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ABSTRACT

Extensive genome-wide analyses of deregulated gene expression have now
been performed for many types of cancer. However, most studies have focused
on deregulation at the gene-level, which may overlook the alterations of specific
transcripts for a given gene. Clear cell renal cell carcinoma (ccRCC) is one of the best-
characterized and most pervasive renal cancers, and ccRCCs are well-documented
to have aberrant RNA processing. In the present study, we examine the extent of
aberrant isoform-specific RNA expression by reporting a comprehensive transcript-
level analysis, using the new kallisto-sleuth-RATs pipeline, investigating coding and
non-coding differential transcript expression in ccRCC. We analyzed 50 ccRCC tumors
and their matched normal samples from The Cancer Genome Altas datasets. We
identified 7,339 differentially expressed transcripts and 94 genes exhibiting differential
transcript isoform usage in ccRCC. Additionally, transcript-level coexpression network
analyses identified vasculature development and the tricarboxylic acid cycle as the
most significantly deregulated networks correlating with ccRCC progression. These
analyses uncovered several uncharacterized transcripts, including IncRNAs FGD5-AS1
and AL035661.1, as potential regulators of the tricarboxylic acid cycle associated with
ccRCC progression. As ccRCC still presents treatment challenges, our results provide
a new resource of potential therapeutics targets and highlight the importance of
exploring alternative methodologies in transcriptome-wide studies.

One of the characteristic features of ccRCC is the
frequently mutated von Hippel-Lindau (VHL) gene,
found within ~50% of ¢¢cRCC tumors, or loss of the
short arm of chromosome 3 [7—10]. Loss of a functional

INTRODUCTION

Renal cancer is one of the ten most frequently
occurring cancers found in both males and females in

the United States [1]. In 2018, an estimated 65,340 new
cases of renal cancer will be diagnosed within the US
with ~96% of them being renal cell carinomas (RCC)
[2]. Most RCC tumors originate from the epithelial cells
of proximal tubules within the cortex of the kidney, and
RCCs carry with them several therapeutics challenges
[3, 4]. Specifically, both chemotherapy and radiation
treatments are largely ineffective, patients can be
frequently asymptotic, and metastatic RCC has a relatively
high 5-year mortality rate of > 90% [5]. Among the four
major histological RCC subtypes, clear cell renal cell
carcinoma (ccRCC) is the most common, observed within
75% of cases [6].

VHL protein, a E3 ubiquitin ligase, results in enhanced
stability of a family of transcription factors, known as
hypoxia inducible transcription factors (HIFs) [11]. As
a result of elevated HIF proteins, changes to expression
levels of several HIF responsive genes can occur, such as
vascular endothelial growth factor (VEGF), MET proto-
oncogene (¢-MET), and transforming growth factor (7GF),
altering the pro-angiogenic, invasive and proliferative
characteristics of cancer cells. With the advent of large-
platform and high-throughout techniques, we have greatly
improved our understanding of the VHL/HIF pathway,
and we have expanded beyond this classical model to
reveal other key molecular events that occur in ccRCC.
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In a recent comprehensive study examining ccRCC, an
integrative pathway analysis showed one of the most
frequently mutated subnetworks were genes that influence
the epigenetic landscape, such as PBRM1 and genes in the
PBAF SWI/SNF chromatin remodeling complex [7].

However, despite the shift to global gene expression
profiling, little attention has been given to examining
transcript-specific changes in ccRCC and other cancers,
possibly due to the additional computational constraints
compared to conventional gene-level analyses. Aberrant
transcript isoforms from altered transcription initiation,
termination and RNA processing (including altered
alternative splicing) are well-documented phenomena
found within many cancers [8, 12—15]. Furthermore,
abnormal RNA processing events can have profound effects
on the function of coding and non-coding RNA species
[16, 17]. In a recent example, inactivation of a histone
methyltransferase, known as SET domain containing 2
(SETD2), was discovered to be one of the inciting causes
of widespread transcriptional read-through and abnormal
RNA chimera production found in ccRCC [16].

With the advent of alignment-free RNA-Seq
quantification algorithms, larger scale and more
comprehensive transcript-level analyses can now be
performed with a smaller computational footprint. An
example is kallisto, one of the fastest and most accurate
transcript-level quantification programs. Instead of more
time consuming read alignments, it uses a k-mer approach
for quantifying the abundance of transcripts in RNA-
seq experiments [18]. More recently, two R packages,
sleuth and RATs (Relative Abundance of Transcripts),
were developed that exploit the bootstrap estimates
from kallisto to identify events of differential transcript
expression and differential transcript usage, respectively
[19, 20]. Differential transcript expression (DTE) is any
change in the relative abundance of a transcript between
two conditions. Alternatively, differential transcript usage
(DTU) is the proportional change of the transcripts that
a gene encodes. For example, DTU can frequently result
in isoform-switching, in which the major isoform (most
abundant) “switches™ with an alternative transcript, and
thereby that isoform is longer the major isoform of that
particular gene. To our knowledge, there are relatively
few transcriptome-level studies examining differential
transcript expression in ccRCC, and these studies have
either relied on microarray platforms or focused largely
on one aspect of differential transcript expression (e.g.
differential splicing) [21-26]. Importantly, transcript-level
analyses can add greater resolution to a transcriptome-
wide study, as significant DTE can evade traditional gene-
level analysis techniques.

