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Proteogenomics, i.e. comprehensive integration of geno-
mics and proteomics data, is a powerful approach iden-
tifying novel protein biomarkers. This is especially the
case for proteins that differ structurally between disease
and control conditions. As tumor development is associ-
ated with aberrant splicing, we focus on this rich source
of cancer specific biomarkers. To this end, we developed
a proteogenomic pipeline, Splicify, which can detect dif-
ferentially expressed protein isoforms. Splicify is based
on integrating RNA massive parallel sequencing data and
tandem mass spectrometry proteomics data to identify
protein isoforms resulting from differential splicing be-
tween two conditions. Proof of concept was obtained by
applying Splicify to RNA sequencing and mass spectrom-
etry data obtained from colorectal cancer cell line SW480,
before and after siRNA-mediated downmodulation of the
splicing factors SF3B1 and SRSF1. These analyses re-
vealed 2172 and 149 differentially expressed isoforms,
respectively, with peptide confirmation upon knock-down
of SF3B1 and SRSF1 compared with their controls. Splice
variants identified included RAC1, OSBPL3, MKI67, and
SYK. One additional sample was analyzed by PacBio
Iso-Seq full-length transcript sequencing after SF3B1
downmodulation. This analysis verified the alternative
splicing identified by Splicify and in addition identified
novel splicing events that were not represented in the
human reference genome annotation. Therefore, Splicify
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offers a validated proteogenomic data analysis pipeline
for identification of disease specific protein biomarkers
resulting from mRNA alternative splicing. Splicify is pub-
licly available on GitHub (https://github.com/NKI-TGO/
SPLICIFY) and suitable to address basic research ques-
tions using pre-clinical model systems as well as
translational research questions using patient-derived
samples, e.g. allowing to identify clinically relevant
biomarkers. Molecular & Cellular Proteomics 16:
10.1074/mcp.TIR117.000056, 1850-1863, 2017.

Approximately 95% of multiexon transcripts undergo alter-
native splicing, making the human transcriptome far more
complex than the protein-coding genome (1). Because of
alternative splicing, a single gene can be transcribed into a
variety of isoforms which, when translated into proteins, will
differ in structure, location, and function. Abnormally spliced
RNA can cause or contribute to disease. Aberrant splicing is
associated with tumor progression and metastasis, and has
been shown to affect each of the biological processes com-
monly referred to as the hallmarks of cancer (2). Therefore,
studying aberrant splicing may reveal additional insights into
tumor biology and phenotype. For instance, usage of an al-
ternative 5’ splice site of BCL2L1 causes a switch from a pro-
to an antiapoptotic isoform in cancer and contributes to re-
sisting cell death (3). Usage of an alternative 3’ splice site of
VEGFA leads to a shift from an anti- to a proangiogenic
isoform in cancer and induces angiogenesis (4). As aberrant
splicing accompanies tumor progression, splice variants pro-
vide a promising source of clinically relevant biomarkers.

Splicing factors play a direct role in splicing regulation and
isoform expression. Splicing factors can develop oncogenic
activity, e.g. because of aberrant expression or somatic mu-
tations, and through aberrant splicing lead to carcinogenesis
(2). SF3B1 is a splicing factor required for the early spliceo-
some assembly and is also one of the most commonly mu-
tated splicing factors in cancer (5). Recurrent mutations af-
fecting this gene were found in leukemia, melanoma and in
pancreatic, breast, and bladder cancer. Even though the spe-
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cific effects of these alterations on splicing are still to be
explored, their features often suggest proto-oncogenic activ-
ity (6). In chronic lymphocytic leukemia, mutations in this
splicing factor contribute to tumor progression, poor patient
survival, and poor chemotherapy response (7, 8). Overexpres-
sion of another splicing factor, SRSF1, was observed in dif-
ferent tumor types including breast (9), colon, thyroid, small
intestine, kidney, lung, liver, and pancreas (10) and was
proven to lead to oncogenic activity (2, 11-13). Transcription
of SRSF1 is directly regulated by MYC, a well-known onco-
genic transcription factor. Through activation of SRSF1, MYC
can affect alternative splicing of a subset of SRSF1 target
genes and contribute to tumor development (14). For in-
stance, in breast cancer upregulation of SRSF1 promotes
transformation of mammary cells through abnormal splicing
of BCL2L11 and BIN1 (15). In colorectal cancer (CRC),’
SRSF1 causes inclusion of exon 4 in RAC1, generating a
Rac1b isoform that contributes to cell survival (16, 17).

RNA-seq allows studying the complexity of transcriptomes.
Although there is a lot of evidence for alternative splicing on
the RNA level, for many of the isoforms it is still not known
whether they are translated into proteins. This knowledge is
crucial to understanding the biological consequences of al-
ternative splicing, and toward identifying protein biomarkers
that result from the translation of splice variants. Protein iso-
forms have significant potential as biomarkers to increase the
accuracy of diagnosis, prognosis, or therapy prediction of the
disease (18). Identification of disease-specific protein iso-
forms enables the discovery of biomarkers with better sensi-
tivity and/or specificity.

Protein isoforms can be studied on the proteome level with
the use of in-depth tandem mass spectrometry. Proteog-
enomics is a dynamic field integrating genomic and proteomic
data (19). One of the focus areas in the field is to increase the
knowledge of the human proteome and identify novel variant
proteins resulting from single nucleotide variants or aberrant
splicing (20, 21). The number of bioinformatics tools for per-
forming proteogenomic analysis is rapidly increasing, includ-
ing tools for proteogenomic database construction (22-27) or
visualization of the peptides on the genome (28, 29). However,
a number of these tools lack an automated, user-friendly
downstream analysis after MS/MS identification to extract
interesting outcomes. Moreover, the tools are often designed
for single sample or single cohort analysis without the flexi-
bility to perform a differential comparison between case and

" The abbreviations used are: CRC, colorectal cancer; CCS, cir-
cular consensus sequencing; A3SS, alternative 3’ splice site; A5SS,
alternative 5’ splice site; MXE, mutually exclusive exons; RI, re-
tained intron; RNA-seq, RNA sequencing; RT-gPCR, quantitative
reverse transcription PCR; SE, skipped exon; siNT, siNon-Target-
ing; siSF3B1, siRNA mediated downmodulation of SF3Bf1;
siSRSF1, siRNA mediated downmodulation of SRSF1; SMART,
Switching Mechanism at 5’ End of RNA Template; SMRT, single
molecule real time.

control groups on both RNA and protein level. To identify
disease specific biomarkers resulting from aberrant splicing
there is a need for a tool that will perform a differential group
analysis.

