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Introduction
Alternative splicing generates vast protein diversity from the 
limited number of human genes.1 Dysregulation of alternative 
splicing in aging or cancer cells results in production of aber-
rant splice variants.2-7

The spliceosome assembles at exon-intron junctions of 
newly synthesized pre-mRNAs. Multiple dynamic interac-
tions progressively form the early, intermediate, and advanced 
states of the spliceosome complex which sequentially carries 
out transesterification reactions, leading to removal of introns. 
During the initial stage, the exon-intron junctions are defined 
by the spliceosome E-complex, also known as the commit-
ment complex (CC)8-10 (Figure 1A). snRNP U1, a multiplex 
of snRNA and at least 10 proteins, assembles at the 5′-splice 
sequence (5′-ss) and interacts with RNA Pol II. SF1 binds to 
the branch point sequence within the intron, near the 3′-ss, 
and co-operatively interacts with U2AF2.11-14 U2AF2 
(U2AF65) and U2AF1 (U2AF35) assemble at the pyrimidine 
tract within the intron and at the 3′-end splice site sequence, 

respectively.13,15 Interaction of SF1 with U2AF2 stabilizes the 
SF1-U2AF2-U2AF1 complex. The PRP40 protein family 
member (PRPF40A, PRPF40B, or TCERG1) connects 
snRNP U1 and phosphorylated C-terminal domain of Pol II 
with SF1. Thus, PRP40 proteins bridge the snRNP U1 and Pol 
II at 5′-ss with SF1-U2AF2-U2AF1 complex at 3′-ss, allow-
ing 5′ and 3′ sites of the introns to be brought in close proxim-
ity. U2 snRNP subsequently displaces SF1 from the transient 
CC, and further exchange of factors allows progression of the 
spliceosome complex into more mature states that culminate in 
excision and ligation reactions to generate mRNA.

Previous studies on SF1 function used a mouse strain deficient 
for SF1 expression16 and demonstrated that congenital reduction 
of SF1 decreased development of testicular tumors in Ter mice or 
intestinal polyp development in ApcMin/+ mice.16,17 Thus, lower 
SF1 levels in mouse tissues impeded tumor development. SF1 is 
known to bind to pre-mRNA during the initial splicing events. 
To identify the pre-mRNA targets of SF1, 2 studies on SF1 
experimentally isolated its mRNA targets from HeLa cells2,18 
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and Caenorhabditis elegans.2 In these studies, ectopic expression of 
SF1 allowed for the direct “pull-down” of associated mRNA and 
allowed for subsequent RNA-Sequencing and analysis of path-
ways regulated by SF1. These studies did not however consider 
the interactions of SF1 with other CC components as part of a 
transient macromolecular spliceosome complex. These studies 
spurred our examination of how changes in SF1 and associated 
CC partners impact human cancers. Therefore, our objective was 
to examine first, the profile of changes in CC factor expression in 
human cancers, focusing on cancers of the gastrointestinal (GI) 
tract and especially bowel cancer. Our second objective was to 
evaluate how changes in CC factor expression in bowel cancers 
correlate with clinical features, notably patient survival. Third, 
sequential driver gene mutations in APC, KRAS, TP53, and 
BRAF are known to drive progression of bowel cancer from the 
early adenoma stage to late adenocarcinoma stage.19-21 Thus, we 
sought to examine how CC factor expression correlated with 
each of the driver gene mutations and consequent patient out-
comes. Finally, our objective was to determine the mRNA targets 
of the macromolecular CC so as to determine the major pathways 
that are regulated by the CC in GI cancers.

The cBioPortal for Cancer Genomics (cBioPortal.org) 
database is an open access, web-based platform that contains 
curated genomics data of cancer tissues of major cancer types 
and corresponding patient outcomes.22-24 cBioPortal stores de-
identified clinical data, such as sex, age, tumor type, tumor 
grade, and overall and disease-free survival data, when availa-
ble. We therefore examined cBioPortal for CC factor changes 
and patient survival outcomes especially focused on bowel and 
other GI tract cancers of the stomach, esophagus, pancreas, 
liver, and biliary tract. We report here how genetic and expres-
sion level changes of CC genes correlate with patient disease 
prognosis. We also report on CC alterations in bowel cancer 
patient cohorts with driver gene, APC, KRAS, TP53, or BRAF, 
mutations. Furthermore, we report on the use of cBioPortal 
gene co-expression datasets to define the genes and molecular 
pathways targeted by CC in GI cancers.

Our analysis and results highlight the use of the cBioPortal 
cancer database to determine, in silico, the pathways and tar-
gets of large macromolecular complexes like the CC.