The current study uses a multifaceted approach
with new highly accurate computational methods, not
employed by previous studies, quantifying all transcript-
level alterations in ccRCC, and places these alterations
in the context of key biological pathways involved

in ccRCC progression (Figure 1A). In doing so, we
identified several previously uncharacterized deregulated
genes implicated in ccRCC. We analyzed 100 RNA-seq
datasets (50 matched pair samples) from The Cancer
Genome Altas (TCGA) with kallisto to quantify all
putative coding and non-coding transcripts, sleuth to
identify significant differentially expressed transcripts
(DETs) and RATs to discover events of differential
transcript usage (DTU). We identified 7,339 DETs and
94 DTU genes of which 68 genes are uncharacterized.
Furthermore, we performed a comparative differential
expression analysis, using both gene-level and transcript-
level analyses, and identified novel deregulated genes
in ccRCC. Additionally, we performed one of the first
weighted transcript-level coexpression network analyses
in ccRCC. Using WGCNA, we found that transcript
networks controlling vascular development and TCA
cycle were most significantly deregulated and correlated
with ccRCC tumor stage. These analyses identified
several uncharacterized genes as potential modulators of
pathways deregulated in ccRCC.

RESULTS

Global identification and validation of DTE in
ccRCC

From the kallisto analysis, a total of 217,082
transcripts quantifications (160,717 protein-coding and
56,365 non-coding) for each of the 100 samples were
used in the differential expression analyses, comparing 50
normal adjacent renal samples against 50 ccRCC samples.
Using the Wald test, with a log, transformation, 90,002
transcripts passed the initial filtering process used by the
sleuth R package. With a ¢g-value of < 0.005, we identified
32,642 DETs, encoded by 14,767 genes (Supplementary
Table 1, Supplementary Figure 1). With additional
filtering, using the bias estimator, referred to as the beta
value of > 1 or < -1 and an average absolute transcript
expression of > 1 TPM, 7,339 high confidence DETs were
identified (Figure 1B, Supplementary Table 1).

Gene ontology analyses using the express analysis
in Metascape of the unique genes encoding the DETs are
consistent with previous reports (Supplementary Table 1)
[25, 27]. There is significant enrichment of gene sets and
GO terms related to the immune response for the 3,366
upregulated DETs (encoded by 2,023 genes). Conversely,
there is enrichment in GO terms related to metabolic
processes and transport of small molecules and ions for
the 3,973 downregulatd DETs (encoded by 2,518 genes).
Previously reported and contained within the 7,339 DETs,
is ras-related C3 botulinum toxin substrate 1 (RACY), that
shows a statistically significant downregulation of one
of its transcripts, ENST00000356142.4 (Supplementary
Figure 2) [13]. ENSTO00000356142.4 contains an
additional exon, referred to as exon 3b that is frequently
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spliced out in ccRCC. The most abundant RAC/ transcript,
ENST00000348035.8, is unaffected in ccRCC.

As mutations in key epigenetic modifiers, such
as SETD2, PBRMI and BAPI, among ccRCCs have
demonstrated to have significant effects on the epigenetic
landscape and consequently splicing events, we compared
the DETs observed in the current study against 6,207 RefSeq
transcripts previously found to have defects in splicing and
intron retention [14]. Among the 6,207 transcripts, 6,070
transcripts were readily converted to an ensembl annotation,
and 1,857 transcripts were identified as differentially
expressed. In a similar study, among 30 genes found to have
a deficiency in H3K36me3 and SE7D2-mediated alternative
splicing [15], we found 27 of these genes to have at least one
DET in the current study (using an FDR < 0.005).

Among the 7,339 DETs discovered (4,470 individual
loci), ~89% were protein-coding (6,546 transcripts) and
~11% were non-coding (793 transcripts) (Figure 1C,
left). These DETs represented only ~4% and ~1% of the
total putative protein-coding and non-coding transcripts,
respectively (Figure 1C, right). Further characterization of
the DETs showed that the number of transcripts affected
remained relatively static, regardless of the number of
putative transcripts derived from a given gene (Figure 1D).
With genes encoding > 2 transcripts, > 80% of the genes
had < 3 detectable DETs.
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Lastly, as previous gene-level expression analyses
may not have detected some cases of DTE, we performed a
comparative differential expression analysis of the matched
pair samples evaluating the results of edgeR and sleuth
[24] (Figure 2A). For the gene-level edgeR analysis, read
counts were generated within the systemPipeR package,
using HISAT? for the alignment of the sequence reads and
summarizeOverlaps for the generation of the gene counts.
With thresholds of > 2 fold change and FDR < 0.005,
edgeR identified 5,665 differentially expressed genes
(DEGS). In an alternative gene-level analysis, using kallisto
generated gene counts, the sleuth gene-level analysis
discovered 6,441 DEGs, with a beta value of > 1 or < -1
and a FDR < 0.005. Among the 4470 genes, encoding
the 7,339 DETs (described above), a total of 1,159 genes
were found exclusively within the sleuth transcript-level
analysis (Supplementary Table 1). Interestingly, only ~4%
(51 genes) of the 1,159 genes harbored both upregulated
and downregulated DETs. A moderate degree of overlap
was observed between the four differential expression
analyses, sharing 1,581 genes in common. Similarly, all
gene-level analyses shared 1,932 genes in common, while
the kallisto gene-level and our edgeR analyses had the most
in common, sharing 3,632 DEGs.

