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Abstract
Lung cancer is one of the most frequently diagnosed cancers with higher incidence and mortality rates in
African-American (AA) men compared to European-American (EA) men. Here, we report high-con�dence
alternative splicing (AS) events from high-throughput, high-depth total RNA-sequencing of lung tumors
and non-tumor adjacent tissues (NATs) from two independent cohorts of patients with adenocarcinoma
and squamous cell carcinoma. We uncover tumor subtype- and population-speci�c AS events different
between AAs and EAs, associated with oncogenic signaling pathways, cell surface proteins, and cancer
driver genes. We highlight signi�cant AS events in SYNE2 speci�c to LUAD in both populations as well as
those in CD44 from EAs and TMBIM6 from AAs speci�c to LUAD. Our large survey of lung tumors
presents a rich data resource that can help uncover new therapeutic vulnerabilities that potentially
advance health equity.

Introduction
Lung cancer remains the leading cause of cancer-related deaths in the US [1]. Non-small cell lung cancer
(NSCLC) forms the larger group, with lung adenocarcinoma (LUAD) as the most common subtype,
followed by lung squamous cell carcinoma (LUSC). African American (AA) men are about 15% more likely
to develop lung cancer than European American (EA) men [2]. Disparities also exist in lung cancer
survival, where AAs consistently have worse outcomes, at least partly attributed to access to care and
treatment decisions [3][4]. In recent years, vast progress has been made in understanding the global
molecular architecture of lung tumors, but AAs have been largely underrepresented in these studies. The
inclusion of minority populations has the potential to reveal novel signatures and tumor vulnerabilities,
and advance cancer health equity. We previously reported population differences in lung tumor biology,
including circulating in�ammation proteins, gene expression signatures, somatic mutations, and
ancestry-associated single nucleotide polymorphisms [5–14]. However, work remains to complete the
global comparison of tumor biology across racial and ethnic groups.

Recent genome-wide studies suggested that alternative splicing (AS), or aberrant splicing of precursor
(pre)-mRNA, is associated with critical oncogenic processes [15, 16], indicating that AS plays an
important, but largely underappreciated, role in cancer. However, previous work has been largely saturated
in the analysis of splicing from low coverage mRNA-seq [17] rather than total RNA-seq [18] which permits
the investigation of RNA-processing and transcriptional regulation. Studies indicate that isoform-level
expression can more precisely de�ne tumor molecular subtypes [19, 20]. In addition to revealing the role
of AS events as potential cancer drivers, AS pro�ling can also uncover novel molecular biomarkers and
neoantigens for cancer diagnosis, treatment, and prognosis [21–23]. Indeed, recent work suggests that
AS is a key driver of novel neoantigens that in�uences immune checkpoint inhibitor sensitivity [24] and
escape from immunotherapy [25].

Aberrant AS events have been linked to tumorigenesis in cancers of the lung, gastrointestinal tract, brain,
ovary, breast, and other tissues [26–33], though the majority of these studies did not include populations
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of African descent. Recently, Deveaux et al. reported differences in AS between AAs and EAs in a small
subset of LUSC tumors, determined by transcriptome array [34]. However, to date, differences in lung
tumor-speci�c AS events between racial and histological groups, the impact of AS events in cancer driver
genes on health disparities, or the association between tumor-speci�c AS events and certain external
exposures, such as smoking, have remained unexamined. Our goal was to study the genome-wide
differences in AS between LUAD and LUSC tumors from AAs and EAs and, by generating high-throughput,
high-depth, total RNA-seq on tumor and non-tumor adjacent tissue (NAT) samples from two independent
datasets, to identify such differences with high con�dence. These new data indicate a complex system of
AS that furthers our understanding of population differences in the biology underlying NSCLC.

Results

Histology-speci�c differences in splicing events in lung
cancer
We �rst examined the AS events in tumors compared with their respective NATs from the discovery
dataset and identi�ed 990 AS events in 773 genes in LUAD, and 668 events in 529 genes in LUSC (Fig. 1a,
1b; Tables S3, S4). The majority of these events were in protein coding genes (LUAD 90%, LUSC 91%).
The AS events represented all �ve major classes, and the proportions of AS events across the classes
were similar between LUAD and LUSC, with SE as the most common and MXE as the least common
(Fig. 1c). Multiple AS classes were observed for the same gene exons. Approximately 60% of the AS
events (30% of genes) were overlapping between LUSC and LUAD (Fig. 1d).