Here we present a method to identify tumor-specific protein
isoforms based on RNA-seq and mass spectrometry (LC-MS/
MS) data. In this approach, RNA-seq analysis is used to
perform quantitative isoform analysis and identify differential
splice variants, and LC-MS/MS confirms translation of these
variants into proteins. The method was applied to the CRC
cell line SW480 upon downmodulation of the splicing machin-
ery factors SF3B1 and SRSF1. In this way, a controlled setting
was created that allowed to monitor changes in alternative
splicing and consequently, to design a pipeline for proteog-
enomic analysis of spliced isoforms. The methodological nov-
elty of this approach lies in differential analysis of alternative
splicing between two groups in two molecular domains and
could be applied in any comparative setting such as gene
knock-down versus control or cancer versus healthy control.

EXPERIMENTAL PROCEDURES

Cell Culture, Gene Knock-down and Cell Viability Assay—SW480
cells cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invit-
rogen, Bleiswijk, The Netherlands) containing 10% fetal bovine serum
(FBS; Perbio Science, Etten-Leur, The Netherlands) were maintained
in a humidified 5% CO, atmosphere at 37 °C. Twenty-four hours after
seeding, cells were transfected in duplo with small interfering RNA
(siRNA) pools against SF3B1 (siGENOME SF3B1 SMARTpool,
M-020061-02; Thermo Fisher Scientific, Waltham, MA) and SRSF1
(SIGENOME SRSF1 SMARTpool, M-018672-01), according to man-
ufacturer’s recommendations. A final siRNA concentration of 30 nm
was obtained using DharmaFECT3 reagent (1:1000 dilution; T-2003-
02, Thermo Fisher Scientific). A nontargeting siRNA pool (siGENOME
Non-Targeting pool #2, D-001206-14) was used as negative control.
Cell viability was determined after transfection using the MTT (3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide; ICN Biomedi-
cals, Solon, OH) assay, as described previously (30).

RNA Isolation and Quantitative Reverse Transcription PCR—Total
RNA was isolated from viable cells, 48 h after siRNA transfection with
siSF3B1 and the siNon-Targeting (siNT) control, and 72 h after trans-
fection with siSRSF1 and its siNT control using Trizol reagent (15596;
Invitrogen, Breda, The Netherlands) and the miRNeasy Mini Kit
(217004; Qiagen, Venlo, the Netherlands), following the manufactu-
rer's protocol. Concentrations and purities were measured on a
Nanodrop ND-1000 spectrophotometer (Isogen, ljsselstein, The
Netherlands). cDNA was synthesized using the Iscript cDNA synthe-
sis kit (170-8891; Bio-Rad Laboratories, Hercules, CA). Quantitative
reverse transcription PCR (RT-qPCR) was performed using SYBR
Green (4309155, Thermo Fisher Scientific), to monitor SF3B1 and
SRSF1 knock-down efficiencies and to evaluate efficiency of alterna-
tive splicing for ADD3, CTNND1, RAC1, SYK, MKI67, and OSBPL3.
Beta-2-Microglobulin (B2M) was used as a housekeeping reference
gene. In brief, gene expression was measured using 2 ul of 10 ng/ul
cDNA in a 25 ul SYBR Green reaction (see supplemental Table S1 for
primers and conditions), as described previously (30).

cDNA Library Preparation and lllumina RNA Sequencing—cDNA
libraries were prepared with the TruSeq Stranded mRNA LT sample
Prep kit (RS-122-2101, lllumina, San Diego, CA) according to the
TruSeq Stranded mRNA sample preparation guide (Part# 15031047,
Revision E, October 2013). cDNA library quality control was per-
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formed using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Sample libraries were diluted and pooled to obtain
a final concentration of 10 nm. Sequencing was performed on an
lllumina HiSeq V4 2500, using a 125 bases paired end run with an
input of 16 pm cDNA. Quality assessment of RNA-seq data was
performed with FastQC version 0.11.4 (31) with default settings and
visualized with MultiQC version 0.9 (32) with default parameters.

Protein Isolation and Separation—Proteins were isolated at the
same time points as RNA extraction. After thorough washing with
PBS, cells were lysed in reducing sample buffer (NUPAGE LDS sam-
ple buffer, NP0O008, Thermo Fisher Scientific; 65% Milli-Q, 25%
4*LDS, 10% 1 m DTT) to obtain an approximate protein concentration
of 1 pug/ul. Cells were scraped and transferred to eppendorf tubes.
After heating for 5-10 min at 99 °C and centrifugation for 1 min at
14,000 rpm aliquots of the samples were stored at —80 °C until
further use. Approximately 35 pg protein from the supernatant was
loaded on a NUPAGE Novex 4-12% Bis-Tris Protein Gel, 1.5 mm,
10-well (NPO335BOX; Thermo Fisher Scientific). Proteins were re-
solved at 150V for 1 h in 200 ml NuPAGE MES SDS Running buffer
(NP0002; Thermo Fisher Scientific) supplemented with 0.5 ml Nu-
PAGE antioxidant (NP0O005; Thermo Fisher Scientific). The gel was
placed in a container with fixing solution (50% ethanol, 46.5% Milli-Q
and 3.5% phosphoric acid) for 15 min and stained with colloidal
Coomassie (48.4% Milli-Q, 34% methanol, 15% ammonium sulfate,
2.5% phosphoric acid, 0.1% Coomassie Brilliant Blue G-250 (20279;
Thermo Fisher Scientific)) overnight and destained with multiple
changes of Milli-Q water. Each gel lane was sliced in 10 slices.

