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Abstract  
Endothelial cells (ECs) comprise the lumenal lining of all blood vessels and are critical for the 

functioning of the cardiovascular system. Their phenotypes can be modulated by protein isoforms. 

To characterize the isoform landscape within ECs, we applied a long read proteogenomics 

approach to analyze human umbilical vein endothelial cells (HUVECs). Transcripts delineated 

from PacBio sequencing serve as the basis for a sample-specific protein database used for 

downstream MS analysis to infer protein isoform expression. We detected 53,836 transcript 

isoforms from 10,426 genes, with 22,195 of those transcripts being novel. Furthermore, the 

predominant isoform in HUVECs does not correspond with the accepted “reference isoform” 25% 

of the time, with vascular pathway-related genes among this group. We found 2,597 protein 

isoforms supported through unique peptides, with an additional 2,280 isoforms nominated upon 

incorporation of long-read transcript evidence. We characterized a novel alternative acceptor for 

endothelial-related gene CDH5, suggesting potential changes in its associated signaling 

pathways. Finally, we identified novel protein isoforms arising from a diversity of splicing 
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mechanisms supported by uniquely mapped novel peptides. Our results represent a high 

resolution atlas of known and novel isoforms of potential relevance to endothelial phenotypes and 

function. 

 

Graphical Abstract  

 

 

 

Introduction 

Endothelial cells are critical for the development and maintenance of the cardiovascular 
system. They form the lining of all blood vessels within the body allowing for functions such as 
oxygen nutrient delivery, blood pressure regulation, and immune control.1 Endothelial 
dysfunctions can contribute to a host of cardiovascular diseases, such as atherosclerosis, 
diabetes retinopathy, cancer, and stroke.2 Improved understanding of these and related diseases 
may be attained through molecular characterization of the proteome underlying endothelial cell 
identity and functionality.3,4 

Endothelial cells can express functionally distinct protein isoforms through the process of 
alternative splicing (AS). For example, vascular endothelial growth factor A (VEGF-A) exists as 
two separate isoform families that differentially bind to the extracellular region on VEGFR1 or 
VEGFR2 leading to proliferation and survival of endothelial cells. One VEGF-A isoform family is 
pro-angiogenic and another is anti-angiogenic.5,6 Together these isoforms work in balance to 
regulate new vessel formation. Globally, across the endothelial cell proteome, many gene 
functions are modulated by AS.7–11 However, despite many high-throughput sequencing datasets 
collected on endothelial cells12, our knowledge of individual protein isoforms that are expressed 
is incomplete.13 

In order to characterize the proteome of endothelial cells, human umbilical vein endothelial 
cells (HUVECs) can serve as a relevant model system, since they are primary cells that can be 
expanded in culture to generate sufficient material for proteomic analysis.3,14,15 A prior study 
performed by Madugundu and colleagues employed a proteogenomics approach, incorporating 
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RNA-seq and mass-spectrometry (MS)-based proteomics in order to characterize proteomic 
variation in HUVECs.16 By utilizing short-read RNA-seq data, the authors generated a set of 
custom databases of relevance to isoform detection. Specifically, they generated a database of 
candidate splice-junction peptides derived from novel exon-to-exon connections (i.e., junctions), 
as well as a custom database based on inferred reconstruction of full-length transcripts. The study 
reported both known and novel isoforms, providing further insight into the role of splicing events 
in HUVECs. However, the proteogenomics approach used relied upon short-read RNA 
sequencing in the custom database generation, and short reads cannot provide unambiguous 
knowledge of the bona fide full-length isoform (i.e., complete chain of exon/junction 
connectivities)17, which is needed for accurate prediction and detection of full-length protein 
isoforms.18 

For improved characterization of protein isoform expression in HUVECs, it would be ideal 
to obtain full-length transcript information to infer expressed isoforms at the protein level. 
Fortunately, advances in sequencing technology, such as through the PacBio or Oxford Nanopore 
long-read sequencing platform, have allowed for detection of full-length transcript isoforms.19–21 
Capitalizing on these technologies, we previously developed a proteogenomic approach that 
incorporates long-read RNA sequencing with MS analysis, which we term “long-read 
proteogenomics”.22 Long-read RNA-seq returns information on full-length transcript isoforms23, 
which is bioinformatically translated into full-length protein isoforms predictions.22,24–26 These 
predicted protein isoforms serve as sample-specific, full-length isoform models from which to infer 
protein expression from MS data.27  

Here we apply a long-read proteogenomic approach to characterize protein isoforms 
expressed in HUVECs. We demonstrate the application of PacBio long-read RNA-seq data 
towards characterization of the full-length transcriptome in HUVECs, which includes detection of 
unannotated transcript isoforms. A PacBio-derived HUVEC protein database is searched against 
a sample-matched MS dataset facilitating the characterization of HUVEC-specific isoforms. 
Finally, we report on the discovery of novel peptides, providing evidence for novel isoforms 
through a direct mapping of novel peptides to full-length protein isoforms in HUVECs. Overall, we 
present the first application of a long-read proteogenomics approach as applied to primary 
endothelial cells. These results nominate candidate isoforms for functional studies of how splicing 
modulates endothelial cell phenotype and function. 

 

Experimental Methods 

HUVEC cell culture 

Primary Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from Lonza 

(C2519AS) and used up to passage eight. Early passage HUVECs were cultured in EGM™2-

Bulletkit™ medium with growth supplements CC-3156 & CC-4176 purchased from Lonza. At 

80% confluency, HUVECs were trypsinized, washed twice with phosphate-buffered saline 

(PBS), pelleted, and frozen at -80 ℃. 

 

Long-read RNA-seq (PacBio Iso-Seq) library preparation and sequencing run 

PacBio (Iso-Seq) data was collected on the HUVEC pellet. HUVEC RNA was analyzed on 

an Agilent Bioanalyzer to confirm concentration and RNA integrity for downstream analysis. We 
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observed a RIN value of 10. From this RNA, cDNA was synthesized using the NEB Single 

Cell/Low Input cDNA Synthesis and Amplification Module (New England Biolabs).  