To validate our observations, we generated a second dataset from independent tumor and NAT samples.
Overall, 40% (398 of 990) and 50% (347 of 688) of detected AS events from the discovery dataset were
also detected in the validation dataset for LUAD and LUSC, respectively, and represented all �ve major
classes of AS (Fig. 1e; Tables S3, S4). Of these, 209 validated AS events in 160 genes were observed in
both LUAD and LUSC (Table S5), suggesting that both histological subtype-speci�c and shared splicing
events in NSCLC are common.

Most validated differentially spliced genes (DSGs) were involved in single splicing events in LUAD (82%)
and LUSC (81%), while approximately 18% had two or more splice events. Twenty-one genes with three or
more events, were common to LUAD and LUSC, including TPM1 (with 9 and 8 AS events, respectively),
VEGFA (with 6 and 6 AS events, respectively) and CTNND1 (with 6 and 4 AS events, respectively) (Tables
S3-S5).

To identify the major signaling pathways affected by aberrant AS in NSCLC, we performed IPA analysis
on the validated DSGs (Fig. 1f). The DSGs common to both LUAD and LUSC (23 genes) were enriched in
the IL-15 production, ILK, STAT3, and VEGF signaling pathways. Validated DSGs speci�c to LUAD were
enriched in protein kinase A and HIPPO signaling pathways, whereas validated DSGs speci�c to LUSC
were enriched in clathrin-mediated endocytosis signaling and remodeling epithelial adherens junctions
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pathways (Table S6). These data suggest that while AS contributes to common pathway perturbation in
NSCLC, distinct pathways are also perturbed by AS in each clinical subtype.

Because gene expression patterns in NATs may be in�uenced by the type of tumor tissue or cell of origin
[35], we directly compared the tumor tissues in LUAD vs. LUSC, without consideration of NATs. We
identi�ed 94 AS events in the discovery dataset, 15 of which were validated in the second dataset (Table
S7). Among these, four AS events in CD44 had a signi�cantly lower PSI in LUAD compared with LUSC.
This indicates the presence of subtype speci�c tumor isoforms. In contrast, when comparing NATs, 88
detected AS events were observed in the tissues adjacent to LUAD or LUSC tumors (Table S8); only two of
these, in GLS2 and LRP8, were observed in the validation dataset. Neither GLS2 nor LRP8 were found
differentially spliced in LUAD versus LUSC tumor tissue. This suggests that most of the AS events
observed in NSCLC, particularly those that differ by histological subtype, are somatic and tumor-speci�c
in nature.

RNA splicing differences in NCSLC between African
Americans and European Americans
As we previously reported on key differences in genomic and gene expression changes in NSCLC from
AAs vs. EAs [5–14], we explored potential population-related differences in AS. When populations were
analyzed separately, over 1,000 AS events from more than 800 genes were identi�ed in LUAD compared
with NATs, 33% of which were also present in the validation datasets (Fig. 2a; Tables S9, S10). These
validated AS events had similar distributions of splicing classes between the AA and EA populations
(Fig. 2b). More than half (54%) of AS events were shared between the populations in LUAD (Fig. 2c, 2d).
Half of the genes with more than three AS events (13 of 25) were unique to AAs or EAs (e.g., TPM1 and
VEGFA were shared, ADAM15 and FGFR2 were unique to AAs, and IL32 and STYL2 were unique to EAs),
further highlighting population differences (Table S11).

In LUSC, we identi�ed more than 300 validated AS events in both AAs and EAs compared with NATs,
representing approximately 40% of the AS events from the discovery datasets (Fig. 3a, 3b; Tables S16,
S17). There were both shared (~50%) and distinct (~50%) splicing events in AAs and EAs (Fig. 3d)
suggesting that both common and population-speci�c AS events occur in all modes of splicing in LUSC
as well (Fig. 3c). Again, we saw multiple splicing events in both AAs and EAs within TPM1 and VEGFA.
Genes with more than three AS events were also unique to AAs or EAs in LUSC, such as DLG1 and
METTL26 in AAs and CTNND1 and MACF1 in EAs, further highlighting key shared and unique population-
related splicing events in LUSC (Table S18).