One example of significant differentially expressed
transcripts, not detected by gene-level analyses and not
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Figure 1: Global identification of differential transcript expression in ¢ccRCC. (A) Overview of pipeline used in identification
and characterization of DTE and DTU in ccRCC. (B) Unsupervised hierarchical clustering of 7,339 DETs identified using sleuth (FDR <
0.005 and beta value of < -1 or > 1). (C) Percentage of protein-coding and non-coding genes for the 7,339 DETs identified using sleuth. (D)
Proportion of genes with » identified DETs relative to total number of encoded transcripts.
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identified by previous ccRCC studies, are derived from
Pleckstrin homology like domain family B member
2 (PHLDB2) known commonly for its association
with vascular dementia (Figure 2B) [28]. PHLDB2
encodes for 18 putative transcripts, and two transcripts
ENST00000393923.7 and  ENST00000431670.6
are downregulated in ccRCC (Supplementary
Table 1). ENST00000393923.7 is the most abundant
protein-coding PHLDB?2 transcript, and it is the most
significantly downregulated in ccRCC (Figure 2C).
ENST00000393925.7 is a slightly less abundant PHLDB?2
transcript, and it is unaffected in ccRCC. Evaluation of
the tumor/normal TPM ratios of the 50 matched pair
samples showed that patients with a high degree of
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ENST00000393923.7 downregulation exhibited lower
survival rates over ~12 years (p = 0.0015, Figure 2D).
Two additional examples of genes harboring DETs,
solute carrier family 37 member 3 (SLC3743) and high-
density lipoprotein binding protein (HDLBP) were also
found to correlate with patient survival (Supplementary
Figure 3). ENST00000393923.7 downregulation was
validated wusing transcript-specific qPCR with 12
independent matched pair ccRCC samples (Figure 2E).
Using a Wilcoxon signed-rank test, ENST00000393923.7
was found to be significantly downregulated in ccRCC
with a median downregulation of ~6.3 fold change. No
statistically significant difference was observed with
ENST00000393925.7.
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Figure 2: Comparative differential expression analysis identifies novel genes implicated in ¢ccRCC. (A) Comparison of
DEGs/DTE genes discovered with sleuth, edgeR, and a previous study by Scelo et al. (B) Transcript abundances in normal renal and ccRCC
tissues for the two most abundant PHLDB?2 transcripts. Each box plot represents 50 calculated bootstrap values of an individual sample
(red = normal, blue = ccRCC). (C) ENST00000393923.7 harbors an alternative exon 1 and 2 and excludes exon 6 of ENST00000393925.7.
Differences colored in blue. (D) Kaplan-Meier plot assessing survival of patients with high vs low/no ENST00000393923.7 downregulation.
Median T/N ratio was used to partition samples into low/no and high downregulation groups. Log rank test was used to calculate statistical
significance. (E) qPCR validation of PHLDB2 DTE showing log?2 fold change of 12 ccRCC tissues relative to their normal adjacent tissues.
Results normalized to PPIA reference gene. Two-tailed Wilcoxon signed-rank test was used to determine statistical significance. Error bars
= average standard deviation of technical replicates of pair samples. ns = non-significant (> 0.05).
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Weighted transcript-level coexpression network
analysis

As our previous analyses suggest some transcripts
derived from the same gene exhibiting different expression
profiles, we sought to better understand the isoform-
specific changes occurring within ccRCCs. Therefore, we
pursued a weighted coexpression network analysis using
the calculated transcript quantifications as a framework.
Using WGCNA and the calculated TPM values from
10,000 of the most variable transcripts, a coexpression
network was performed across five stages of ccRCC
progression (normal, stage I, stage 11, stage III, stage ['V).
A total of 26 coexpression modules were identified (Figure
3A), with 7 coexpression modules highly correlated with
ccRCC progression (pearson coefficient > 0.5 or <-0.5 and
p <0.05). Using the Reactome, KEGG pathway, CORUM
gene sets and the conventional GO terms, a Metascape
analysis was performed separately with each of the 7
correlated coexpression modules. Among the 4 positively
correlated coexpression modules, vascular development,
ribosome, cytokine signaling and collagen formation were
the most enriched terms found within each of the modules.
Conversely, the 3 negatively correlated coexpression
modules revealed TCA cycle, extracellular matrix
organization and organic acid catabolic processes as the
most significant terms (Supplementary Table 1). Identified
within each of the modules were transcripts with the
highest module membership, as these transcripts are likely
extensively connected intramodular hubs (Figure 3A).
These transcripts included: ENST00000381125.8 encoded
by Phosphofructokinase, Platelet (PFKP),
ENST00000356892.3 encoded by SAM And SH3
domain containing 3 (SASH3), ENST00000225430.8
encoded by Ribosomal Protein L19 (RPLI19),
ENST00000296388.9 encoded by Prolyl 3-Hydroxylase
1 (P3HI), ENST00000295887.5 encoded by CDP-
Diacylglycerol Synthase 1 (CDSI), ENST00000257290.9
encoded by Platelet Derived Growth Factor Receptor
Alpha (PDGFRA), and ENST00000354775.4 encoded
by Aldehyde Dehydrodenase 9 Family Member 1
(ALDH9A1I).

Further characterization of the coexpression
networks showed that the majority of the transcripts
comprising the networks, and all the transcripts used in
the network construction, were encoded from separate
individuals genes (Supplementary Figure 4). Additionally,
validation of the network and gene set analyses showed
24 out of the top 30 coexpressed transcripts (transcripts
with high adjacency scores) contained within the vascular
development coexpression module, are derived from
genes comprising the core signature angiogenesis genes
described previously (Figure 3B, right) [29]. Moreover,
among the top 30 coexpressed transcripts contained within
the TCA coexpression module, 28 transcripts are produced
by genes previously discovered as being downregulated in

ccRCC (Figure 3B, left) [30]. The remaining transcripts,
ENST00000424349.1 encoded by FGDS5 antisense
RNA 1 (FGD35-4S1) and ENST00000620459.1 encoded
by AL035661.1 are uncharacterized IncRNAs highly
downregulated in ccRCC.