Approximately 200 ng of HUVEC cDNA was converted into a SMRTbell library for usage 

with the Iso-Seq Express Kit SMRT Bell Express Template prep kit 2.0 (Pacific Biosciences). 

Through this protocol, bead-based size selection occurs in order to remove low mass cDNA (less 

than 500 kb). Each SMRTBell library was sequenced on the SMRT cell on Sequel II system. A 2 

hour extension and 3 hour movie collection time was used for data collection. The “ccs” command 

from the PacBio SMRTLink suite (SMRTLink version 9) was used to convert raw reads into 

Circular Consensus (CCS) reads. 

 

Mass spectrometry-based proteomics sample preparation 

Harvested HUVECs, approximately 5 million cells each, were pelleted and frozen at -80 

℃. The sample pellet was lysed according to the Filter Aided Sample Preparation (FASP) 

protocol.59 Lysis buffer used in the FASP was changed to 6% SDS, 150 mM DTT, 75 mM Tris-

HCl. To the 30 µL pellet of 5 million cells, an aliquot of 60 µL of lysis buffer was added and probe-

sonicated to lyse the cells and shear the nucleotide material. Sonication continued for 1-5 minutes 

until the sample was clear and no longer viscous. The lysate was then incubated at 95 °C for 5 

minutes. Protein quantitation was estimated by BCA assay to be approximately 500-600 µg. 

Quadruplicate aliquots of 20 µL each were subjected to FASP and trypsin digest (1 µg per aliquot) 

and allowed to incubate at 37 ℃ overnight. Nanodrop analysis estimated peptide content at 22 

µg per trypsin digest (total of 88 µg). 

 

Offline HPLC Fractionation 

The tryptic digests were pooled and dried down to a volume of 40 µL and subjected to 

offline high pH RP-HPLC fractionation using an Agilent 1200 HPLC. Sample was loaded onto a 

Thermo Scientific Hypersil Gold C18 column (150 mm x 3 mm x 3 µm C18), equilibrated with 95% 

solvent A (20 mM NH4 formate, pH 10) and 5% solvent B (70% acetonitrile/30% solvent A), and 

eluted at a flow rate of 400 µL/min, with fractions collected every 1 minute from RT 38-63 min. 

The following gradient was used: 5% B from 0-30 min, 5-65% B from 30-63 min, 65-100% B from 

64-69 min, 100-5% B from 69-70 min, 5% B from 70-73 min. Samples containing peptide, 

according to UV 214 nm corresponding to the HUVEC pellet were digested with trypsin. Collected 

fractions 4-20 were selected for LC-MS/MS analysis. 

 

NanoLC-MS/MS analysis 

The resulting peptides were dried to 12 µL and analyzed by nanoLC-MS/MS using a 

Dionex Ultimate 3000 (Thermo Fisher Scientific, Bremen, Germany) coupled to an Orbitrap 

Eclipse Tribrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Three 

microliters of each peptide-containing sample were loaded onto an Acclaim PepMap 100 trap 

column (300 µm x 5 mm x 5 µm C18) and gradient-eluted from an Acclaim PepMap 100 analytical 

column (75 µm x 25 cm, 3 µm C18) equilibrated in 96% solvent A (0.1% formic acid in water) and 

4% solvent B (80% acetonitrile in 0.1% formic acid). The peptides were eluted at 300 nL/min using 
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the following gradient: 4% B from 0-5 min, 4 to 28% B from 5-210 min, 28-40% B from 210-240 

min, 40-95% B from 240-250 min and 95%B from 250-260 min. 

The Orbitrap Eclipse was operated in positive ion mode with 1.9 kV at the spray source, 

RF lens at 30% and data dependent MS/MS acquisition with XCalibur version 4.3.73.11. Positive 

ion Full MS scans were acquired in the Orbitrap from 375-1500 m/z with 120,000 resolution. Data 

dependent selection of precursor ions was performed in Cycle Time mode, with 3 seconds in 

between Master Scans, using an intensity threshold of 2 x 104 ion counts and applying dynamic 

exclusion (n=1 scans within 30 seconds for an exclusion duration of 60 seconds and +/- 10 ppm 

mass tolerance). Monoisotopic peak determination was applied and charge states 2-6 were 

included for HCD scans (quadrupole isolation mode; 1.6 m/z isolation window). The resulting 

fragments were detected in the Orbitrap at 15,000 resolution with standard AGC target. 

 

Long-read RNA-seq analysis, MS searching, and proteogenomic analysis 

conducted using a Nextflow pipeline 

The long-read proteogenomics pipeline was implemented with Nextflow, a workflow 

framework which allows for scalable and reproducible computational analysis. The Nextflow 

pipeline developed and described previously was used to process HUVEC collected PacBio 

data, translate the resulting transcripts into the protein database (see Deriving a HUVEC 

sample-specific protein isoform database below), and perform proteomics database searches.22 

Further information on the workflow including individual modules of the Nextflow pipeline can be 

found at https://github.com/sheynkman-lab/Long-Read-Proteogenomics.22 The GitHub revision 

(i.e., commit) used in this analysis was https://github.com/sheynkman-lab/Long-Read-

Proteogenomics/releases/tag/v1.0.0. All transcriptomic and proteogenomic docker images that 

are used within the analysis can be found at https://hub.docker.com/ under the repository 

gsheynkmanlab. The analysis was performed on the University of Virginia High Performance 

Computing system.  

 

Long-read RNA-seq (PacBio Iso-Seq) data analysis 

The CCS reads obtained from PacBio sequencing were analyzed using the IsoSeq 

workflow described previously.22 Primer removal was done on the 5’ and 3’ end. The 5’ primer 

consists of an NEB adapter sequence (Sequence: GCAATGAAGTCGCAGGGTTGGG). The 3’ 

primer consists of the Clontech SMARTer cDNA universal primer (Sequence: 

GTACTCTGCGTTGATACCACTGCTT). Following processing of the raw reads using the IsoSeq 

workflow, we derived the number of full-length reads corresponding to each distinct transcript. 

Full-length read counts per million (CPM) were computed by dividing the number of full-length 

reads aligning to a transcript isoform by the total number of reads and then multiplying this by a 

factor of 1,000,000. 