To understand population differences in the cellular pathways affected by AS in AAs and EAs with LUAD,
we analyzed on the genes with validated AS events (Fig. 2f). In AAs, 37 signi�cant pathways were
affected by AS, including HGF related Met receptor signaling, and CSDE1 pathway regulation (Table S12).
In EAs, we observed 40 pathways, including those associated with IL7, STAT3, and ERK/MAPK signaling
(Table S12). Twenty-two pathways commonly perturbed in AAs and EAs included IL-15, ILK, and VEGF
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signaling. In LUSC, there were 25 pathways affected by AS only in AAs with LUSC including VEGF, iron
hemostasis, and GP6 signaling (Table S20). In EAs, we observed 32 pathways regulated related to
epithelial remodeling and HIPPO signaling (Table S20). Sixteen pathways were shared between the
populations (Fig. 3f).

When comparing AS events between AA and EA LUAD tumors, not accounting for NATs, we identi�ed 246
AS events, of which 45 were validated (Fig. 2e; Table S13). We also compared AS events in the NATs
between the two populations and identi�ed 325 events, of which 44 were observed in the validation
dataset (Table S14). Thirteen validated events overlapped between AA and EA LUAD tumors and NATs
(Table S15), suggesting that these events are not tumor speci�c. In LUSC tumors, we identi�ed 226 AS
events between AAs and EAs, of which 37 were validated (Fig. 3e; Table S20). Nine of these population
speci�c AS events were observed in both LUAD and LUSC, suggesting that they are independent of
histology. We also compared AS events in the NATs from LUSC between the populations and identi�ed
238 events, and 42 of these events were validated (Table S21). We found 11 validated events overlapped
between AA and EA LUSC tumors and NATs (Table S22), suggesting that these events are non-tumor
speci�c. Ultimately, the results emphasize the importance of quantitatively pro�ling AS in cancer and the
potential of this approach to uncover novel, and perhaps population-speci�c, tumor biology.

Alternative Splicing of Driver Genes and Surface Proteins in
NSCLC
Growing evidence has demonstrated that AS is involved in oncogenic processes including proliferation,
apoptosis, hypoxia, angiogenesis, immune escape and metastasis [36]. Speci�c isoforms can act as
cancer drivers [37]. To determine which cancer-speci�c splicing events may drive lung cancer or re�ect the
tissue of origin, we selected events from COSMIC cancer driver genes. We identi�ed AS events with ≥20%
PSI differences shared between the subtypes, including those effecting AFDN, FGFR2, GCOM1, and
PPFIBP1 (Fig. 4a), while there were also validated AS events in cancer driver genes with a ≥10% PSI
difference unique to LUAD and LUSC (Fig. 4a; Table S23). Similarly, we identi�ed 17 validated events in
cancer driver genes that were shared between AAs and EAs (Fig. 4b; Table S24). Of note, an SE event in
AFDN was validated in both histological subtypes. (Fig. 4c, 4d). Further, this event in exon 16 in AFDN had
a >20% PSI difference between tumor and NATs (PSI = 0.59 and 0.84, respectively) and was signi�cantly
more spliced out from tumor among both AAs and EAs for both histologies (Fig. 4d; Table S24). This
event occurs in the protein’s dilute DIL domain, responsible for actin stress �ber formation involved in
tumor induced cell migration, invasiveness, and growth [38].