Differential transcript usage in ccRCC

Using the kallisto transcript abundances, the RATs
R package identified 97 events of differential transcript
usage (Figure 4A, left, Supplementary Figure 5). These 97
transcripts were identified using the RATs transcript-level
test, which examines each transcript individually and then
merges the transcript information to form a gene-level
finding. Alternatively, the gene-level DTU test, which
collectively evaluates the transcripts of a gene, identified
only 26 DTU genes (Figure 4A, right, Supplementary
Figure 5). Among both transcript-level and gene-level
DTU tests, 7 DTU genes (API1M2, CAB39L, CCDC146,
Cl6orf89, DAB2, MAPKSIPI, FGFR2) have been
identified previously [25, 26]. Collectively, 94 DTU genes
(68 uncharacterized DTU genes) in total were discovered
(using both DTU tests) when comparing normal adjacent
and ccRCC tissues (Supplementary Table 1). No
statistically significant GO terms were enriched within the
94 DTU genes, using a corrected p-value. However, the
Metascape analysis showed the top GO term (p = 0.0007)
was carboxylic acid transport, supporting previous results
demonstrating metabolic derangements as a cornerstone
of ccRCC [7, 31]. Seven DTU genes were found to have
a carboxylic acid transport GO classification, which
included: AGXT, SLC3845, SLC9A44, SLC3A42, UNC13B,
FABP6 and FOLRI.

Examination of the DTU events showed that non-
primary (i.e. non-major) isoform switches are more
frequent than primary isoform switches in ccRCC (Figure
4B). On average, we identified approximately twice as
many non-primary isoform switches relative to primary
isoform switches. Among the 8 primary isoform switches
(in common between the DTU tests), all of them also had
non-primary isoform switches. The DTU genes (described
previously) APIM2, DAB2 and FGFR?2 exhibited both
primary and non-primary isoform switching events
(Supplementary Figures 6—7). Constituting the majority
of DTU genes, a total of 76 DTU protein-coding genes
were observed. The remaining DTU genes encompassed
11 ncRNA and 7 unclassified genes. Two examples of
mostly uncharacterized DTU genes, with high isoform-
switch frequencies, were FOLRI and BABAM?2 (Figure
4C, Supplementary Figure 6). FOLRI, known as folate
receptor 1, produces 4 putative transcripts, and was
found to be one of the most significant primary isoform
switches. ENST00000393676.4 has an alternative 5° end
and is the most abundant FOLR! transcript in normal
renal tissue (Figure 4D); however, ENST00000393681.6
switches with ENST00000393676.4 becoming the
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most abundant or primary FOLR] transcript in ccRCC.
FOLRI had the highest isoform-switch frequency with
61% of ccRCC samples exhibiting the primary isoform-
switch (Figure 4E). BABAM? encodes for a component
of the BRCA1-A complex, and it produces 11 putative
transcripts, 4 of which were eligible for DTU analysis.
ENST00000436924.5 was the only BABAM?2 transcript to
show a significant proportional increase in its abundance
in ccRCC, becoming the second most abundant B4ABAM?2
transcript in ccRCC (Supplementary Figure 6).

DISCUSSION

In the current study, we identified the global isoform-
specific alterations in ccRCC and explored the deregulated
networks implicated in ¢ccRCC progression. Using the
kallisto-sleuth pipeline, we discovered 7,339 DETs of which
~90% of the transcripts were derived from protein-coding
genes. Additionally, comparative differential expression
and coexpression network analyses aided in the discovery
of several potentially clinically relevant genes and the major
deregulated networks in ccRCC progression. Lastly, we

A Organic acid catabolic process (n=113)

discovered 68 uncharacterized high-frequency DTU genes
in ccRCC with a suggested enrichment of genes involved in
metabolic function.

Differential exon usage (DEU) has frequently
been used as an inference for DTE in ¢ccRCC [21, 23,
25]; however, this approach could present challenges
in identifying DETs among transcripts sharing exons.
Additionally, gene-level expression analyses could
potentially overlook deregulated transcripts from clinically
relevant genes that give rise to multiple transcripts.
Therefore, we sought to identify deregulated transcripts
and cognate genes that were not discovered readily by
gene-level analyses by using novel methods that are not
subject to the disadvantages of the DEU approach. In a
typical gene-level analysis, all exonic reads from a gene
are consolidated and used to determine if the expression
of a gene is altered between two conditions. However,
this approach could be disadvantageous in specific
circumstances. One potential pitfall to a gene-level
analysis is that if the other transcripts from the same gene
are of similar abundance to the DET, then a conventional
gene-level analysis may not detect a gene-level difference
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Figure 3: Vascular development and TCA cycle coexpression modules are the highest correlated networks in ccRCC
progression. (A) ccRCC correlated coexpression network modules identified with WGCNA. Using a correlation coefficient of > 0.5 or <
-0.5 and p <0.05, 4 positively correlated networks (blue bars, right of dotted line), and 3 negatively networks were identified to be in ccRCC
(red bars, left of dotted line). Networks with no significant correlation with ccRCC (grey, p > 0.05). Most significant GO term for each
module shown in bold, and the transcript with the highest module membership shown below. (B) Top 30 highest coexpressed transcripts
(gene names shown) within the TCA cycle (left) and vascular development modules (right). Novel genes highlighted in red.
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between the two conditions. Additionally, while isoform
switching was found to be a relatively rare occurrence
in ¢ccRCC, isoform switching could also account for
a “masking” of a relevant gene. PHLD2, HDLBP and
SLC37A3 are examples of this “masking” effect, in which
DTE was not detected using conventional gene-level
analyses. While we acknowledge that the degree of overlap