 

Transcript isoform classification and filtering 

SQANTI is a computational tool used for comparison, classification, and quality 

assessment of the full-length isoforms sequences collected from the long-read platform.29 We 
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used SQANTI3 (version 1.3) to annotate the polished transcript isoforms obtained from the Iso-

Seq analysis using SQANTI default parameters. Note: the default parameters included options 

to use the genome-derived sequences for the isoform output. As a result, transcriptional 

variations inclusive of (alternative N-termini, alternative splicing, etc.) but not genetic variations 

are captured in the HUVEC sample-specific database. 

 

Generation of a full-length protein isoform database from the long-read RNA-seq 

After deriving a high confidence set of full-length transcript isoforms, within the Nextflow 

pipeline we select the most biologically plausible ORF for each of the Iso-Seq transcripts. 

Calling the best ORF consists of two steps: finding candidate ORFs (50 nucleotides or longer) 

using CPAT60, and selecting the most plausible ORF based on coding potential, relation of start 

site to reference start sites, and number of start sites skipped to reach the ORF start site.  

To generate the PacBio-derived protein database (HUVEC sample-specific database) 

employed for downstream MS searching, transcripts were grouped that produced ORFs of the 

same sequence. The total transcript abundance for each grouping was calculated as the sum of 

all CPM values for the transcripts comprising that group. Candidate isoforms are further 

classified based on the protein sequence in relation to the reference protein isoforms, as 

defined in the `sqanti_protein` and ‘protein_classification’ modules in the Nextflow pipeline. 

Classifications are based on a variant of nomenclature used within the SQANTI3 software, 

which we call “SQANTI Protein”. 

Additional filtering was performed in order to retain only isoforms that were likely protein 

coding. Isoforms that did not have a stop codon within the predicted ORF, and could represent 

truncations, were removed. Isoforms that were either fully mapped to a protein-coding 

GENCODE reference isoform (“protein full splice match”, pFSM) were retained, as well as 

isoforms that contained a novel combination of known splice sites or junctions (pNIC). Of the 

isoforms that contain novel splice sites (pNNC), suspected nonsense mediated decay (NMD) 

isoforms were removed. Here, NMD suspects were defined as isoforms that contained more 

than two junctions after the stop codon. Isoforms that were not classified as pFSM, pNIC, or 

pNNC were removed from consideration. Protein classification details can be found within the 

‘protein_classification’ module of the pipeline, while the filtering criteria can be found within the 

‘protein_filter’ of the Nextflow pipeline. 

A hybrid database was developed that incorporated isoforms from PacBio if the gene 

resided in the high confidence region, defined as where the aggregated transcriptomic gene 

abundance contained at least three CPM and the average reference exonic gene length was 

between 1 and 4 kilobases (kbp). If a gene did not meet this criteria the reference isoforms were 

substituted in place of the long-read isoforms. If a gene was not found within the long-read 

transcriptomic data the reference protein isoforms were also appended into the hybrid database. 

A detailed description of reasoning behind creation of a hybrid database has been described 

previously.22 
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GENCODE and UniProt reference protein database  

The GENCODE protein database used in this study was created by downloading the 

coding translation FASTA and grouping entries with the same protein sequence for each gene 

(‘make_gencode_database’ module in the Nextflow). For the many cases where one or more 

GENCODE transcripts from the same gene lead to the same protein sequence, the transcripts 

were grouped and given a defining protein accession as the first alphanumeric GENCODE 

protein accession, by the transcript name (GAPDH-201).  

The UniProt database used was the reviewed human database with isoforms, 

downloaded November 1st, 2020. The database contains 42,358 protein isoform entries from 

20,292 genes. 

 

MS database search 

Standard proteomic analysis of acquired mass spectra files were performed using the free and 

open source search software program MetaMorpheus.43 A custom branch and Docker image 

were made as part of the nextflow piplemen based GitHub: https://github.com/smith-chem-

wisc/MetaMorpheus/tree/LongReadProteogenomics , Docker: 

https://hub.docker.com/r/smithchemwisc/metamorpheus/tags?page=1&ordering=last_updated 

 tag: lrproteogenomics) based on MetaMorpheus version 0.0.316. Analysis of the collected 

spectra files performed either using the HUVEC sample-specific database (HUVEC-derived 

PacBio reads + GENCODE entries; “HUVEC sample-specific database”) (71,511 of entries from 

19,982 genes ) in which the subset of PacBio derived entries are 26,675 protein isoforms from 

7,283 genes. The GENCODE human database (version 35; 87,729 protein entries from 19,982 

genes), or the UniProt reviewed human database with isoforms (downloaded July 8th 2021; 

42,380 protein entries from 20,292 genes). All searches were conducted with a contaminants 

database, included in MetaMorpheus, which contains 264 common contaminant proteins 

frequently found in MS samples. 

All RAW spectra files were first converted to MzML format with MSConvert prior to 

analysis with MetaMorpheus (see `mass_spec_raw_convert` module in the Nextflow pipeline). 

For the MetaMorpheus MS search, the settings used for all search tasks can be found in 

Supplementary Table 5. MetaMorpheus produces peptide spectral match (PSM), peptide and 

protein group result files, which we analyzed in downstream custom modules. All peptide and 

protein results reported employ a 1% False Discovery Rate (FDR) threshold after target-decoy 

searching.42 

 

Criteria for Novel Peptide Identification 

Stringent filtering criteria and manual validation was used, as described previously22,61 to 

ensure that the spectrum does in fact represent the novel peptide sequence. Spectra 

corresponding to the scan number of the identified novel peptide sequence were derived from 

MetaDraw and manually inserted into an Excel file which were then manually evaluated. In 

addition to previously22 described criteria for novel peptide annotation, additionally, we allowed 

for cases where the C13 isotope for a novel peptide. 
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Data analysis and plot generation 

All downstream data analyses were performed through custom Python scripts. Data 

analysis scripts used for generation of figures, plots, and statistics may be found in the following 

GitHub repository: 

https://github.com/sheynkman-lab/Huvec-Proteogenomic-Analysis  

 

Availability of data and materials 

Raw long-read RNA-seq data collected on the PacBio platform are available from the 

Sequence Read Archive (PRJNA832812, corresponding to accession SRR18959149). Data 

generated by math spectrometry are available through MassIVE, the Mass Spectrometry 

Interactive Virtual Environment (MSV000089326, username: MSV000089326_reviewer, 

password: sheynkmanhuvec). The output of the data analysis including the long-read 

proteogenomics Nextflow workflow results generated using the mass spectrometry and long-

read RNA-sequencing data as well as the post pipeline analysis results are available on Zenodo 

(10.5281/zenodo.648486).  