Splicing variants in genes encoding for surface proteins have been recognized as a class of therapeutic
targets called alternative tumor-speci�c antigens, which provide potential surface targets for antitumor
therapy. These neoantigens have a distinct advantage over other classes of tumor antigens because they
are twice as common as single-nucleotide variants across the TCGA pan-cancer dataset and are highly
correlated with PD-L1 expression [39]. To determine if surface proteins associate with a certain
population pro�le, we �rst identi�ed validated events from surface molecules in LUAD and LUSC (Fig. 5a;
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Table S25). Of these, 26 involved the extracellular region of the protein and among these, eight involved
extracellular along with transmembrane region, while seven events spanned across the extracellular,
transmembrane and the cytoplasmic region. Fourteen events occurred exclusively in the cytoplasmic
region, four of which involved an alteration in a signal peptide. Seven events occurred exclusively in the
transmembrane region which may have a role in structural modi�cation and localization. A notable cell
surface event speci�c to LUAD with a PSI difference >20% between tumor vs. NAT was in SYNE2
(Fig. 5b). The SE event in SYNE2, also known as Nesprin-2, occurred in exon 107 with respect to reference
transcript and was validated in LUAD only. In addition, this event involved splicing out 159 bp (53 amino
acids) of the KASH domain in tumor cells, with a nearly 30% PSI difference between tumor and NATs (PSI
= 0.32 and 0.59, respectively). This event was validated in LUAD from both AAs and EAs (Fig. 5c).

An additional event worth of note occurred in CD44 (Fig. 5a, 6a). In comparison to the full-length
reference transcript, the loss of exon 11 leads to splicing out of 132bp (44 amino acids) in the tumor
isoform (Fig. 6b). Skipping of exon 11 had a 12% PSI difference between tumors and NATs (PSI = 0.47
and 0.61 respectively) which was validated in LUAD (Fig. 6c). In contrast, skipping of exon 11 was the
reverse for LUSC, where there was signi�cantly less skipping in tumor as compared to NAT, and the
magnitude of the PSI difference in LUSC was small (<10%). These observations were extended similarly
to only EAs in LUAD tumors (Fig. 6c). In LUSC, noteworthy events included CD47 and EPHA1. These data
suggest that an increased frequency of CD44 exon loss may drive splicing activity in LUAD that is
enriched in AAs. Another SE event in TMBIM6 was evidently validated only in LUAD (Supplementary
Fig. 1c).

Alternative splicing has also emerged as a central regulatory process during the epithelial–mesenchymal
transition (EMT) controlled by splicing factors. Differentially expressed splicing factors may be
responsible for regulating tumor-associated splicing events in cancer tissues [40–42]. So, we also
explored EMT markers and RNA binding proteins (RBP) for their association with tumor subtypes
(Supplementary Fig. 1a, 1b;Tables S27 and S28). An SE event was validated only in LUSC in the EMT
gene, FIP1L1 (FIP1-like 1gene), involved in oncogenic activity through genomic fusion events [43]
(Supplementary Fig. 1d). We also noted involvement of EMT–associated splicing factors MBNL1 and
MBNL2 in NSCLC tumor biology while hnRNPC and hnRNPL were observed in only regulating LUAD
(Supplementary Fig. 1a, 1b; Tables S27, S28).

Effect of environmental and host factors on alternative
splicing in lung tumor tissues
Although lung carcinogenesis is a multifactorial process driven by exogenous exposures (e.g., cigarette
smoking), inherited genetic variations, and an accumulation of somatic genetic events, our results
suggest that it is characterized by population differences in biology. To explore whether host factors
impact these differences, we performed linear regression to model PSI as a continuous outcome variable
based on multiple predictor variables (i.e., environmental and host factors, including age, gender, smoking
and aspirin use).
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First, we assessed how many events were associated with race in both tumor and NAT samples.
Following adjustment for age and gender, at P<0.01, we detected 174 AS events associated with race
(Table S29). Smoking intensity is known to modulate the transcriptome speci�cally regulating immunity,
in�ammation, and cell death gene networks, and is a key demographic variable that differs between
populations with a longer cumulative exposure to tobacco in AAs leading to a greater cancer risk [44].
After adjusting for age and gender, 623 AS events were signi�cantly associated (P<0.01) with the number
of cigarettes smoked per day (smoking intensity) and for the smoking duration (smoking years) (Table
S30). Eight hundred and thirteen events were signi�cantly associated with smoking intensity following
adjustment for race, age, and gender at P<0.01 (Table S31), and 882 events were associated with
smoking duration in tumor tissues after adjustment for race, age, and gender (Table S32). Notably, 57%
of these events were shared between smoke intensity and duration indicating that majority of the AS is
modulated similarly, while the remaining 43% unique events are modulated independently by intensity
and duration. Collectively, this suggests that some population-associated AS events in lung cancer are
attributable to population differences in smoking patterns.

