and tumor survival through endowing cells with
self-renewal ability.*” We found both vi- and v3-
expressing HCC cells exhibited strong clonogenic abil-
ity when seeded at low density (Fig. 8A). Although
the ability to form colonies from low-density cul-
ture was less evident in MIHA, both vl- and v3-
expressing MIHA cells exhibited capabilities to form
spheres of increased size and numbers on ultralow
attachment plates (Fig. 8B). The low-adhesion cultures
also showed high sphere-forming efficiency in Hep3B
where overexpression of v3, and to a lesser extent v1,
showed an increase in number and size of spheres formed

Our results showed
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FIG.7. ARHGEF2 v1 and v3 enhance cell migration and invasion. (A) Overexpression of ARHGEF2 v1 and v3 in MIHA, Hep3B-
CRISPR, and HKCI-8-CRISPR shown by western blot. (B) Effect of vl and v3 overexpression on cell migration. V3 significantly
promoted cell migration in MIHA, Hep3B-CRISPR, and HKCI-8-CRISPR, whereas significant cell migration promoted by vl
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in MIHA and HKCI-8-CRISPR were suggested. (C) Effect of vl and v3 overexpression on Matrigel cell invasion. V3 significantly
augmented cell invasion of MIHA, Hep3B-CRISPR, and HKCI-8-CRISPR, whereas vl promoted low-level gains in three cell lines
(mean + SEM from approximately three to four independent experiments). (D) Effect of v1 and v3 overexpression on Rho activity in
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(Fig. 8B). HKCI-8 cells appeared as floating aggregates
in low-adherent cultures. The tumor-initiating capacity
of HKCI-8 expressing variants was subsequently con-
firmed by inoculating cells into nonobese diabetic severe
combined immunodeficient mice, which showed rapid
xenograft tumor formation. HKCI-8 v3-expressing cells
presented larger xenograft tumors in mice compared with
vl and vector control (Fig. 8C). There was no signifi-
cant difference between v1 and vector control, indicat-
ing that v3 had more profound tumorigenic advantages
than v1. We further examined expression of stemness
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markers in v1- and v3-expressing cell lines. Consistent
with our functional analysis, overexpression of vl and
v3 resulted in up-regulation of stemness proteins in
all four cell lines (Fig. 8D-F; Supporting Fig. S12A).
Corresponding to a more prominent stemness enhancer
effect of ARHGEF2v3, v3 appeared to be a stronger
inducer of protein markers than v1. To further sup-
port the role of vl and v3 in enhancing stemness,
sphere-forming ability was readily inhibited with knock-
down (Fig. 8G), which corresponded to down-regula-
tion of stemness markers (Supporting Fig. S13A,B).
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Discussion

The RNA splicing landscape of HCC has not been
fully explored to date, although the influence and impact
of alternative splicing is increasingly evident in human
cancers. In this study, long-read SMRT sequencing
revealed annotated AS isoforms that are common in
HCC; however, more excitingly, it also revealed new,
previously unidentified splice variants. Analysis of anno-
tated AS isoforms by GSEA indicated that they were
highly enriched for the master regulator of cell growth
and metabolism (mTORC1 signaling) and regulation
of cell cycle checkpoint, including genes such as MYC,
AURKA, and CDKN14 (Fig. 1F). Remarkably, 81.5% of
unannotated AS variants exhibited in-frame ORF pres-
ervation with their overall distribution of ORF lengths
comparable to annotated isoforms (Fig. 1E). GO anal-
ysis of unannotated AS variants showed enrichment for

molecular functions under the categories of RNA bind-
ing, enzyme regulation, and transcription/chromatin
activity, which might have implications for these unan-
notated variants in contributing to cancer development
and tumor maintenance. We confirmed existence of a
number of predicted new isoforms in tumor and non-
tumoral liver, and more importantly, many are up-reg-
ulated in HCC (Fig. 4D,E; Supporting Fig. S3A).
We also explored upstream signals that might drive
their expressions. In correlating AS events of unanno-
tated isoforms with SF dysregulations, a number of SF
mRNAs appeared to be overexpressed. Few SFs, such as
SNRNP70 and U2AF1, showed strong positive correla-
tion with the RI event that might signify the abnormal
splicing machinery itself as a major contributory factor.
Indeed, both SNRNP70 and U2AF1 are components
of major spliceosome that recognize the 5’ and 3’ splice
sites, respectively. Y

1023



CHEN, GAO, ET AL.