between gene-level and transcript-level analyses could
vary greatly depending on methodology and experimental
thresholds, the current study highlights the importance of
considering transcript-level analyses in comprehensive
transcriptome-wide studies. Lastly, comparisons with
previous studies, focused on SE7D2 mutational status/
H3K36me3 prevalence of ccRCC tumors and the resulting
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Figure 4: Few high frequency DTU genes observed in ccRCC. (A) Transcript and gene-level tests using RATs to identify DTU
events in ccRCC (red dot = non-DTU, blue dot = DTU). (B) Number of primary and non-primary isoform switches discovered in ccRCC.
“Both” represents the number of shared DTU genes identified in both the transcript and gene-level tests. (C) FOLRI exhibiting significant
proportional isoforms changes in ccRCC. Circle = significant DTU. Square = tested in DTU analysis, but not significant. X = did not meet
abundance threshold for DTU anlaysis. (D) Schematic of FOLRI transcripts analyzed in DTU analysis. (E) Frequency of FOLRI and 17

other isoform switches shared between both DTU tests.
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effects on splicing [14, 15], suggest that genes subject to
splicing defects can also harbor DETs. However, additional
studies with large cohorts of mutation-specific ccRCCs are
needed to determine isoform-specific expression changes
that may be dependent on mutational status. As only 12
ccRCC tumors had a mutated SETD2, in the current study,
our findings largely reflect SE7D2-independent isoform-
specific changes.

The discovery of two uncharacterized transcripts
encoded by IncRNAs genes FGD3-AS1 and AL035661.1
identified in the network analysis suggest these IncRNAs
transcripts could be potential regulators of TCA cycle
genes or alternatively regulated by a common factor.
These IncRNAs could be of particular importance to
understanding ¢ccRCC because of their implications in
metabolic function. However, further investigation is
needed, as the function of these IncRNAs is unknown.
Another interesting transcript found within the TCA cycle
coexpression module, identified with the highest module
membership, is ENST00000295887.5 encoded by CDS].
CDS]1 encodes an integral membrane enzyme, located on
the membranes of the mitochondrion and endoplasmic
reticulum, that catalyzes the conversion of phosphatidic
acid into CDP-diacylaglycerol [32, 33]. CDSI is
uncharacterized in ccRCC and there is limited information
on its role in cancer; however, in a recent study, CDS/
was suggested to potentiate limitless growth and genomic
instability in breast cancer [34].

We identified a total of 94 genes exhibiting
differential transcript usage in ccRCC of which 7 DTU
genes were reported previously [25, 26]. However, when
considering the findings of an alternative study [24],
which also evaluated lower frequency isoform-switches,
the current study identified 26 DTU genes in common.
Therefore, the differences observed in the DTU genes are
likely attributed to different computational techniques/
thresholds and/or the use of different transcript annotations
[19]. While our findings show that the majority of isoform
switching events involves non-primary isoforms, which
is consistent with a previous result [24], alterations in
the expression of non-primary isoforms could still be
clinically relevant, as supported by the survival analyses
seen with the non-primary SLC3743 and HDLBP
deregulated transcripts. However, the mechanisms
involved require further investigation. Recent studies
have illustrated how isoform-specific alterations could
be highly influential in ccRCC and other cancers. For
instance, alternatively spliced isoforms of VHL were
shown to alter VHL binding affinity to components of the
pS3 pathway [35]. Additionally, isoform-switching events
have been demonstrated to alter the invasive properties
of cancer cells [17, 36]. From our analyses and previous
similar studies, mentioned above, it is highly suggestive
that isoform-specific deregulations are a critical part
to characterizing and understanding the molecular
underpinnings of ccRCC, and suggest that isoform-

level transcriptomic analyses should more generally be
considered to obtain a more comprehensive view of the
genetic deregulations in cancer.

MATERIALS AND METHODS

Transcript quantification and differential
expression analyses

A total of 100 fastq RNA-seq files (50 primary
ccRCC and 50 normal adjacent renal samples,
Supplementary Table 1) were downloaded from The
Cancer Genome Atlas (TCGA) legacy archive (https://
portal.gdc.cancer.gov/legacy-archive/search/f). Human
c¢cDNA and ncRNA FASTA formatted transcript files
(Ensembl v89 annotation) were acquired form the Ensembl
ftp site (https://www.ensembl.org/info/data/ftp/index.
html), and merged to create a master file of all putative
coding and non-coding transcripts. All quantification and
differential expression analyses were performed using the
kallisto-sleuth pipeline. Using the default settings, kallisto
was used to create an index for quantification using the
aforementioned FASTA master file. Subsequently, kallisto
was used to quantify all putative transcripts using 50
bootstrap samples. Differential expression analysis was
performed with sleuth using the Wald test with a cutoff
g-value of 0.005. RATs was performed using the read
counts and bootstrap values calculated from kallisto. As
ccRCC is a highly heterogeneous cancer, and there are
4 major subtypes of ccRCC, a replicate reproducibility
of 0.25 was used in the analysis. All other parameters
remained on default settings.