Whole Gel In-gel Digestion—The in-gel digestion procedure was
done as described previously (33) with the following changes: gel
pieces were dried in a centrifugal evaporator (SpeedVac) for ~30 min
and peptides were extracted with 100 ul 1% formic acid and two
times 150 ul 5% formic acid/50% acetonitrile. Concentrated extracts
were transferred to Millipore filters (Millex-HV Syringe driven filter unit,
0.45 pm, SLHVRO4NL, Millipore), placed on autosampler vials and
centrifuged for 5 min at room temperature in the centrifugal evapo-
rator without vacuum.

LC-MS/MS—Peptides were separated by an Ultimate 3000
nanoLC-MS/MS system (Dionex LC-Packings, Amsterdam, The
Netherlands) equipped with a 40 cm X 75 um ID fused silica column
custom packed with 1.9 um 120 A ReproSil Pur C18 aqua (Dr Maisch
GMBH, Ammerbuch-Entringen, Germany). After injection, peptides
were trapped at 10 pl/min on a 10 mm X 100 um ID trap column
packed with 5 um 120 A ReproSil Pur C18 aqua at 2% buffer B (buffer
A: 0.5% acetic acid in MQ; buffer B: 80% ACN + 0.5% acetic acid in
MQ) and separated at 300 nl/min in a 10-40% buffer B gradient in 60
min (90 min inject-to-inject). The nanoLC column was maintained at
50 °C using a column heater (Phoenix S&T, Chester, PA). Eluting
peptides were ionized at a potential of +2 kVa into a Q Exactive mass
spectrometer (Thermo Fisher Scientific). Intact masses were meas-
ured at resolution 70.000 (at m/z 200) in the orbitrap using an AGC
target value of 3 X 106 charges. The top 10 peptide signals (charge-
states 2+ and higher) were submitted to MS/MS in the HCD (higher-
energy collision) cell (1.6 m/z isolation width, 25% normalized colli-
sion energy). MS/MS spectra were acquired at resolution 17.500 (at
m/z 200) in the orbitrap using an AGC target value of 1 X 106 charges
and an underfill ratio of 0.5%. Dynamic exclusion was applied with a
repeat count of 1 and an exclusion time of 30 s.

Full Length Isoform Sequencing - Iso-Seq—RNA isolated from
siSF3B1- and siNT-treated SW480 cells was subjected to full-length
RNA single molecule real time (SMRT) sequencing called Iso-Seq (34).
Briefly, RNA (RIN score of ~9.0 assessed by Agilent Bioanalysis) was
amplified using the Clontech Switching Mechanism at 5’ end of RNA
Template (SMART) technology which incorporates known sequence
at both ends of the cDNA product in the first strand synthesis process

without the need for conventional adapter ligation strategies. Four
hundred eight nanograms of siSF3B1 and 352 ng siNT cDNA were
used as input to the SMART cDNA amplification process to capture
full-length, intact isoforms to be reverse transcribed and amplified
into full-length cDNA representing the full transcriptome where the
known sequences are used to complete SMRTbell library preparation
using the cDNA products.

Once ample double stranded cDNA was synthesized, cDNA Iso-
Seq sequencing libraries were prepared using the SMRTbell library
preparation procedure resulting in a library containing molecular in-
serts that represent a single isoform per library molecule. These
libraries were then size-selected to enrich for isoforms of interest by
targeting a population of full-length transcripts to enhance coverage
by loading individual size fractions on single SMRTcells. More spe-
cifically, the SageELF electrophoretic lateral fractionator instrument
was used to separate independent fractions of library where isoforms
that are 0-1 kbp, 1 kbp-2 kbp, 2 kbp-3 kbp, and 3 kbp-50 kbp were
split into independent SMRTbell libraries for sequencing so that larger
isoforms were not detrimentally dominated by smaller isoform library
molecules during the sequencing process.

Finally, samples were sequenced using 6-hr movie collection on
the PacBio RSII sequencer with two SMRTcells per cDNA size frac-
tion. The RSII data yielded 523k to 750k subreads for each size
fraction of the siNT sample, resulting in 66.8k to 98.3k CCS reads with
up to 43k full length cDNA reads per size fraction. For siSF3B1, the
RSII yield was 321k to 981k subreads for each size fraction, resulting
in 47.5k to 97.3k CCS reads with up to 51.7k full-length cDNA reads
per size fraction, using default Iso-Seq pipeline settings. Raw se-
quencing data was processed using Iso-Seq on PacBio SMRTportal
(smrtanalysis v2.3.0) and ICE software (35) to predict low and
high-quality isoforms and generate high resolution transcriptome
references.

RNA-seq and LC-MS/MS Data Analysis Within the Proteogenomic
Pipeline Splicify—The schematic overview of the proteogenomic
pipeline, Splicify, is presented in Fig. 1A. Low quality reads and
adapter sequences were trimmed by Trimmomatic (36) version 3 to
average quality score for a 4-base wide sliding window of 20, both at
the beginning and at the end of the sequences (ILLUMINACLIP:
TruSeq3-PE.fa:2:30:10, LEADING:20, TRAILING:20, AVGQUAL:20,
SLIDINGWINDOW:4:20). Because of the requirements of the further
analysis (rMATS (37)) reads were processed to match length of 120
bp, shorter reads were discarded and longer reads were trimmed
(CROP:120, MINLEN:120). Mapping was performed with the use of
STAR aligner (38) version 2.4.2a to the human genome (USCS RefSeq
hg19 annotation, as STAR option genomeDir) with the following pa-
rameters; outSAMtype: BAM SortedByCoordinate, readFilesCom-
mand: zcat, runThreadN: 28, outSAMattributes: All. Differential splice
variants were identified with rMATS version 3.2.5 using UCSC RefSeq
hg19 GTF file as annotation in the unpaired analysis type (parameters;
len: 120, t: paired, analysis: U). Significant events were extracted
(FDR=0.05). Both inclusion- and exclusion-isoforms of spliced
genomic fragments were taken into account for further analysis.
Nucleotide acid sequences of splicing regions (upstream and down-
stream exons with and without spliced fragment) were obtained and
translated in forward frame to amino acid sequences. In this way, a
database was obtained with protein sequences of potential splice
variants that were all added to the human reference proteome data-
base (Uniprot, release January 2014, no fragments, canonical and
isoform, 42104 entries (39)) forming an enriched human protein da-
tabase. Peptide identification was performed by MaxQuant 1.5.3.8
(40) with the use of the enriched human protein database. Enzyme
specificity was set to trypsin and up to two missed cleavages were
allowed. Cysteine carboxamidomethylation was treated as fixed
modification and methionine oxidation and N-terminal acetylation as
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variable modifications. Peptide precursor ions were searched with a
maximum mass deviation of 4.5 ppm and fragment ions with a max-
imum mass deviation of 20 ppm. Peptide and protein identifications
were filtered at an FDR of 1% using the decoy database strategy.
Common contaminants were included in the MS/MS search. Evi-
dence and peptides files were taken along for further analysis. Pep-
tides specific for splice variants were extracted. Additionally, human
database of canonical proteins (Swissprot, canonical, 20197 entries)
was used to detect which of the splice variants represented non-
canonical isoforms. Peptide intensities were normalized to the aver-
age of the samples’ medians and log 10 transformed. Imputation was
performed on the normalized and transformed matrix, where missing
values were imputed from the normal distribution of mean equal to
minimal intensity observed and standard deviation equal to mean of
standard deviations calculated for each peptide. Differential peptide
expression analysis was performed with a Bioconductor package
limma (41) and log10 fold changes and p values were obtained.
Splicify is available at (https://github.com/NKI-TGO/SPLICIFY).