We previously reported a relationship between aspirin and lung cancer survival among AAs, but not EAs
[45], which suggested that aspirin differentially in�uenced host tumor biology. We found 1130 AS events
were associated with aspirin use (P<0.01) in tumor tissues after adjustment for age and gender (Table
S33). These �ndings suggest that exposure-associated alterations observed in lung tumor tissue may
re�ect, in part, the altered transcriptome observed in lung tumors and NATs to these tumors, supporting
the concept that external exposures such as aspirin use have strong relationships to gene-splicing
changes in lung tumor tissues.

Discussion
Complexity of the splicing network is in�uenced by splicing machinery, splicing regulators, and RNA
structure. The dysregulation of alternative splicing is closely associated with tumor progression and
leads to the formation of multiple isoforms with diverse functions. Indeed, recent work has highlighted
both the functional impact of AS and its implications for immune and targeted therapies. Here, we report
the �rst comprehensive genome-wide data analysis of isoform-level AS and de�ne both population and
histological differences in lung cancer. A key strength of our study is the generation of two independent
discovery and validation datasets that included samples from AAs and EAs patients with LUAD and LUSC
histological sub-types and the inclusion of matched NATs. Our �ndings on splicing modulations by
environmental and host factors are consistent with previous studies linking exogenous exposures with
AS modulation [46–48]. Tobacco exposure and aspirin use are two exposures that demonstrate striking
differences in AA and EA [44, 45], therefore it is notable that these exposures also leave a footprint in
terms of tumor biology and highlights the importance of considering an individual’s lifestyle and
exposures when assessing tumor biology and inter-tumor heterogeneity.

We tested the hypothesis that AS events de�ne histology-speci�c diver-like properties and observed many
alternatively spliced cancer driver genes including Afadin/AF-6 (AFDN) with the canonical isoform



Page 8/21

ENST00000351017.8, which may have a role in tumor progression and invasion [38]. Another similar AS
driver-like event was observed in SYNE2, a multi-isomeric cancer gene. Here we observed a differential
exon inclusion rate (PSI) favoring exon skipping in exon 107. The latter is involved in a domain required
for scaffolding for protein-protein interactions, and thus may in�uence the shape and migration
properties of cells [49].

In addition, our analysis also uncovers splicing changes in cell surface proteins that may completely
transform their structure or function are common in lung cancer. For example, the human CD44 gene
encodes a polymorphic group of transmembrane glycoproteins generated by AS, which have been
reported to be associated with poor prognosis in NSCLC [50, 51]. We detected skipped exon 11 in
reference to the full-length CD44 transcript (ENST00000428726.8) in LUAD but not in LUSC. This event
may result in an altered extracellular region in the variant domain; thus impacting the structure of the
protein. The alternatively spliced CD44 variants that have exon 11 spliced-in (CD44v6) are required for
activation of the receptors. Cooperation between CD44v6 and MET is essential for tumor growth and
metastasis of cancer cells [52], and CD44v6 may be involved in promoting the properties of lung tumor
stem-like cells [53]. Further exploration of the function and impact of this isoform in LUAD is warranted.
Similarly, dysregulated AS within tumor microenvironment may be orchestrated by a limited number of
cancer speci�c EMT–associated splicing factors [41]. For example, we identi�ed an EMT–associated
splicing event in FIP1L1, which is known to be associated with two oncogenic fusion genes: FIP1L1-
retinoic acid receptor alpha (RARA) and FIP1L1-platelet-derived growth factor receptor alpha (PDGFRA)
[43].

Our approach also allowed us to elaborate on the variations in the lung cancer transcriptome as we
identi�ed consistent and recurrent AS events that can have an impact on protein functions through gain
or loss of exon(s). A relatively small change in transcript abundance can be su�cient to trigger an
oncogenic effect in cells [54] and our data clearly show that cancer cells frequently exploit AS for their
own advantage.