For the edgeR analysis, alignment of the fastq files
was performed first with HISAT2 using the hg38 human
assembly [37-39]. Read counting was performed using the
summarizeOverlaps package, with union mode [40]. Using
the read counts, an edgeR analysis was performed using
the default settings. The entire pipeline was performed
within the systemPipeR package [41].

Weighted coexpression network analysis

All 217,082 TPM transcripts quantifications were
initially filtered for an average absolute expression of
> 1 TPM. Subsequently, 10,000 of the most variable
transcripts, using the mean absolute deviation, were
used for the proceeding WGCNA pipeline [42]. A soft
thresholding power of 6 was used in a signed transcript
coexpression network framework. All other parameters
remained on the default recommended settings. ccRCC
correlated coexpression networks were exported to
VisANT with an adjacency threshold 0.08 for visualization
purposes [43]. For the gene-level Metascape analysis
(http://metascape.org) of each of the network modules,
genes were considered only once in the analysis, regardless
of the numbers of transcripts derived from the gene.
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Primer design and quantitiative PCR

Primers sequences were designed using Primer3
plus  (http://primer3plus.com/cgi-bin/dev/primer3plus.
cgi) using the default qPCR settings (Supplementary
Table 1). When possible, primers were designed over
exon junctions to avoid capturing unannotated alternative
transcripts. All primers were synthesized by Integrated
DNA Technologies. Twelve matched pair ccRCC RNA
samples were acquired from Origene (Supplementary
Table 1). Origene RNA samples were verified for
quality and quantity using gel electrophoresis and the
Thermoscientific Nanodrop2000 spectrophotometer.
cDNA was synthesized using 1 ug of total RNA using
the iScript reverse transcription supermix (Biorad,
Irvine, CA) according to the manufacturer’s instructions.
Quantitative PCR was performed using the Biorad iQ
SYBR green supermix and a Biorad CFX Connect
thermocylcer (Biorad, Irvine, CA) and analyzed using
the CFX manager software. Using a single threshold
Cq determination, the Livak method was employed for
all gene expression analyses. All qPCR analyses were
normalized to PPIA, as PPIA was shown to be a suitable
reference gene when comparing normal adjacent tissue to
ccRCC tumor tissue [44, 45].
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¢cRCC — Clear cell renal cell carcinoma; TCGA —
The cancer genome altas; WGCNA — Weighted correlation
network analysis; RATs - Relative abundance of transcripts;
DTE - Differential transcript expression; DTU — Differential
transcript usage; DET — Differentially expressed transcript.

Author contributions
MH conducted all computational and bench
work analyses. TG and EM evaluated and critiqued all

experimental approaches and results. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

Special thanks to all the members of the Martinez
lab in support of the study.

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

FUNDING

This work was supported by the National Institutes
of Health (grant ROICA158540).

REFERENCES

10.

11.

12.

13.

U.S. Cancer Statistics Working Group. United States Cancer
Statistics: 19992014 Incidence and Mortality Web-based
Report. Atlanta: U.S. Department of Health and Human Services,
Centers for Disease Control and Prevention and National Cancer
Institute; 2017. Available at: www.cdc.gov/uscs.

American Cancer Society. Cancer Facts & Figures 2018.
Atlanta: American Cancer Society; 2018.

Bander NH, Finstad CL, Cordon-Cardo C, Ramsawak RD,
Vaughan ED Jr, Whitmore WF Jr, Oettgen HF, Melamed
MR, Old LJ. Analysis of a mouse monoclonal antibody
that reacts with a specific region of the human proximal
tubule and subsets renal cell carcinomas. Cancer Res. 1989;
49:6774-80.

van den Berg E, van der Hout AH, Oosterhuis JW, Storkel
S, Dijkhuizen T, Dam A, Zweers HM, Mensink HJ, Buys
CH, de Jong B. Cytogenetic analysis of epithelial renal-
cell tumors: relationship with a new histopathological
classification. Int J Cancer. 1993; 55:223-7.

Kosary C, McLaughlin J. Kidney and renal pelvis. In:
Miller BA, Ries LAG, Hankey BF, et al., eds. SEER cancer
statistics review, 1973—-1990. NIH publication. 1993; 93—
2789:X1.1-X1.22.

Linehan WM, Walther MM, Zbar B. The genetic basis of
cancer of the kidney. J Urol. 2003; 170:2163—72. https://doi.
org/10.1097/01.ju.0000096060.92397..ed.

Cancer Genome Atlas Research N. Comprehensive
molecular characterization of clear cell renal cell
carcinoma. Nature. 2013; 499:43-9. https://doi.org/10.1038/
nature12222.

Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li H,
Latif F, Liu S, Chen F, Duh FM, Lubensky I, Duan DR,
Florence C, et al. Mutations of the VHL tumour suppressor
gene in renal carcinoma. Nat Genet. 1994; 7:85-90. https:/
doi.org/10.1038/ng0594-85.

Linehan WM, Zbar B. Loss of DNA sequences on
chromosome 3 in renal cell carcinoma. Urology. 1987; 30:404.
Long JP, Anglard P, Gnarra JR, Walther MM, Merino
MJ, Liu S, Lerman MI, Zbar B, Linechan WM. The use of
molecular genetic analysis in the diagnosis of renal cell
carcinoma. World J Urol. 1994; 12:69-73.

Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang
LE, Pavletich N, Chau V, Kaelin WG. Ubiquitination of
hypoxia-inducible factor requires direct binding to the beta-
domain of the von Hippel-Lindau protein. Nat Cell Biol.
2000; 2:423-7. https://doi.org/10.1038/35017054.