The open-source software produced in the making of this work is freely available under 

the MIT license found in the GitHub repository (https://github.com/sheynkman-lab/Long-Read-

Proteogenomics). A wiki was created (https://github.com/sheynkman-lab/Long-Read-

Proteogenomics/wiki) describing each of the pipeline processes. 

Code used to generate the main figures and tables in this manuscript can be found in 

the GitHub repository (https://github.com/sheynkman-lab/Huvec-Proteogenomic-Analysis). 

 

Results  

Long-read proteogenomics to characterize isoforms in endothelial cells 

In order to characterize the isoforms expressed in an endothelial cell population, we 
subjected HUVECs to “long-read proteogenomics” where samples undergo long-read RNA-
sequencing and mass-spectrometry analysis in parallel, which is followed by integrative analysis 
of the matched datasets.22 The full-length transcripts—obtained from long-read RNA-seq—are 
converted to a predicted protein database, serving as candidate isoforms for proteomic detection 
(Figure 1). As a first step in our method, PacBio RNA sequencing is performed to characterize 
the HUVEC transcriptome. 
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Figure 1. Characterization of isoform diversity in HUVECs through integration of long-read RNA-seq with mass 
spectrometry data (“long read proteogenomics”). Transcripts are converted into a protein isoform database based on 
predicted open reading frames (ORFs) and the resulting database is searched against a sample-matched bottom-up 
mass spectrometry (MS) dataset. The peptide identifications can be used to support the expression of isoform 
candidates related to endothelial pathways.  

Long-read RNA-seq of HUVECs reveals widespread and novel isoform diversity 

Long-read RNA-seq data was collected on the PacBio sequencing platform using the “Iso-
Seq” method28, generating 3,608,972 long-reads (i.e., circular consensus reads). These reads 
were processed by Iso-Seq328 to generate the set of distinct transcript isoforms and their 
respective abundances (Figure 2A).22  
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Figure 2. Characterization of transcript isoform diversity in HUVECs via long-read RNA-Seq. (A) Schematic of the long-

read RNA-seq analysis pipeline. (B) Transcripts and genes identified from PacBio long-read RNA-seq. The number of 
known (blue) and novel isoforms (green and orange) are shown. (C) Transcript abundance distribution for known (FSM) 
versus novel transcripts (NIC, NNC), with dashed lines representing median abundance values in full-length read 
counts per million (CPM) for each category (FSM= 2.36, NIC=1.5, NIC=1.3). (D) Distribution of the number of genes 
expressing multiple isoforms. (E) Fraction of genes in which the most abundantly expressed isoform (“major isoform”) 
differs from the reference isoform (APPRIS principal isoform). 

 

PacBio-derived transcripts were compared to reference transcripts (GENCODE v35) and 
their novelty status was defined using SQANTI3 (Figure 2B).29 The UniProt database lacks a 
complete mapping of protein isoforms to the reference genome, and therefore we could not 
compare transcripts to UniProt directly, although future efforts may resolve this limitation.30–32 
Based on a comparison to GENCODE models, we identified 53,863 transcripts from 10,426 
protein coding genes, inclusive of all transcripts with a minimum abundance of one full-length 
read count per million (CPM). The average length of transcripts is 2,846 kilobase pairs (kbp) 
(Supplementary Information Figure S1A). Among the 53,863 transcripts isoforms identified in the 
HUVEC sample, 31,668 (59%) matched exactly to a transcript isoform in GENCODE, the match 
being based on splice junction connectivity (“full splice matches”, “FSM”, Figure 2B). The 
remaining 22,195 (41%) isoforms were unannotated, or novel, in terms of the observed ordering 
of splice junctions along the length of the transcript (Figure 2B). Of the unannotated isoforms 
identified, 13,746 (62%) contained novel combinations of known splice junctions (“novel in 
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catalog”, “NIC”), and the remaining 8,449 (38%) isoforms contained entirely new exon splice 
boundaries, in which the acceptor or donor site is not represented in GENCODE (“novel not in 
catalog”, “NNC”, Figure 2B). The overall abundance distribution for identified transcripts was wide 
ranging (see Supporting Information Figure S1B). As expected, on average, the novel transcripts 
exhibit lower abundance than known transcripts (Figure 2C).33,34 The FSM transcripts displayed 
a median abundance of 2.4 CPM, while the NIC and NNC transcripts displayed a median of 1.5 
and 1.3 CPM, respectively. This data illustrates that novel transcripts tend to exhibit lower 
abundances than known transcripts. While these trends represent average expression 
differences, particular novel transcripts can exhibit high abundances within HUVECs.  

Using the full-length transcriptomics dataset, we next determined the number of protein-
coding genes that returned evidence for expression of multiple isoforms. We found that 82% 
(8,522 genes of the 10,426 genes represented) of detected genes expressed multiple transcript 
isoforms (Figure 2D). To focus on genes involved in endothelial pathways that may be co-
expressing multiple isoforms, we manually curated the literature to compile a list of genes that are 
involved in vascular pathways related to early endothelial differentiation and development or 
hemogenic specification (see Supporting Information Table S1).35,36 We then determined which 
endothelial genes are expressing multiple isoforms in our HUVEC sample. To have increased 
confidence in isoform expression of such genes, we filtered for genes which contain two or more 
isoforms with each isoform having an abundance of at least three CPM. We identified multiple co-
expressing isoforms for CD34, CELF1, FLT1, NRP1 and SRSF5 (Table 1, with annotations from 
GOrilla37). Notably, we discovered novel isoforms for neuropilin or NRP1, a gene that expresses 
proteins involved in regulating vascular morphogenic pathways through its binding interactions 
with VEGF-A.38 Interestingly, this pathway is functionally modulated by different isoforms of 
VEGF-A.6,39 
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Table 1. Endothelial-relevant genes expressing multiple transcript isoforms in HUVECs.  