In addition to adding granularity to the layers of aberrant molecular biology in cancer, analysis of
alternative splicing has led to its development as a therapeutic target. For example, steric block
oligonucleotides have been developed that hide speci�c sequences within a target transcript from the
spliceosome and thereby interfere with transcript RNA–RNA and / or RNA–protein interactions, leading to
the inclusion, or exclusion, of exons [55]. An example of this drug class, Nusinersen, is FDA-approved for
the treatment of muscular dystrophy and alters splicing of the SMN2 gene. Another class of ASO, steric
blockers, promote isoform switching and can diminish the expression of harmful protein isoforms and /
or promote the expression of bene�cial ones [19, 30]. Nearly 200 oligonucleotide therapeutics for cancer
using ASOs are in phase 1 / 2 clinical trials [56]. Our data highlighting cancer-associated exons in CD44
suggest that this splicing event could also be targeted with this technology.

In addition to driving proteomic diversity, the inclusion, and exclusion, of exon splicing ‘errors’ in cancer
cells can also expand the neoantigen repertoire and enhance immunotherapy sensitivity [24]. Spliced
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exons with a high fold difference between tumor and NATs, in genes that encode for proteins exposed on
the cell surface have the potential to be speci�c targets for immunotherapy. These neoepitopes can also
help us understand mechanism of antigen escape to improve drug sensitivity [57, 58]. Our �ndings
provide the speci�city and therapeutic window to explore the potential of AS to mediate response to
immunotherapy. The PSI levels of the validated events show a maximum of 30% difference between the
tumors and NATs in the subtypes. Interestingly, LUAD underwent splicing at a much higher frequency
than LUSC, and future studies are needed to determine if these subtype differences translate to clinical
implications for immunotherapy. Indeed, mounting evidence indicates that AS-derived neoepitopes can be
promising targets for inhibiting tumor growth and enhancing checkpoint blockade [59, 60].

In summary, we performed a systematic characterization of the complexity of isoform-level alternative
splicing variation in lung cancer. We identi�ed high-con�dence, novel alternative splicing (AS) biomarkers
with differential splicing patterns between tumor and NATs in discovery and validation cohorts. Our
approach afforded sensitive detection of relatively pronounced tumor-associated AS events for cancer
driver genes and surface molecules that occur in the majority of patients in lung cancer from AAs and
EAs in histological subtypes. Our inclusion of tumor samples from EAs and AAs and the biological
differences we subsequently identi�ed, underscores the importance of increasing the representation of
minority and under-represented populations in cancer genomics, as such studies not only expand our
knowledge of cancer biology but advance health equity and can uncover new cancer vulnerabilities. Our
study has some potential limitations. Accurate determination of differential transcript usage in genes
with many isoforms likely requires high sequencing coverage and su�cient samples per population [19].
This was, in part, mitigated by our use of total RNAseq in independent datasets at high coverage and
depth in tumors from AAs and EAs with matching non-tumor adjacent tissues, and across histological
sub-types. Our study signi�es the potential to further de�ne lung cancer subtypes through splice
variations and provides a new path toward a more personalized approach to therapy.

Methods

Patient samples
Patients with NSCLC and living in the Baltimore Metropolitan area were prospectively recruited from
seven Baltimore City hospitals to the ongoing NCI-MD Case Control Study, as described previously [11].
This study was conducted in accordance with the Declaration of Helsinki. Institutional review boards at
all participating institutions approved the study and written informed consent was obtained from all
patients. Eligibility was based on patients that had a histologically con�rmed NSCLC diagnosis, had been
born in the United States, was a current resident of the state of Maryland, spoke English well enough to be
interviewed, was physically and mentally capable of performing the interview (i.e., must be able to hear
the interviewer, mentally comprehend the interviewer’s questions, and verbally respond), and did not
currently reside in an institution such as a prison, nursing home, or shelter. Eligible participants that self-
described as non-Hispanic AA or non-Hispanic EA received a structured in-person interview. Clinical and
questionnaire data were obtained from medical records and pathology reports. Fresh human lung tumors
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and non-tumor adjacent lung tissues (NAT) were obtained from patients directly after surgery. After
resection, each tumor was macroscopically dissected by a pathologist to remove normal tissue. The
tissues were transferred to sample collection tubes, �ash frozen, and stored at −80°C. Specimens were
transported to the NCI on dry ice within 24 hours and stored at −80°C until molecular analyses were
performed.