Pflueger D, Mittmann C, Dehler S, Rubin MA, Moch H,
Schraml P. Functional characterization of BC039389-GATM
and KLK4-KRSP1 chimeric read-through transcripts which
are up-regulated in renal cell cancer. BMC Genomics. 2015;
16:247. https://doi.org/10.1186/s12864-015-1446-z.
Piekielko-Witkowska A, Wiszomirska H, Wojcicka
A, Poplawski P, Boguslawska J, Tanski Z, Nauman A.

www.oncotarget.com

23678

Oncotarget



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Disturbed expression of splicing factors in renal cancer
affects alternative splicing of apoptosis regulators,
oncogenes, and tumor suppressors. PLoS One. 2010;

5:¢13690. https://doi.org/10.1371/journal.pone.0013690.

Simon JM, Hacker KE, Singh D, Brannon AR, Parker JS,
Weiser M, Ho TH, Kuan PF, Jonasch E, Furey TS, Prins
JF, Lieb JD, Rathmell WK, et al. Variation in chromatin
accessibility in human kidney cancer links H3K36
methyltransferase loss with widespread RNA processing
defects. Genome Res. 2014; 24:241-50. https://doi.
org/10.1101/gr.158253.113.

Ho TH, Park 1Y, Zhao H, Tong P, Champion MD, Yan
H, Monzon FA, Hoang A, Tamboli P, Parker AS, Joseph
RW, Qiao W, Dykema K, et al. High-resolution profiling
of histone h3 lysine 36 trimethylation in metastatic renal
cell carcinoma. Oncogene. 2016; 35:1565—74. https://doi.
org/10.1038/onc.2015.221.

Grosso AR, Leite AP, Carvalho S, Matos MR, Martins FB,
Vitor AC, Desterro JM, Carmo-Fonseca M, de Almeida
SF. Pervasive transcription read-through promotes
aberrant expression of oncogenes and RNA chimeras in
renal carcinoma. Elife. 2015; 4. https://doi.org/10.7554/

eLife.09214.

Yanagisawa M, Huveldt D, Kreinest P, Lohse CM,
Cheville JC, Parker AS, Copland JA, Anastasiadis PZ. A
p120 catenin isoform switch affects Rho activity, induces
tumor cell invasion, and predicts metastatic disease. J Biol
Chem. 2008; 283:18344-54. https://doi.org/10.1074/jbc.
M801192200.

Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal
probabilistic RNA-seq quantification. Nat Biotechnol.
2016; 34:525-7. https://doi.org/10.1038/nbt.3519.

Froussios K, Mourgo K, Simpson GG, Barton GJ, Schurch
NIJ. Identifying differential isoform abundance with RATs: a
universal tool and a warning. bioRxiv. 2017 May 02. https://
doi.org/10.1101/132761. [Epub ahead of print].

Pimentel H, Bray NL, Puente S, Melsted P, Pachter
L. Differential analysis of RNA-seq incorporating
quantification uncertainty. Nat Methods. 2017; 14:687-90.
https://doi.org/10.1038/nmeth.4324.

Brito GC, Fachel AA, Vettore AL, Vignal GM, Gimba ER,
Campos FS, Barcinski MA, Verjovski-Almeida S, Reis EM.
Identification of protein-coding and intronic noncoding RNAs
down-regulated in clear cell renal carcinoma. Mol Carcinog.
2008; 47:757-67. https://doi.org/10.1002/mc.20433.

Christinat 'Y, Pawlowski R, Krek W. jSplice: a high-
performance method for accurate prediction of alternative
splicing events and its application to large-scale renal
cancer transcriptome data. Bioinformatics. 2016; 32:2111—
9. https://doi.org/10.1093/bioinformatics/btw145.

Deng M, Blondeau JJ, Schmidt D, Perner S, Muller SC,
Ellinger J. Identification of novel differentially expressed
IncRNA and mRNA transcripts in clear cell renal cell
carcinoma by expression profiling. Genom Data. 2015;
5:173-5. https://doi.org/10.1016/j.gdata.2015.06.016.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Scelo G, Riazalhosseini Y, Greger L, Letourneau L,
Gonzalez-Porta M, Wozniak MB, Bourgey M, Harnden
P, Egevad L, Jackson SM, Karimzadeh M, Arseneault M,
Lepage P, et al. Variation in genomic landscape of clear cell
renal cell carcinoma across Europe. Nat Commun. 2014;
5:5135. https://doi.org/10.1038/ncomms6135.

Valletti A, Gigante M, Palumbo O, Carella M, Divella C,
Sbisa E, Tullo A, Picardi E, D’Erchia AM, Battaglia M,
Gesualdo L, Pesole G, Ranieri E. Genome-wide analysis
of differentially expressed genes and splicing isoforms in
clear cell renal cell carcinoma. PLoS One. 2013; 8:€78452.
https://doi.org/10.1371/journal.pone.0078452.

Zhao Q, Caballero OL, Davis ID, Jonasch E, Tamboli P,
Yung WK, Weinstein JN, Strausberg RL, Yao J, and Kenna
Shaw for TCGA research network. Tumor-specific isoform
switch of the fibroblast growth factor receptor 2 underlies
the mesenchymal and malignant phenotypes of clear cell
renal cell carcinomas. Clin Cancer Res. 2013; 19:2460-72.
https://doi.org/10.1158/1078-0432.CCR-12-3708.