 

Given the prevalence of genes that co-express multiple isoforms in HUVECs, we next 
asked to what extent the identity of the most highly expressed isoform, i.e., the major isoform, 
matches what is defined as the “reference isoform” for a gene. To define a gene’s “reference 
isoform”, we used the APPRIS database which reports a principal isoform to be most 
representative for a gene.40 The APPRIS principal isoform concept is related to the concept of a 
UniProt “canonical” protein, though underlying assumptions differ.31,40 For the genes expressing 
multiple isoforms, we classified their corresponding isoforms as either major, i.e., the most 
abundant isoform based on relative expression levels of all isoforms for a gene, or minor. There 
were 1,904 genes only expressing one isoform and therefore were excluded from analysis. We 
identified 8,522 transcripts as the major isoform and 43,437 as minor isoforms. We found, as 
expected, that on average the major isoforms are more highly expressed than minor isoforms 
(Supplementary Information Figure S1C-D). Surprisingly, we found that for 25% (2,143 isoforms) 
of genes, the major isoforms in our HUVEC sample do not coincide with the APPRIS principal 
isoform (Figure 2E). Within this population of major isoforms, we found six genes involved in 
endothelial pathways, CELF1, FLT1, GATA2, NR2F2, NRP1, NRP2 and SRSF6 (see Supporting 
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Information Table S2). These results illustrate that the major isoform expressed in a given sample 
may not always correspond to the generic “reference” isoform for a gene, which can be explained 
by the fact that isoforms exhibit cell or tissue-specific expression patterns.41  

Collectively, the HUVEC transcriptomic results demonstrate the use of long-read RNA-
seq to characterize sample-specific variation in isoform identity and abundance. 

Deriving a HUVEC sample-specific protein isoform database 

The vast transcriptome diversity of HUVECs likely translates in some part to a diversity of 
protein isoforms. To explore this question, we translated the HUVEC transcript isoform sequences 
in silico into open-reading frames (ORFs) and compiled the predicted sequences into a HUVEC 
sample-specific protein isoform database for MS searching, as previously described 
(Supplementary Information Figure S2A).22 To classify the relationships between the predicted 
proteins to that of annotated protein isoforms in GENCODE30, we used the classification scheme 
we previously developed, SQANTI Protein.22 SQANTI Protein automatically categorizes known 
and novel protein isoforms. The categories include “protein full-splice match” (pFSM), “protein 
novel in catalog” (pNIC), and “protein novel not in catalog” (pNNC) (Supplementary Information 
Figure S2B). We found that 16,296 predicted proteins exactly matched protein isoforms in the 
GENCODE reference (pFSMs), while 24,896 predicted protein isoforms were novel 
(Supplementary Information Figure S2C). Among those novel isoforms, 5,855 had novel 
combinations of known protein sequence elements such as the N-terminus, the C-terminus or the 
splicing pattern (pNICs). The other 19,041 protein isoforms had one or more entirely novel 
elements, such as a novel N-terminus or an unannotated exon (pNNC).  

Among the candidate protein isoforms, we first filtered out protein isoforms that may have 
resulted from transcripts from incomplete reads or poor-quality transcripts (see Protein database 
generation in Methods; 11,876 filtered out). The remaining 34,531 predicted protein isoforms 
(comprising 16,296 pFSMs, 5,855 pNICs, and 12,389 pNNCs) from 10,912 genes were compiled 
to create a preliminary HUVEC protein database (Figure 3A). These genes and their associated 
isoforms represent candidates for inclusion in the final database. For the final database, we 
decided to only include isoforms from genes for which we could ensure a complete sampling of 
the transcripts, and thus the predicted proteins. Therefore, we created a hybrid database in which 
we defined a core set of genes for which the transcript detection, and thus predicted proteins, is 
likely complete based on the long-read data collected. The core set of genes included in the hybrid 
database have a minimum abundance of three CPM and a moderate transcript length (1-4 kbp 
average GENCODE-annotated transcript length). For all other genes, the hybrid database is 
populated with all GENCODE protein isoform entries. The hybrid structure of the final database 
ensures comprehensiveness of the protein models, with the protein completeness assumption of 
target-decoy searching satisfied so as to avoid issues of an off-target peptide match.42  

As described, the final HUVEC sample-specific database for proteomic analysis includes 
a mixture of custom PacBio-derived proteins as well as annotated GENCODE proteins (Table 2). 
A detailed listing of steps to convert the transcriptome data to a protein database may be found 
in Supplementary Information Table S3. 
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Table 2. Composition of the HUVEC sample-specific database  

 

 

 

Figure 3. Proteomic analysis of HUVECs using a customized long-read-derived protein isoform database. (A) Steps 

involved in the generation of a HUVEC sample-specific database. (B) Parallel long-read RNA-seq and MS proteomic 
data collection from HUVECs. (C) Correlation between estimated RNA and protein expression levels. PSM, peptide 
spectral match; CPM, full-length read counts per million. (D) Comparison of proteomic search results between the 
reference and HUVEC sample-specific database.  

Collection of a deep-coverage MS dataset for HUVECs 

In order to characterize protein isoforms in HUVECs, we generated and analyzed a deep-
coverage MS dataset collected on the same HUVEC pellets that were used for long-read RNA 
sequencing (Figure 3B). HUVECs were lysed and processed using the filter aided sample 
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preparation (FASP) protocol, in which protein was digested with trypsin to generate a mixture of 
tryptic peptides. The tryptic digest was subjected to off-line fractionation on an analytical scale 
high-pH reverse-phase liquid chromatography instrument, and 20 fractions were collected 
(Supplementary Information Figure S3). These fractions were then analyzed via liquid 
chromatography LC-MS/MS (Orbitrap Eclipse) in data-dependent acquisition (DDA) mode, 
generating 3,772,771 MS2 fragmentation spectra. Acquired spectra were searched using the 
MetaMorpheus43 software to obtain peptide and protein identifications passing a 1% false-
discovery-rate (FDR). Parameters for the MS search can be found in Supplementary Information 
Table S4.  