Discovery samples
Initially, 75 evaluable primary tumors from 35 AAs and 40 EAs and 77 NATs were used in this study.
Samples included 38 primary LUAD tumors and 37 primary LUSC tumors. Of these, 54 tumor/NATs were
match paired. (Table S1).

Validation samples
This dataset consisted of 191 tissues including 94 evaluable tumor tissues from 23 AAs and 71 EAs and
95 NATs. Samples included 60 primary LUAD tumors, 25 primary LUSC tumors, and 10 other histological
subtypes. Of these 93 tumors had patient-matched NAT samples (Table S2).

RNA Extraction
Total RNA was extracted using Trizol according to the manufacturer’s instructions. RNA quality was
assessed on a bioanalyser before including for sequencing.

RNA Sequencing
Libraries were prepared according to the TruSeq Stranded Total RNA kit. cDNA libraries that passed size
and purity criteria were retained for sequencing. Sequencing for the discovery dataset was conducted
using the Illumina TruSeq v4.0 chemistry (Illumina, Inc., San Diego, CA), paired-end for 126 cycles and at
a read length of 125 bp. Sequencing for the validation dataset was conducted using Illumina
HiSeq3000/4000 chemistry, paired-end for 150 cycles and at a read length of 150 bp. The quality of raw
RNA-seq data was evaluated using FastQC v0.11.7
(https://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). Paired end raw reads were aligned to the
human reference genome (hg38) using HISAT2 software (version 2.1.0) [61].

Differential alternative splicing analysis
To assess the differential splicing landscape, replicate multivariate analysis of transcript splicing (rMATS,
version 3.2.5) [62] was used to identify differential AS events. The percent spliced in (PSI) value, de�ned
as the ratio of inclusive reads over inclusive and exclusive reads normalized by read length and scored
from zero to one, as well as associated statistics, were computed for each identi�ed splicing event. Five
AS classes were assessed: skipped exon (SE), retained intron (RI), alternative 5'splice site (A5SS),
alternative 3' splice site (A3SS), and mutually exclusive exons (MXE). For each tumor/NAT comparison,
high-con�dence AS events were identi�ed as those with a PSI difference >0.1 (10%) and false discovery
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rate (FDR) <0.1. AS events were “validated” if they were signi�cant and they pass these thresholds in both
the discovery and validation datasets.

Pathway enrichment analysis of differentially spliced genes
To associate cellular functions with differentially spliced genes (DSGs), QIAGEN Ingenuity Pathway
Analysis (IPA) [63] was used utilizing the curated gene sets of the QIAGEN’s Ingenuity Knowledge Base.
The Core Analysis that includes the enrichment pathway analysis was performed. The canonical pathway
visualization is a list of enriched pathways ranked by p-value and percentage of overlapping genes
mapped against the total number of those in that pathway. Signi�cantly enriched terms with similar
descriptions and functions were further grouped into distinct biological categories by IPA to better re�ect
the biology in context, and top pathways were schematically projected on the network of enriched terms.
Validated events were tested for statistical overrepresentation in IPA’s canonical signaling pathways
using Fisher’s exact test.

Protein function and structure annotation:
Genes with AS events were annotated for cancer drivers using COSMIC Cancer Gene Census [64] and for
surface proteins subcellular localization database using COMPARTMENTS [65]. The protein topology of
altered transcripts was assessed using PROTTER [66], which provided proteoform visualization of the AS
protein sequence.

Regression analysis:
Tumor splicing alterations were characterized for association with multiple exposure variables and lung
cancer in patients for whom demographic data was available (Table S2). The AS events were tested for
differences in splicing between tumor and NATs using linear models implemented by Limma (v3.42.0)
[67]. Linear models were trained across PSI data matrix for AS events using standard linear regression
against a continuous indicator (PSI) of AS events absent or present in a gene. The independent variables
included continuous variables (age, smoking status, smoke packs, smoking duration, smoking intensity,
menthol cigarette usage, aspirin use, aspirin per day, aspirin duration, and BMI) and categorical variables
(gender and race). Statistical analyses were performed using the R software package.