Isoform Identification with the Use of Full Length Transcripts—
Redundant transcripts were removed by first aligning them to the
human genome (hg19) with GMAP (42) and collapsing highly similar
transcripts predicted across FASTA files from various size fractions
with the software cupcake ToFU (v1.3). In these steps both BAM and
GTF files were produced for each sample. Samples were chained, to
standardize transcript IDs and merge the transcripts from both ex-
periments. Details of the workflow can be found here (43). The
merged file was used as input to rMATS instead of human reference
annotation GTF file. In this way, the program can use the exon-exon
and exon-intron junctions introduced by Iso-seq. Splice variants iden-
tified by rMATS were annotated by changing Iso-Seq transcript IDs
into gene names based on genomic location, with the use of biomaRt
Bioconductor package version 2.26.1(44). In case the Iso-Seq tran-
script was on the opposite strand than the gene, “otherstrand” was
added to the gene symbol. In case there was no gene matching the
coordinates of the transcript, “intergenic” was used as a gene sym-
bol. The annotated output of rMATS was further processed as de-
scribed in the RNA-seq and LC-MS/MS Data Analysis Within the
Proteogenomic Pipeline section, with the exclusion of the quantifica-
tion step.

RESULTS

Experimental Model System To Test the Proteogenomic
Pipeline Design—The schematic overview of Splicify, the pro-
teogenomic data analysis pipeline for identification of differ-
ential splice variants, is presented in Fig. 1A. To test the
design of the proteogenomic pipeline, a model system
needed to be established in which modulation of isoform
changes could be controlled experimentally. For this purpose,
the splicing factors SF3B1 and SRSF1, which play a key role
in the splicing machinery, were downmodulated in the CRC
cell line SW480, followed by RNA-seq-based transcriptomics
and mass spectrometry-based proteomics analyses. A gen-
eral overview of the experimental design is presented in Fig. 2.

The efficiency of siRNA-mediated downmodulation of
SF3B1 and SRSF1 in SW480 CRC cells was determined by
RT-gPCR, and reached on average up to a 50 and 40%
reduction of mRNA expression for SF3B1 and SRSF1, re-
spectively (supplemental Fig. S1). Cell viability was reduced
by 10-30% by downmodulation of SF3B1 at 48 h after trans-
fection, whereas no changes in cell viability were observed

after the knockdown of SRSF1 at 72 h after transfection (data
not shown). To assure that downmodulation of SF3B1 and
SRSF1 resulted functionally in changes in expression of cer-
tain isoforms, monitoring of positive controls was included in
the experiment. Skipped exons in ADD3 and CTNND1 were
identified by literature search as positive controls for alterna-
tive splicing in colorectal cancer tissue compared with normal
colon tissue (35). Indeed, RT-gPCR analysis for ADD3 exon 14
and CTNND1 exon 20 indicated that exclusion of these exons
served as functional splicing controls for knock-down of
SF3B1 and SRSF1, respectively (supplemental Fig. S2). These
data demonstrate that a model system was established in
which isoform switches can be modulated in a CRC cell line,
suited to test the design of the proteogenomic pipeline.

Identification of Differentially Expressed RNA and Protein
Isoforms by Applying the Proteogenomic Pipeline—To inves-
tigate alternative splicing in both the RNA and protein molec-
ular domains, the transcriptome and the proteome of each
sample were analyzed with RNA-seq and tandem mass spec-
trometry. Quality assessment of RNA-seq and LC-MS/MS
data is available in supplemental Figs. S3-S5. Within the
RNA-seq data analysis, isoforms were identified with the use
of reads spanning exon-exon and exon-intron junctions.
These splice-variant specific reads, together with reads map-
ping to the spliced fragment, were further quantified to dis-
tinguish differential events between two conditions. In the
proteomics data analysis, exon-exon and exon-intron junc-
tion-spanning peptides and peptides mapping on the spliced
fragment were used to confirm translation of the isoforms
detected on the RNA level into proteins (Fig. 1B). The inten-
sities of these peptides were used for quantification to identify
differentially expressed protein isoforms. For details, see
Fig. 1A.