The HUVEC-specific protein database returns near-complete coverage of 
detectable peptides from a reference search 

To use PacBio-derived transcripts as the basis for deriving a protein database for MS 
searching, a key assumption is that abundances of transcripts are at least moderately correlated 
with protein abundance. In the past, moderate RNA-protein correlations have been observed 
using short-read RNA-seq or microarray datasets to quantify transcript abundance.44 Here, we 
examined the correlation of the transcript abundance that is computed from the long-read RNA-
seq data (sum total transcript abundance for a gene, in units of CPM) to the estimated protein 
abundance (sum total peptide counts passing a 1% FDR, in units of number of peptide spectral 
matches or PSMs). We observed a moderate correlation with an R-square of 0.66 (Figure 3C), 
providing support that the PacBio-based transcript abundances should serve as a reasonable 
proxy for protein presence, although that may not always be the case for a particular gene.  

To assess the general protein sequence content of the HUVEC sample-specific database 
(not resolved to individual isoforms), we assessed recovery of annotated peptides and genes. 
The MS data was searched against the GENCODE and UniProt databases to define the set of 
annotated peptides and genes detectable in the HUVEC sample, and then the same data was 
searched against the HUVEC sample-specific database. We found that the HUVEC sample-
specific database search returned 98% of the peptide and 99% of the gene identifications that 
were identified when using the GENCODE database for searching (Figure 3D). The extent of 
overlap between peptides and genes was similar for the UniProt search results (Supplementary 
Information Figure S4). Overall, these results indicate that the HUVEC sample-specific database, 
which was derived de novo from long reads, is able to capture a majority of the detectable gene 
and peptide populations likely expressed in HUVECs. Confirmation of the large overlap of peptide 
populations identified by the sample-specific database is ultimately useful since it is the underlying 
populations of peptides identified that are the basis for protein isoform characterization.  

Characterization of HUVEC protein isoforms based on available peptide evidence 

We have shown that nearly all reference annotated peptides that are detectable are 
represented in the HUVEC sample-specific database. With the goal of characterizing isoform 
expression in endothelial cells, we next evaluated the evidence for the presence of isoforms, in 
terms of the patterns of their underlying peptide identifications. Due to the complexities and 
potential ambiguities of protein inference27, we elected to examine the peptide evidence directly. 

We defined three scenarios of isoform detection precision, based on how the set of 
identified peptides map to isoforms of a gene. The first scenario is when all isoforms of a gene 
contain only shared peptides, in which the presence of any isoform cannot be definitively 
confirmed (Figure 4A, “Protein isoforms correspond to shared peptides”). Among the 10,444 
genes with any peptide evidence, we found that 5,993 genes (57%) are cases in which no 
isoforms for the gene can be specifically confirmed as expressed because all mapped peptides 
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are shared among two or more isoforms. Of these genes evidenced only by shared peptides, 
3,436 are genes containing PacBio-derived protein isoforms in the hybrid database. 

In all other scenarios, there is evidence for the existence of a specific protein isoform 
because one or more isoforms contain a uniquely mapping peptide. Indeed, the second scenario 
is when an isoform-specific peptide is identified (Figure 4A, “One protein isoform confirmed with 
a unique peptide”). We found 4,451 (42%) genes for which we have unambiguously identified at 
least one isoform for a gene. For 1,748 (17%) of genes, only a single isoform was listed in the 
database, thus, all peptides would be expected to be uniquely mapped. For the remaining 2,703 
(26%) of genes with multiple isoforms annotated, 2,597 (25%) of genes have a single isoform with 
unique peptide evidence. For example, we found a single isoform supported by a uniquely 
mapping peptide (Sequence: LNEGVVEFASYGDLK) for Serine and Arginine Rich Splicing Factor 
5 (SRSF5), which is involved in the splicing of VEGF-A pre-mRNA (Figure 4B). Notably, this 
peptide is shared among two isoforms in the GENCODE database, meaning that the reference 
database search results cannot pinpoint the source isoform for this peptide. 

Of particular interest is a third scenario in which we found evidence for co-expression of 
two or more isoforms, each supported by a uniquely mapping peptide. In such cases, a natural 
question is the nature of the functional relationship between the two isoforms and their biological 
role in endothelial cells. We found 106 (1%) genes with evidence of two or more co-expressing 
isoforms (Figure 4A, “Multiple protein isoforms confirmed with unique peptides”). For example, 
we found two isoforms for Tropomyosin 2 (TPM2), each supported by a unique peptide (Figure 
4C). Notably, there were nine genes in which three or more isoforms each had unique peptide 
evidence. Interestingly, there was an unusually large number of seven protein isoforms detected 
from the gene Plectin (PLEC), which exhibits a series of alternative N-termini due to differential 5’ 
transcription (Supporting Information Figure S5). A list of all protein isoforms supported by peptide 
evidence can be found in Supplementary Information Table S5.  

Collectively, these results highlight that while some isoforms may be readily identified from 
peptide evidence alone, overall, the standard bottom-up MS approach alone does not reach the 
coverage needed to directly characterize all isoforms predicted from the transcriptome, as 
observed previously.45,46 
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Figure 4. Protein isoforms analyzed based on peptides identified via mass-spectrometry (MS). (A) Scenarios of differing 
protein isoform detection precision when evidenced by peptides identified from MS. Only genes with multiple protein 
isoforms in the database are included, and 1,904 genes that express only one isoform were excluded. (B) A protein 
isoform confirmed with a uniquely mapping peptide LNE, for SRSF5, a splice factor that regulates transcripts of VEGF-
A. (C) Two protein isoforms of TPM2 are confirmed with uniquely mapping peptides TID, AIS, and YKA. In B and C 
PacBio-derived protein isoform label follows this format: <Gene>|<PB accession>|<SQANTI Protein class>|<CPM>. 