In the oncology field, there is an unmet need for
tumor-specific molecules for early cancer detection,
diagnosis, and targeting therapy. Their discoveries,
however, remain a challenge. Our Venn diagram analy-
sis suggested candidate tumor-specific variants, which
we were able to corroborate and quantify by custom-
ized splice junction TagMan probe. HCC-specific
expression was highlighted for ARHGEF2, DEK,
ADRM]1, and CD44v8-10, which were negligible in
normal livers but markedly overexpressed in HCC
(Figs. 4D, 5D). DEK pla;rs a role in chromatin topol-
ogy and 'cranscription.(22 Because DEK epitope can
be presented by dendritic cells and stimulate CD8+
T-cell response, it is also considered a tumor-associ-
ated antigen.(23) We identified a unannotated isoform
with retention of intron 1, which resulted in an extra
five aa on the N-terminus. The extra peptide might
create a neoantigen that is tumor specific. ADRM1
is a proteasome ubiquitin receptor engaged in ubiq-

uitin—proteasome—dependent protein degradation.*¥

The best-known cancer-related function of ADRM1
is its essential role in cell cycle progression.(zs) We
identified a unannotated isoform of ADRM1 with
exon 9 skipped. This splicing results in a frameshift
and replacement of the last 69 aa of C-terminal
DEUBAD (DEUBiquitinase adaptor) domain by a
new 31 aa polypeptide. Although the functional effect
of such partial change of DEUBAD domain remains
to be determined, the strong up-regulation of this
unannotated ADRM!1I isoform is highly suggestive of
its potential as a biomarker for HCC. Interestingly,
we identified a CD44 isoform, CD44v8-10, to be
highly expressed in HCC tumors. The CD44v8-10
isoform differed from the prevalent isoform CD44s
at membrane proximal domain by splicing in three
extra exons (Fig. 4C). Although we failed to observe
isoform switching, because the transmembrane cell-
surface receptor of CD44 could be easily recognized
by immune cells or cell-selective drug deliveries,
tumor specificity of CD44v8-10 might support anti-
gen selection for individualized therapy.

We also identified other tumor-associated candi-
dates SRSF3, ROR1,and VDR, which showed progres-
sive up-regulation from normal liver to premalignant
state of liver cirrhosis/fibrosis, and ultimately HCC. It
is plausible that these AS variants harbor clonal advan-
tages during the development from precursor lesion to
cancer. Of particular interest is the unannotated vari-
ant of SRSF3, which showed a significant positive
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trend of up-regulation (P < 0.001, paired 7 test) (Fig.
4E). SRSF3 is a serine/arginine-rich protein that
canonically promotes splicing by recruitment of other
splicing factors. SRSF3 protein has two domains.
The N-terminal RRM domain recognizes RNA in
a sequence-specific manner, whereas the C-terminal
RS domain interacts with other proteins.*® SRSF3 is
also an oncoprotein overexpressed in multiple cancer
types.?® High expression of SRSF3 is an unfavorable
prognostic predictor in HCC (The Human Protein
Atlas). The SRSF3 unannotated variant that we iden-
tified has a premature stop codon caused by partial
intron 3 retention that would translate a truncated
protein. The loss of the second half of RS domain
likely affects its interaction with other splicing factors.
It is possible that this unannotated isoform might pre-
dispose or promote HCC development by affecting
splicing of canonical SRSF3 targets.

The extent to which many aberrantly spliced
variants contribute to specialized function(s)
remains poorly understood. In this study, we spe-
cifically addressed this issue by studying variants of
the ARHGEF?2 gene. In a separate cohort of HCC
specimens obtained from 87 patients, we affirmed
common overexpression and tumor dominance of
variants vl and v3. Given the robustness and poten-
tial clinical significance of our findings, we centered
our subsequent iz vitro and in vivo studies on can-
cer hallmarks of growth, metastasis, and stemness.
Although both vl and v3 showed enhanced met-
astatic capabilities and stem cell traits, v3 with a
truncated N-terminus consistently demonstrated
more potent effects. It is plausible that ARHGEF2
variants might regulate Rho-independent signaling
pathways through protein—protein interaction. For
instance, ARHGEF2 was shown to enhance onco-
genic RAS signaling through its interaction with
scaffold protein KSR1, the process of which was
independent of the RhoGEF activity.?”) Although
v3-specific interacting proteins remain to be defined,
our study highlighted that AS allows generation of
mRNA transcripts from a single gene that encodes
structurally dissimilar protein isoforms of varying
functional potency.

The identification and functional establishment
of global AS in cancer genome remains a formidable
challenge that has been largely unexplored. Limited
by the prerequisite of high mRNA quality, we have
undertaken AS analysis by long-reads sequencing in
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the context of patient-derived HCC cell cultures. A
subset of AS isoforms, especially those unannotated
variants, was further established in patient-matched
HCC specimens and nontumoral liver. Frequent
intron retention in unannotated isoforms suggested
a possible origin for these aberrant AS in HCC. As
shown for variants of ARHGEF2, AS events may
have both biological and clinical consequences. Our
results underscore the leveraging on next-genera-
tion sequencing that could lead to new discoveries
of splice variants that may serve as alternative bio-
markers and/or molecular targets for development
of therapies.
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