Differential mRNA Isoforms Induced by Downmodulation of
SF3B1 and SRSF1—Transcriptome analysis revealed a num-
ber of significantly differentially spliced events for siSF3B1
and siSRSF1 in comparison to their controls (Fig. 3A; see
supplemental Tables S3-S12 for details of all the events),
proving that manipulation of the splicing machinery resulted in
differential splicing. Alternative splicing was more affected
upon manipulation of SF3B1 compared with SRSF1, as the
number of alternatively spliced events was larger for this
splicing factor, for the events like skipped exon and mutually
exclusive exons (Fig. 3A). This might be because of the dif-
ferent roles that these splicing factors play in the spliceosome
complex. The significantly skipped exon events included the
positive controls of alternative splicing, higher exclusion levels
of ADD3 exon 14 upon downmodulation of SF3B1 and higher
exclusion levels of CTNND1 exon 20 upon downmodaulation of
SRSF1 (supplemental Fig. S6). These data show that the
intermediate mMRNA results of the proteogenomic pipeline
reproduced the expected outcome, and yielded information
about hundreds (for SRSF1) to thousands (for SF3B1) of ad-
ditional alternative splicing events.
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Fic. 1. Splicify, the proteogenomic pipeline for identification of differential splice variants. A, The schematic overview of the Splicify
data analysis. Within Splicify RNA-seq data analysis is performed by combining exemplar open-source RNA-seq analysis software, including
quality and adapter trimming with Trimmomatic (36), reads mapping with STAR (38), differential splicing analysis with rMATS (37), where
differential splice variants on RNA level are identified. These splice variants undergo 3-frame translation into potential protein isoform sequence
database (FASTA). This database together with the human protein database from Uniprot (39) can be further used with MaxQuant (40), a search
engine to identify MS/MS spectra originating from the same samples as RNA-seq reads. Downstream analysis of MaxQuant output is
performed with the use of the results from RNA-seq analysis. Isoform-specific peptides are extracted and quantified and based on these
peptides differential protein isoforms are identified. Splicify produces a final table with both RNA and protein isoform information. B, Example
of peptides supporting translation of splicing events for skipped exon and retained intron. Split peptides map to both sides of an exon-exon
junction, spanning peptides span exon-intron junctions (specific for inclusion variants for retained intron, alternative 3’ and 5’ splice sites) and

peptides on target map to a spliced fragment.
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Fic. 2. General overview of the experimental design and data analysis. Downmodulation of splicing factors SF3B1 (48 h) and SRSF1
(72 h) was performed in CRC cell line SW480 three times. RT-gPCR of known splicing events obtained from literature (skipped exon in
ADDS and in CTNND1) were used as positive controls of alternative splicing to functionally verify that downmodulation of the splicing
machinery caused differential splicing. The knock-downs and the paired non-targeting (NT) controls were subjected to RNA-sequencing
and LC-MS/MS tandem mass spectrometry, followed by data analysis using the proteogenomic pipeline Splicify (see Fig. 1). Differential
mRNA splice variants were identified and several candidates were validated with RT-qPCR. Isoform specific peptides were identified and
differential expression of these peptides was performed. Downmodulation of SF3B1 was repeated in a separate experiment, including
PacBio Iso-Seq sequencing of full length transcripts while excluding isoform-specific peptide quantitative analysis because of the lack of

replicates.

To further validate our approach, four skipped exon splicing
events were selected for confirmation by RT-gPCR, compris-
ing SYK exon 7, RAC1 exon 4, OSBPL3 exon 9, and MKI67
exon 7 (Fig. 4, supplemental Table S2). These isoforms are
also known as SYK(S) and SYK(L), Rac1b and MKI67 long and
short isoforms. According to the RNA-seq analysis, all the
events were differentially spliced upon downmodulation of
SRSF1 whereas OSBPL3 and MKI67 were affected by down-
modulation of SF3B1. The differences in the expression of
inclusion and exclusion variants between downmodulation
and controls were validated with RT-gPCR (supplemental Fig.
S7-89).

Differential Protein Isoforms Induced by Downmodulation of
SF3B1 and SRSF1—All significant events identified on RNA
level, comprising both exclusion and inclusion variants,
were taken along for database construction for mass spec-

tra identification. To prove that these splicing events are
translated into proteins we searched for the peptides spe-
cific for the splice isoforms (Fig. 1B). Over 5070 and 370
isoform-specific peptides were identified for differential iso-
forms upon downmodulation of SF3B1 and SRSF1, respec-
tively (Table 1, see supplemental Fig. S10 for quality control
of isoform-specific peptides). The differences in these num-
bers correspond to the sizes of the splice variant databases
of the two experiments. Overall around 60% of the isoform-
specific peptides turned out to map on target, peptides
spanning exon-exon junction comprised around 40% and
exon-intron junctions were identified far less frequently
(Table 1I).

Based on all the isoform-specific peptides, 2172 and 149
isoforms on protein level were identified for siSF3B1 and
siSRSF1, respectively (Table lll). On average for ~15% of the
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Fic. 3. The number of splicing events identified on RNA and protein level upon knock-down of SF3B1 and SRSF1. A, Number of
significant alternatively spliced events on RNA level upon downmodulation of SF3B1 and SRSF1 versus their controls. B, The number of
alternative splicing events for which at least one variant (inclusion/exclusion) was confirmed by identification of isoform-specific peptides.
S.E. - skipped exon; MXE - mutually exclusive exons; A5SS - alternative 5’ splice site; A3SS - alternative 3’ splice site; Rl - retained intron.

splicing events peptide confirmation was observed for both
inclusion and exclusion variants of the same event. Most of
these isoforms are considered canonical proteins based on
the Swissprot canonical sequence database. Approximately 5
and 25% of the identified isoforms were classified as nonca-
nonical for siSF3B1 and siSRSF1, respectively. A subset of
peptides mapped to two or more isoforms, usually because of
the overlapping exons between the different isoforms. More
confirmation for inclusion variants was obtained than for ex-
clusion variants, because of the longer sequences of the
inclusion variants. Among the identified isoforms all catego-
ries of alternatively spliced events were represented, with
most peptides supporting the skipped exon splicing category
because of the predominance of this class already at the RNA
level. Relatively, looking at the ratios of number of splicing
events on RNA and protein level, mutually exclusive exons are
more frequently detected (Fig. 3B). This is mainly because
mutually exclusive exons do not have an exclusion variant as

both isoforms include an additional exon, thereby increasing
the overall fragment length and consequently the probability
of peptide identification within the spliced region. Even
though for the splicing controls ADD3 and CTNND1 no vari-
ant-specific peptides were detected, other events such as
alternatively skipped exon in SYK, RAC1, OSBPL3, and
MKI67 were confirmed on peptide level (supplemental Tables
S13-S14).