Increased support for protein isoform presence in HUVECs through incorporation 
of underlying transcript evidence from long-read RNA-seq 

Despite the use of a sample-specific protein isoform database for MS analysis, a large 
population of predicted isoforms are only supported by shared peptides (Figure 4A). Because 
shared peptides map ambiguously to multiple isoforms, they cannot directly confirm expression 
of any particular isoform in the sample. However, the evidence for a particular protein isoform 
could be strengthened by considering the underlying transcript abundance levels provided by the 
sample-matched long-read RNA-seq data, a concept we previously introduced, as well as 
described for short-read RNA-seq data.22,47,48 We reasoned that transcript abundance could be 
used as an additional source of evidence in the isoform discovery process, given there is a 
moderate correlation between RNA and protein abundance (Figure 3C). 

To explore how long-read RNA-seq data can nominate particular protein isoforms, we first 
focused on scenarios for which all predicted isoforms for a gene are supported only by shared 
peptide support. Among such ambiguous protein isoform sets, we reasoned there is higher 
likelihood for expression of protein isoforms for which the associated transcript abundance is 
moderately high (e.g., 25 CPM or higher, Figure 5A). As described in the previous section, 5,993 
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genes had only shared peptide evidence. Among those genes, 3,436 (57%) contained PacBio-
derived isoforms, which have associated transcript abundance information. 

We found that 2,280 (38%) out of the 3,436 genes contain at least one isoform with a 
moderately high transcript abundance of 25 CPM or higher (Figure 5A, “Ambiguous protein 
isoform nominated with long-read information”). Interestingly, we found 247 (4%) genes in which 
there is potential co-expression of at least two protein isoforms in HUVECs. For example, we 
found that CDH5, otherwise known as VE-Cadherin49, potentially expresses multiple protein 
isoforms. One isoform is highly expressed (PB.10443.1; 2,787 CPM) and matches a protein 
isoform in GENCODE and UniProt (GENCODE isoform CDH5-201, UniProt accession P33151). 
However, another isoform is robustly expressed (PB.10443.9, 326 CPM) and, interestingly, is a 
novel isoform because of alternative usage of a novel splice acceptor (Figure 5B). This splicing 
event leads to an isoform of CDH5 that gains nine amino acids in the extracellular domain, the 
region of the protein responsible for mediating interactions with other cadherins to regulate 
endothelial adhesion properties. This example highlights that while CDH5 isoforms were only 
supported by shared peptides, the inclusion of the transcript abundance information as provided 
by the matched long-read data provides higher weights on the existence of at least two isoforms.  

To further explore how long-read RNA-seq data can provide additional evidence for 
expression of protein isoforms, we focused on scenarios in which there is clear evidence for one 
isoform based on unique peptide evidence, but another isoform of the same gene is supported 
by only shared peptides (Figure 5A, “Additional protein isoforms nominated based on long-read 
information”). We found 180 genes (3%) for which the existence of the alternative protein isoform 
is supported by long-read evidence (i.e., 25 CPM or higher transcript abundance). Interestingly, 
we found several protein isoforms of a key endothelial cell surface marker, the platelet endothelial 
cell adhesion molecule, PECAM1 (also known as CD31).50 We found a unique peptide identified 
for PECAM1 (PB.11293.25, Sequence: SDSGTYICTAEMLSQPR), but the remainder of peptides 
identified for PECAM1 are shared across multiple PECAM1 isoforms, leaving open uncertainty 
about the expression of other PECAM1 isoforms beyond PB.11293.25. From the transcript 
abundance information, we nominated three additional isoforms accompanied by strong long-
read support for PECAM1 (PB 11293.22, 75 CPM: PB 11293.1, 79 CPM; PB 11293.7, 543 CPM; 
Figure 5C). PECAM1 produces a transmembrane protein with an extracellular domain, 
transmembrane-spanning domain, and a C-terminal cytoplasmic domain that likely interacts with 
intracellular signaling proteins in endothelial cells.50–52 Strikingly, the differential exon usage 
observed for these three isoforms are located exclusively in the C-terminal domain, suggesting 
potential changes to interactions with intracellular signaling molecules. Further details on 
candidates identified via long-read abundance information can be found in Supplementary 
Information Table S5. 

Collectively, these case studies highlight how inclusion of transcript abundance 
information could nominate protein isoforms which were unable to be directly confirmed as 
expressed based solely on MS peptide evidence. Note that this approach does not provide any 
information on the absence of protein isoforms with lower transcript abundance, but, rather, is 
supplying additional lines of evidence to nominate protein isoforms that may have higher 
likelihood of expression and represent candidates for functional study. Such isoforms are 
attractive candidates for further MS validation and subsequent functional analysis. 
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Figure 5. Nomination of protein isoforms when incorporating long-read data. (A) Scenarios of protein isoform 
candidates nominated for expression when transcript abundance from the long-read RNA-seq information is 
incorporated. (B) CDH5 gene, involved in endothelial pathways demonstrating a scenario of ambiguous protein 
isoforms identified only by shared peptides, but incorporation of long-read RNA-seq data suggests the expression of 
three moderately expressed protein isoforms (PB.10443.1, PB.10443.9 and PB.10443.71). (C) PECAM1 gene, involved 
in endothelial pathways demonstrating an example where one protein isoform is identified via a unique peptide 
(PB.1123.25), SDS, while the remaining protein isoforms are supported by shared peptides. Abundance information 
from long-read RNA-seq suggest expression of (PB.11293.1 and PB.11293.7). In B and C, PacBio-derived protein 
isoform label follows this format: <Gene>|<PB accession>|<SQANTI Protein class>|<CPM>. For B and C, low 
abundance protein isoforms (<25 CPM) are not shown.  