Tripathi S, Pohl MO, Zhou Y, Rodriguez-Frandsen A,
Wang G, Stein DA, Moulton HM, Delesus P, Che J,
Mulder LC, Yanguez E, Andenmatten D, Pache L, et al.
Meta- and Orthogonal Integration of Influenza “OMICs”
Data Defines a Role for UBR4 in Virus Budding. Cell
Host Microbe. 2015; 18:723-35. https://doi.org/10.1016/;.
chom.2015.11.002.

Eom S, Lee C. Functions of intronic nucleotide variants in
the gene encoding pleckstrin homology like domain beta 2
(PHLDB2) on susceptibility to vascular dementia. World J
Biol Psychiatry. 2013; 14:227-32. https://doi.org/10.3109/
15622975.2011.630407.

Masiero M, Simoes FC, Han HD, Snell C, Peterkin T,
Bridges E, Mangala LS, Wu SY, Pradeep S, Li D, Han C,
Dalton H, Lopez-Berestein G, et al. A core human primary
tumor angiogenesis signature identifies the endothelial
orphan receptor ELTD1 as a key regulator of angiogenesis.
Cancer Cell. 2013; 24:229-41. https://doi.org/10.1016/j.
ccr.2013.06.004.

Gatto F, Nookaew I, Nielsen J. Chromosome 3p loss of
heterozygosity is associated with a unique metabolic
network in clear cell renal carcinoma. Proc Natl Acad
Sci U S A. 2014; 111:E866—75. https://doi.org/10.1073/
pnas.1319196111.

Hakimi AA, Reznik E, Lee CH, Creighton CJ, Brannon
AR, Luna A, Aksoy BA, Liu EM, Shen R, Lee W, Chen Y,
Stirdivant SM, Russo P, et al. An Integrated Metabolic Atlas
of Clear Cell Renal Cell Carcinoma. Cancer Cell. 2016;
29:104-16. https://doi.org/10.1016/j.ccell.2015.12.004.
Heacock AM, Agranoff BW. CDP-diacylglycerol synthase
from mammalian tissues. Biochim Biophys Acta. 1997;
1348:166-72.

Letts VA, Klig LS, Bae-Lee M, Carman GM, Henry SA.
Isolation of the yeast structural gene for the membrane-

associated enzyme phosphatidylserine synthase. Proc Natl
Acad Sci U S A. 1983; 80:7279-83.

www.oncotarget.com

23679

Oncotarget



34.

35.

36.

37.

38.

39.

Cook AC, Tuck AB, McCarthy S, Turner JG, Irby RB,
Bloom GC, Yeatman TJ, Chambers AF. Osteopontin
induces multiple changes in gene expression that reflect
the six “hallmarks of cancer” in a model of breast cancer
progression. Mol Carcinog. 2005; 43:225-36. https://doi.
org/10.1002/mc.20105.

Minervini G, Mazzotta GM, Masiero A, Sartori E, Corra
S, Potenza E, Costa R, Tosatto SC. Isoform-specific
interactions of the von Hippel-Lindau tumor suppressor
protein. Sci Rep. 2015; 5:12605. https://doi.org/10.1038/
srep12605.

LuH, LiuJ, Liu S, Zeng J, Ding D, Carstens RP, Cong Y,
Xu X, Guo W. Ex070 isoform switching upon epithelial-
mesenchymal transition mediates cancer cell invasion.
Dev Cell. 2013; 27:560-73. https://doi.org/10.1016/].
devcel.2013.10.020.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced
aligner with low memory requirements. Nat Methods. 2015;
12:357-60. https://doi.org/10.1038/nmeth.3317.

McCarthy DJ, Chen Y, Smyth GK. Differential expression
analysis of multifactor RNA-Seq experiments with respect
to biological variation. Nucleic Acids Res. 2012; 40:4288—
97. https://doi.org/10.1093/nar/gks042.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a
Bioconductor package for differential expression analysis of

digital gene expression data. Bioinformatics. 2010; 26:139—
40. https://doi.org/10.1093/bioinformatics/btp616.

40.

41.

42.

43.

44,

45.

Lawrence M, Huber W, Pages H, Aboyoun P, Carlson
M, Gentleman R, Morgan MT, Carey VJ. Software for
computing and annotating genomic ranges. PLoS Comput
Biol. 2013; 9:e1003118. https://doi.org/10.1371/journal.
pcbi.1003118.

H Backman TW, Girke T. systemPipeR: NGS workflow and
report generation environment. BMC Bioinformatics. 2016;
17:388. https://doi.org/10.1186/s12859-016-1241-0.

Langfelder P, Horvath S. WGCNA: an R package
for weighted correlation network analysis. BMC
Bioinformatics. 2008; 9:559. https://doi.org/10.1186/1471-
2105-9-559.

Hu Z, Mellor J, Wu J, DeLisi C. VisANT: an online
visualization and analysis tool for biological interaction
data. BMC Bioinformatics. 2004; 5:17. https://doi.
org/10.1186/1471-2105-5-17.

Dupasquier S, Delmarcelle AS, Marbaix E, Cosyns JP,
Courtoy PJ, Pierreux CE. Validation of housekeeping
gene and impact on normalized gene expression in clear
cell renal cell carcinoma: critical reassessment of YBX3/
ZONAB/CSDA expression. BMC Mol Biol. 2014; 15:9.
https://doi.org/10.1186/1471-2199-15-9.

Jung M, Ramankulov A, Roigas J, Johannsen M, Ringsdorf
M, Kristiansen G, Jung K. In search of suitable reference
genes for gene expression studies of human renal cell
carcinoma by real-time PCR. BMC Mol Biol. 2007; 8:47.
https://doi.org/10.1186/1471-2199-8-47.

www.oncotarget.com

23680

Oncotarget