Differential peptide expression analysis was performed for
all of the splice-specific peptides and revealed that a subset
of these peptides did significantly differ between splice factor
knock-downs and controls, indicating concordant events be-
tween mRNA genomic and proteomic results (Table IV,
supplemental Tables S13-S14). For both experiments around
65% of the significantly differentially expressed isoform-spe-
cific peptides showed concordant expression differences as
observed on the RNA level. For instance, upon downmodu-
lation of SF3B1 three split peptides spanning inclusion of

1856

Molecular & Cellular Proteomics 16.10


http://www.mcponline.org/cgi/content/full/TIR117.000056/DC1
http://www.mcponline.org/cgi/content/full/TIR117.000056/DC1
http://www.mcponline.org/cgi/content/full/TIR117.000056/DC1

Proteogenomic Identification of Splice Variants by Splicify

OSBPL3 exon 9

0.50-
- =
3
~= 0.40- samples
8 B3 siNT
£ 030- B8 siSF3B1
133
b
L
0.20-
SINT SiSF3B1
samples
MKI67 exon 7
0.08-
T 07 ﬁ
= samples
§ 0086 B3 siNT
4 B8 siSF3B1
S 0.05-
L
0.04- - }
SINT SiSF3B1
samples
SYK exon 7
ER ;
3
= 0.12- samples
5 B3 siNT
4 0.10- B8 SiSRSF1
E
S oos- =
SINT SISRSF1
samples

OSBPL3 exon 9

00" ==
& 0.45-
"3 shvid samples
g ES siNT
2 035- B8 SiSRSF1
153
0.25- J }
SINT SISRSF1
samples
MKI67 exon 7
) 0.10-
3
= samples
B s B3 siNT
4 B8 SiSRSF1
S 005-
@ m—]
SINT SiSRSF1
samples
RAC1 exon 4
0.88-
_ ==
2 0.85-
3 samples
-S 0.83- ES siNT
v .
2 o0s0- B siSRSF1
<
()
0.78-
SINT SISRSF1
samples

Fic. 4. RT-qPCR validation of differential splicing events identified by RNA-seq data analysis with the proteogenomic pipeline,
Splicify. The exclusion isoforms of OSBPL3 exon 9 and MKI67 exon 7 are higher expressed upon downmodulation of SF3B1 and SRSF1. The
inclusion isoform of SYK exon 7 and the exclusion isoform of RAC1 exon 4 are higher expressed upon downmodulation of SRSF1. Exclusion
levels were calculated by dividing exclusion spanning reads by the sum of inclusion and exclusion spanning reads.

TABLE |
Overview of isoform-specific peptides identified upon knock-down of
SF3B1 and SRSF1. The numbers of peptides specific for inclusion
and exclusion isoforms are listed. Some peptides map to multiple
isoforms, being inclusion-specific for one isoform and exclusion-spe-
cific for the other

Isoform-specific Inclusion-specific Exclusion-specific

Experiment peptides peptides peptides
siSF3B1 vs siNT 5079 4525 833
siSRSF1 vs siNT 374 309 87

TasLE Il

Overview of categories of isoform-specific peptides identified upon

knock-down of SF3B1 and SRSF1. Peptides on target map fully on

the spliced fragment, spanning peptides span exon-intron junctions
and split peptides span exon-exon junctions (see also Fig. 1B)

Experiment On target Spanning peptide Split peptide
siSF3B1 vs siNT 3278 9 1794
siSRSF1 vs siNT 217 3 154

exon 9 in OSBPL3 and one split peptide supporting the ex-
clusion of this exon were identified. Two of the inclusion
specific peptides show significantly lower expression upon
downmodulation of SF3B1 whereas the exclusion specific
peptide indicates higher expression in comparison to the

control (Fig. 5; supplemental Table S13). Another example is
lower expression of the Rac1b isoform, resulting from the
inclusion of exon 4 in RAC1 gene, upon downmodulation of
SRSF1, which is in line with the current knowledge of the
SRSF1 effect on alternative splicing of RAC1 in colorectal
cancer (16). This result was detected in the proteogenomic
pipeline at RNA level, both by RNA-seq and by RT-gPCR
(Fig. 4; supplemental Fig. S9B). On protein level only inclu-
sion specific peptides were identified. Even though the dif-
ferences in peptide intensities between siSRSF1 down-
modulation and the control were not significant, log10 fold
changes suggest a similar effect as on RNA level (supple-
mental Fig. S11; supplemental Table S14).

Full-length Transcripts Validation—To examine if se-
quencing of full length transcripts can validate the isoforms
identified within Splicify and enrich these results with novel
transcripts, Iso-Seq was performed in SW480 cells upon
downmodulation of SF3B1 and its siNT control (see Fig. 2). As
Iso-Seq provides qualitative information, transcripts detected
by this technique were used as the source of transcriptome
variation instead of the human reference annotation, which
could be further quantified upon mapping back the shorter,
but higher density lllumina reads. On RNA level, within each
alternative splicing category, the number of significantly dif-
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TaBLE Il
Overview of mRNA splicing events confirmed by proteomics upon knock-down of SF3B1 and SRSF1. RNA isoforms were considered to be
translated if there was at least one splice-specific peptide identified. For a subset of alternatively spliced events both inclusion and exclusion
variants were confirmed by identification of splice-specific peptides. Based on the database of canonical proteins a small nhumber of
non-canonical proteins was identified

. Alternatively Inclusion Exclusion Events with Non-canonical
Experiment ] ) . ) )
spliced events isoforms isoforms both isoforms isoforms
siSF3B1 vs siNT 2172 2006 400 234 93
siSRSF1 vs siNT 149 128 47 26 36
TABLE IV higher expressed upon downmodulation of SF3B1 compared