Novel protein isoform discovery enabled through the HUVEC sample-specific 
database 

We have shown that utilization of a HUVEC sample-specific protein database, with the 
accompanying transcript abundance values, can lead to inference of novel protein isoform 
presence. A more direct way to confirm the presence of a novel protein isoform is by detecting a 
uniquely mapping novel peptide. However, the knowledge of the full-length protein isoforms 
expressed within a sample is not always possible when using short-read RNA-seq, which can 
return information on individual splice junctions but may not accurately define full-length 
transcripts.17 Long-read RNA-seq provides the full-length transcript and, by extension, the full-
length protein isoform prediction; therefore, a novel peptide that directly maps to the full-length 
protein isoform lends support for its existence. 
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Using the sample-specific database, we discovered novel peptides for HUVECs, indicating 
that the reference proteome does not comprehensively capture all protein isoform diversity in a 
sample. We found 108 novel peptide sequences passing a global 1% FDR, for which they are not 
represented within the GENCODE or Uniprot databases (Figure 6A, Supplementary Information 
Table S6).30,31 Increased false positive rates for novel peptides have been observed previously53; 
therefore, we employed strict validation criteria for the novel peptides. Of the 108 novel peptides 
identified, 39 peptides had a Q-value score below 0.001, corresponding to a 0.1% global FDR. 
Upon manual annotation of these 39 peptides, we noted 30 peptides with especially strong 
spectral support, such as full ladders of b- and y- ion fragmentation peaks in the MS2 raw spectra. 
These novel peptides supported expression of novel alternative transcription or splicing events, 
such as retained intronic regions or novel exons (Figure 6B, Supplementary Information Table 
S6). 

Of the identified novel isoforms, we closely examined splicing events for genes previously 
implicated in endothelial pathways. Such novel isoforms could represent attractive candidate 
isoforms for further functional characterization. We found a novel peptide (Sequence: 
GTACLQTVHSVCPR) confirming the expression of a splice-induced frame-shifted region of 
EGFL7 (Protein entry: PB.6795.3), a gene reported through the literature to be involved in 
vasculogenic pathways as well as hemogenic specification (Figure 6C).54,55 We also discovered 
two novel peptides for PECAM1. This is an important finding since PECAM1 is a marker for 
endothelial cells and plays a role in the regulation of junctional integrity of endothelial cells and 
vascular barrier.50 Specifically, we discovered a novel peptide (Sequence: 
ELELLTSKDPPPSASQSAGITDLGKK, maps to protein entry PB.11293.45) corresponding to a 
novel exon, as well as a second novel peptide (Sequence: SDSGTYICTAEMLSQPR, mapping to 
protein entry PB.11293.25) that confirms the usage of a novel alternative donor site (Supporting 
information Table S6).  

 

 

Figure 6. Novel protein isoforms discovered via unique peptides. (A) Novel protein isoform confirmed by identified 

novel peptides. (B) Table of the frequency of events supported confirmation of a novel peptide. (C) Novel peptide found 
for a protein isoform of endothelial gene EGFL7. Novel peptide and corresponding protein isoform shown in red, which 
supports a frameshift event for the protein isoform PB.6795.3. 
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Conclusions 
Endothelial cells that line all blood vessels are critical for the cardiovascular system and 

their behaviors can be modulated by protein isoforms, though the extent of this mechanism is not 
known. To characterize isoform expression in endothelial cells, we performed long-read RNA 
sequencing (PacBio) of HUVECs to characterize transcript isoforms, and predicted proteins via 
their translation in silico to protein isoform sequences. To assess evidence for protein isoform 
expression, we performed MS analysis on the same HUVEC sample and used the HUVEC 
sample-specific database for MS searching. This general approach has been described and 
termed “long-read proteogenomics” to enhance protein isoform characterization.22 

Our long-read proteogenomics workflow applied to HUVECs, led to the identification of 
53,863 distinct transcript isoforms, of which 22,195 were novel. We also found 8,522 genes co-
expressing multiple isoforms. Surprisingly, a quarter of the time, the most abundant isoform in 
HUVECs did not match the predicted “reference isoform” (GENCODE APPRIS principal isoform). 
This includes genes annotated in endothelial pathways including CD34 and NRP1. From the 
transcript sequences, we derived a hybrid protein isoform database that contains the highest 
confidence protein isoform predictions from PacBio-derived transcript isoform sequences, which 
was completed with GENCODE reference and contaminant sequences. The long-read-derived 
database captures almost all peptides and proteins detected from searches against the 
GENCODE protein database.  

We identified 10,444 genes with peptide evidence. Based on the peptides identified 
through MS searching, we found support for expression of 4,451 genes based on uniquely 
mapping peptides. For the remaining 5,993 genes only evidenced by shared peptides, we 
incorporated the underlying transcript abundance information as an additional layer of evidence, 
nominating an additional 2,280 genes as potentially expressed. This group includes a novel 
isoform for endothelial gene CDH5 (VE-Cadherin). This case exemplifies how a combination of 
the full-length transcript and proteomics data can lead to the discovery of novel protein isoforms 
that cannot be identified by MS data alone. We showed that the HUVEC sample-specific database 
enabled discovery of 108 novel protein isoforms based on novel peptide identifications. Among 
the novel protein isoforms identified is the endothelial gene PECAM1. 

Our proteogenomic method shows promise for isoform discovery in endothelial cells, but 
opportunities exist for further improvements. First, limitations in the MS coverage mean that 
proteins with low abundance or poorly ionizable peptides remain undetected. Future work could 
involve targeted proteomics, such as parallel reaction monitoring or advanced targeted acquisition 
strategies, for sensitive detection of alternative protein isoforms.56–58 Second, the isoforms 
discovered in this study represent the results of a single cell line in a static culture condition. For 
the purposes of identifying isoforms that are dynamically regulated, multiple conditions should be 
examined. Third, the sample-specific database relies on the assumption that sequenced 
transcripts reflect protein sequences. Thus, we assume that transcripts are both fully sampled as 
well as moderately correlated to protein expression, which may not be the case for all genes. 

Overall, we have shown the application of a long-read proteogenomics platform towards 
characterization of known and novel isoforms in primary endothelial cells. This approach can 
uncover isoform populations that could modulate endothelial cell phenotype and function. The 
systematic discovery of isoforms produces information to guide selection of candidate isoforms 
for functional studies. This approach can be extended to various endothelial cell contexts 
including both healthy and diseased states to chart isoforms changing across development or 
during onset of cardiovascular disease. 
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