Data availability statement
The NCI-MD data that supports the �ndings of this study was derived from patients enrolled in the NCI-
MD Case-Control Study [11].

Code availability statement
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Figure 1

Fig 1: Pro�ling of AS events in lung cancer. (a) Schematic representation of �ve modes of AS events:
skipped exon (SE), retained intron (RI), mutually exclusive exons (MXE), alternate 5’ splice site (A5SS),
and alternate 3’ splice site (A3SS). (b) Volcano plot of validated AS events with FDR<0.1 and delta PSI of
≥10% in LUAD and LUSC tumor tissues. Color represents the �ltered AS events. Grey represents the non-
signi�cant AS events. (c) Pie chart showing proportion of AS classes in LUAD and LUSC. (d) Venn
diagram showing overlap of DSGs between LUAD and LUSC. (e) Bar plot of shared and unique validated
candidate events in alternative splicing modes in LUAD and LUSC. (f) Top canonical pathways from
validated events enriched in LUAD and LUSC.



Page 18/21

Figure 2

Fig 2: AA and EA population differences of alternatively spliced events in LUAD. (a) Volcano plot of
candidate AS events with FDR<0.1 and delta PSI of ≥10% in LUAD tumors from AAs and EAs. Color
represents the �ltered AS events. Grey scale represents the AS events not �ltered. (b) Venn diagram
showing overlap of validated AS events in LUAD between AAs and EAs. (c) Pie chart showing proportion
of candidate events in LUAD from AAs and EAs. (d) Bar plot of shared and unique candidate events in
alternative splicing modes identi�ed in corresponding DSGs in LUAD from AAs and EAs. (e) Top
canonical pathways from validated events enriched in LUAD from AAs and EAs.
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Figure 3

Fig 3: Population differences of alternatively spliced events in LUSC. (a) Volcano plot of candidate AS
events with FDR<0.1 and delta PSI of ≥10% in AA and EA populations in LUSC tumors. Color represents
the �ltered AS events. Grey scale represents the AS events not �ltered using stringent �lters. (b) Venn
diagram showing overlap of validated AS events between AA-LUSC and EA-LUSC. (c) Pie chart showing
proportion of candidate events in AA-LUSC and EA-LUSC. (d) Bar plot of shared and unique candidate
events in alternative splicing modes identi�ed in corresponding DSGs in AA-LUSC and EA-LUSC. (e) Violin
plot of validated events showing the number of inclusion and skipping events for all splicing modes
between the AA and EA tumor tissues in LUSC. (f) Top canonical pathways from validated
events enriched in AA-LUSC and EA-LUSC.
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Figure 4

Fig 4: Alternative spliced isoforms detected in cancer driver genes in tumor subtypes and populations. (a)
Validated events of alternatively spliced cancer driver genes in tumor subtypes. (b) Validated events of
alternatively spliced cancer driver genes in populations. (c) AFDN alteration in exon 16 involving skipped
exon (SE) in the DIL domain. (d) PSI difference in tumor vs. NAT for AFDN event in discovery and
validation datasets in tumor subtypes and populations.
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Figure 5

Fig 5: Alternative spliced isoforms detected in surface proteins in subtypes. (a) Validated events of
alternatively spliced surface proteins in tumor subtypes. (b) SYNE2 alteration in exon 107 involving
skipped exon (SE) in the KASH domain. (c) PSI difference in tumor vs. NAT for SYNE2 AS event in
discovery and validation datasets in tumor subtypes and populations.

Figure 6

Fig 6: Alternative spliced isoforms detected in surface proteins in populations. (a) Validated events of
alternatively spliced surface proteins in populations. (b) CD44 alteration in exon 11 involving skipped
exon (SE) in the variant domain. (c) PSI Difference in tumor vs. NAT for CD44 event in discovery and
validation datasets in tumor subtypes and populations.
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