The number of isoform specific-peptides showing consistent or op-
posite expression changes as detected on RNA level. Isoform-specific
peptides were filtered based on p value =0.1 and absolute value of
log10 transformed fold change =0.5, to extract only the peptides
differentially expressed between the two conditions; siRNA medi-
ated down-modulation of a splicing factor and the non-targeting
control. For inclusion-specific peptides, a peptide was labelled as
“consistent” if the log10 fold change of the peptide expression
showed the same direction of change as the Inclusion Level Differ-
ence for the RNA splice variant. For exclusion-specific peptides, a
peptide was labelled as “consistent” if the direction of change was
the opposite of the RNA-derived Inclusion Level Difference. As a
subset of peptides maps to multiple isoforms, the percentages
might exceed 100%

Number (and percentage) of the

Experiment isoform-specific peptides
Consistent Opposite
siSF3B1 vs siNT 267 (65%) 157 (38%)
siSRSF1 vs siNT 16 (64%) 9 (36%)

ferential isoforms identified with the use of Iso-Seq data ex-
ceeded the results compared with the approach making use
of the reference annotation (Fig. 6A; see supplemental Tables
S15-S24 for details). There was a large overlap between
detection of alternatively spliced events by lllumina-sequenc-
ing using the human reference annotation and the analysis
that used lllumina reads with the Iso-Seq full length tran-
scripts, thereby validating detection of alternatively spliced
events by Splicify (Fig. 6B). Additionally, full length isoform
sequencing revealed several novel events that were not de-
tected with the standard Splicify approach before because of
absence of these events in the reference genome annotation.
The largest effect is noticed for detection of retained intron
events, where rMATS uses a database of annotated retained
introns instead of all the introns in the genome. On the protein
level, the majority of the isoform-specific peptides were iden-
tified with both approaches (Fig. 6C). However, the protein
database composed of the Iso-seq based findings increased
the number of identified isoform-specific peptides compared
with the use of the human reference annotation (supplemental
Tables S25-S26). For example, three peptides supporting
intron retention in FXR1 were identified by sequencing of
full-length transcripts that included this intron, which therefore
was included in the annotation file. lllumina short reads sup-
ported this event and provided quantitative proof that it is

with its control (Fig. 6D). These data indicate that to unravel
differential splicing events more comprehensively, one should
provide annotation files enriched with novel transcripts from
e.g. transcriptome assembly tools or full-length transcript
sequencing.

DISCUSSION

Splicify was designed to identify differentially expressed
splice variants on RNA and protein level. Splicify was applied
on CRC cell line SW480 upon downmodulation of splicing
machinery and nontargeting controls. We showed that this
method can successfully identify condition-specific aberrant
splicing events on protein level, by performing comparative
splice variant analysis on both RNA and protein level. A sub-
set of the RNA-seq based results of Splicify was validated by
RT-gPCR. This proved that the pipeline yielded real splice
variants on RNA level. Additionally, applying Splicify using
PacBio Iso-Seq full-length transcript sequencing confirmed
the existence of the identified isoforms and increased the
transcriptomic space to detect novel events. These were es-
pecially prevalent in the retained intron and alternative 3’ and
5’ splice site splicing events, where the overlap between
Splicify with reference annotation and Splicify with Iso-Seq
full length transcripts was smaller than for skipped exon and
mutually exclusive exons splicing events. This shows that the
reference annotation is still lacking several alternatively
spliced isoforms which include whole or a part of the intronic
sequence. A number of the novel events were also detected
on protein level. This indicates that Splicify, next to the stand-
ard approach with the use of the human reference annotation,
can also be applied using an alternative transcriptome anno-
tation file that extends isoform identification with novel splic-
ing events. On protein level, we identified several noncanoni-
cal isoforms, which is a valuable finding as it indicates their
translation into proteins that may play a different functional
role in comparison to their canonical counterparts. This is
known for the Rac1b isoform, which has been shown to have
a different functional role than the canonical RAC1 protein
enhancing cell survival (45). Splicing of RAC1 is known to be
dependent on SRSF1 activity, which was confirmed with the
Splicify pipeline applied to the SW480 CRC cell line upon
downmodulation of SRSF1. These data indicate that the re-
sults on protein level are in line with current literature. Other
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Peptide :
number Sequence Incl_Excl logFC p-value adj.p-value
1 GTLQVPKPFSGPVR incl 0.202 0.214 0.864
2 TYSAPAINAIQGGSFESPK[K] incl 0.473 0.027 0.864
3 TYSAPAINAIQVPKPFSGPVR excl -0.058 0.699 0.970

Fic. 5. Splicing isoforms of OSBPL3 presented in two molecular domains. A, Screenshot from IGV of the spliced region of OSBPL3 exon
9; in blue -RefSeq genes, in black - inclusion and exclusion variants identified with RNA-seq, in pink - inclusion and exclusion specific peptides
identified in mass spectrometry. B, Peptide intensities upon downmodulation of SF3B1 and its control for two inclusion specific peptides and
one exclusion specific peptide for exon 9 in OSBPL3. Peptide number on the x axis corresponds to the peptide sequence in the table.
Intensities of the overlapping peptides TYSAPAINAIQGGCFESPK and TYSAPAINAIQGGCFESPKK were manually summed and annotated as
TYSAPAINAIQGGCFESPKIK] in the table and as peptide number 2 on the figure. Differential peptide expression analysis was performed with
limma with no imputation for all the isoform-specific peptides including the merged peptide TYSAPAINAIQGGCFESPKIK] instead of the two.
Even though not all of the peptides are significantly up or downregulated, the signal is concordant with RT-gPCR and RNA-seq results, with
higher exclusion and lower inclusion of the exon upon downmodulation of SF3B1.

interesting findings include the detection of differential splice
variants of OSBPL3. These isoforms have been shown to be
differentially expressed on RNA level in various tissues, indi-
cating that the OSBPL3 splice variants might have different
functionality (46). Translation of these splice-variants into pro-
teins and differential protein isoform expression was now
shown by Splicify. These results demonstrate that Splicify
successfully identifies differentially expressed mRNA and pro-
tein isoforms.

Our findings include identification of several other biologi-
cally interesting isoforms that might be linked to SF3B1 and
SRSF1 activity. For instance, SYK splice variants, SYK(S) and
SYK(L), have been shown to play a role in breast, liver and
colorectal cancers (47). Alternative splicing of SYK has been
demonstrated to regulate colorectal cancer progression and
sensitivity of CRC cells to chemotherapy (48). Here, identifi-
cation of differential splicing of SYK upon downregulation of
SRSF1 might indicate possible impact of SRSF1 on alterna-
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Fic. 6. Comparison of the standard Splicify approach with the reference annotation and Splicify analysis with Iso-seq full length
transcripts used as annotation. A, Number of significant alternatively spliced events on RNA level for downmodulation of SF3B1 versus the
non-targeting controls with the use of Iso-Seq full-length transcripts or Reference Annotation, S.E. - skipped exon, MXE - mutually exclusive
exons, ASSS - alternative 5’ splice site, A3SS - alternative 3’ splice site, Rl - retained intron. lllumina reads were quantified on alternatively
spliced events originating from reference annotation or Iso-Seq full-length transcripts. B, Overlap analysis between alternatively spliced events
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tive splicing of SYK and subsequently on colorectal cancer
progression and chemotherapy resistance. Another interest-
ing finding is identification of differential expression of MKI67
long and short isoforms upon modulation of SF3B1 as well as
SRSF1 expression. It is speculated that MKI67 long isoform
plays a role in cell differentiation by causing the cell to exit the
cell cycle, whereas the short isoform leads to permanent cell
cycle (49). Based on our findings, one could hypothesize that
SF3B1 and SRSF1 might regulate cell proliferation through
alternative splicing of MKI67. However, further studies are
needed to support these statements. In addition to these
examples, Splicify provided many other differentially spliced
isoforms. Studies that aim to investigate gene function or
biomarker utility could focus on splice events with peptide
evidence, as these events confirm RNA translation that im-
plies functional consequences. Moreover, different filtering
approaches can be applied, e.g. based on fold change in RNA
and protein expression, false discovery rates or the number of
split peptides required.

The small number of protein isoforms that were detected
compared with the results obtained based on analyses of
RNA-seq data demonstrated the current struggles in the field
of proteogenomics. There might be various reasons why
many mRNA splice variants were not identified on protein
level, including biological and technical ones. First, not all of
the aberrant isoforms are translated into proteins. For in-
stance, if there is a stop codon on the fragment that is alter-
natively spliced in, it will lead to degradation of the shorter
transcript via nonsense-mediated decay. There are also splic-
ing events called detained introns that may not exit the nu-
cleus and therefore do not undergo translation (50). Another
reason might be the kinetics of transcription and translation,
concerning the siRNA mediated downmodulation. It is possi-
ble that although transcripts are already present on the RNA
level, they might not be translated into proteins yet at the time
of RNA and protein isolation. Also, low protein isoform count
can be a result of post-translational modifications of the
spliced regions, for instance phosphorylation, which requires
alternative sample processing preceding mass spectrometry
to obtain high resolution of phosphopeptide identifications.
There are also technical issues that limit the identification of
splice-specific peptides, especially for the exclusion variants.
If one would exclude the peptides with missed cleavages,
there can only be one split peptide spanning an exclusion

variant. This peptide needs to have a suitable distribution of
lysine and arginine so that it spans the junction, while also
having the required length and physicochemical features to
be identified by a mass spectrometer. Inclusion isoforms are
identified more frequently because of their longer sequence
and therefore higher probability to contain a suitable tryptic
peptide within the fragment of interest.

All these issues explain the current advantage of RNA-seq
over mass spectrometry in terms of performing quantitative
analyses of splice fragments. The aberrant isoforms are often
lower expressed than canonical proteins, which further com-
plicates differential isoform expression analysis on protein
level (5, 51). The 65% consistency of splice variant expression
differences on RNA and protein level was expected in the
context of multiple studies reporting modest correlation be-
tween RNA and protein expression (21, 52, 53). However, the
qualitative information provided by mass spectrometry is
highly valuable and crucial to determine what isoforms are
translated into proteins. Detection of protein isoforms gives
more confidence in the functional relevance of splice variants
identified on RNA level, and enables to prioritize candidate
biomarkers for further studies when identified in both molec-
ular domains. In terms of biomarkers studies, Splicify can be
applied in a clinically relevant setting, e.g. to compare a large
series of cancer samples to healthy control tissues, and reveal
differentially expressed isoforms. As the proteogenomic ap-
proach within Splicify is an unbiased first discovery step,
these candidate biomarkers should be further quantified by e.g.
multiple reaction monitoring or data independent acquisition,
preferably both in human tissues and in relevant human body
fluids for which a biomarker test is being developed (54-57).
Ultimately, a highly robust approach of detecting these isoforms
is necessary that could be applied in a clinical setting. For
instance, antibodies targeting the spliced region could be incor-
porated into an immunoassay for testing large cohorts of human
samples (56, 57). In conclusion, the output of proteogenomic
analysis within Splicify provides answers to basic research and
translational research questions, allowing identifying biologically
and clinically relevant isoform-specific biomarkers.

DATA AVAILABILITY

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (58)
partner repository with the dataset identifier PXD006486.

upon downmodulation of SF3B1 and its control, identified with reference annotation or Iso-Seq used as annotation. Overlap was defined by
chromosome number and coordinates of the spliced fragment. In case of skipped exon, retained intron and alternatively spliced sites it was
one fragment, in case of mutually exclusive exons, coordinates of both exons were taken into the overlap. C, Overlap analysis of splice-specific
peptides identified with the databases based on the approach including reference annotation or Iso-Seq data. Differential splicing events were
translated in 3-frame into potential proteins. These databases were used for mass spectra identification with MaxQuant. Splice-specific
peptides were extracted from the MaxQuant output. Overlap analysis was performed based on unique peptide sequences. D, IGV screenshot
of retained intron in FXR1 gene. Blue and red coverage plots represent lllumina reads for samples siSF3B1-4 and siNT-4, respectively. Below
in dark blue - reference annotation, in green - Iso-Seq transcripts obtained from the same samples, in black - retained intron event identified
with Iso-Seq and quantified by lllumina reads, in pink - 3 peptides spanning the exon-intron junction and supporting intron retention on protein

level.
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