Methods
CBioPortal data analysis

Queried dataset for bowel cancers simultaneously for 6 CC 
factors: SF1, U2AF1, U2AF2, PRPF40A, PRPF40B, and 
TCERG1. The 6 CC components were chosen because (a) 
they closely contact with SF1 and (b) together with SF1 are 
needed for stability of the CC macromolecule during the initial 
splicing step11-15 (Figure 1A). To reduce complexity in our 
analysis, we excluded the 5′-splice site binding complex, U1 
snRNP, because mammalian U1 snRNP is a complex of U1 
snRNA, 7 Sm proteins (SmB/SmB′, SmD1, SmD2, SmD3, 
SmE, SmF, and SmG) and 3 U1-specific proteins (U1-70K, 
U1-A, and U1-C).25,26

Included in our analysis were 3 different mammalian 
PRP40-like proteins, PRPF40A,27,28 PRPF40B,29 and 
TCERG1.30 These 3 factors participate independently in the 
CC and directly contact SF1.

To access genomic data: selected for bowel (cancers) and 
non-redundant studies (selected for 17 studies, which excluded 
2 redundant studies, the TCGA, Firehose Legacy and TCGA, 
Nature 2012; this selected 6523 patients/6745 samples). The 
selected studies were simultaneously queried for 6 CC factors: 
SF1, U2AF1, U2AF2, PRPF40A, PRPF40B, and TCERG1. 
Data were obtained from headings entitled OncoPrint, Cancer 
Types Summary (Cancer Type Detailed), Mutual Exclusivity, 
Mutations, Comparison/Survival, and Clinical. Similar queries 
were performed for other GI cancers and other cancer types. 
Note that querying individually for any CC factor, for example 
SF1, will yield different results. That is because a simultaneous 
query for all 6 components of the CC compares alterations ver-
sus no alterations in any of the other 6 CC factors.

Driver gene cohorts

To establish driver gene cohorts, a free account was created 
with cBioPortal for Cancer Genomics at www.cbioportal.org/.

Bowel cancer non-redundant studies (17 studies) were cho-
sen and queried for driver gene, for example, APC. Combined 
Study was selected, and under Mutated Genes, selected for 
APC. Saved selected cohort as a new study. Similar cohorts 
with other driver genes were created: APC cohort (4393 
patients); KRAS cohort (2737 patients); TP53 cohort (4275 
patients); BRAF cohort (661 patients); and BRAF cohort from 
TCGA PanCancer Atlas study (62 patients). Each driver gene 
cohort was simultaneously queried for changes in the 6 CC 
factors. Patients with driver gene mutations (eg, APC muta-
tions) are designated Unaltered Group and patients with driver 
gene + CC factor changes (eg, APC + CC factors) are desig-
nated Altered Group. Data were obtained from sections enti-
tled Cancer Types Summary (Cancer Type Detailed), Mutual 
Exclusivity, Mutations, Comparison/Survival, and Clinical. 
Additional details on queries and analysis pertaining to specific 
Results sections is included in Supplementary Methods.

Alternatively, bowel cancer non-redundant studies were 
chosen and queried for each driver gene. Selected the altered 
samples (with alterations in the queried driver gene) by click-
ing the “Query” next to the “Altered Samples” underneath the 
“Download” tab. The selected “altered samples” were simulta-
neously queried for the 6 CC factors. Both query protocols 
yielded the same results.

Genomic plus expression data

Under Bowel, TCGA PanCancer Atlas dataset (594 samples) 
was selected for study. Under Select Genomic Profile, 
Mutations, Structural Variant, and Putative copy-number 
alterations from GISTIC were selected. Specifically selected 
for mRNA Expression (mRNA expression z-scores relative to 

www.cbioportal.org/
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Figure 1.  (A) Components of the CC/E-complex. Thick and thin blue lines represent exons and introns, respectively. snRNP U1 (U1) binds to the 5′-splice 

site and also interacts with RNA Polymerase II (Pol II). SF1 binds to the branch point sequence within the intron and co-operatively interacts with U2AF2. 

U2AF2 and U2AF1 assemble at the pyrimidine tract within the intron and at the 3′-end splice site sequence, respectively. PRP40-family protein 

(PRPF40A, PRPF40B, or TCERG1) serves as a bridge between U1, Pol II, and SF1. (B) Incidence of genetic alterations in CC factors (U2AF1, U2AF2, 

SF1, PRPF40A, PRPF40B, and TCERG1) in different types of bowel cancers. All non-redundant studies were included (6523 patients; 17 studies). Key: 

green represents mutations, purple represents structural variant, red represents amplification, dark blue represents deep deletion, and gray represents 

multiple alterations. MACR: mucinous adenocarcinoma of the colon and rectum; CA: colon adenocarcinoma; CRA: colorectal adenocarcinoma; RA: rectal 

adenocarcinoma; MAA: mucinous adenocarcinoma of the appendix; GCAA: goblet cell adenocarcinoma of the appendix; CTAA: colonic type adenoma of 

the appendix; SRCACR: signet ring cell adenocarcinoma of the colon and rectum; SBC: small bowel cancer. (C) Progression-free survival (q = 3.05e-8) 

and overall survival (D) (q = 3.474e-3) of patients with genetic alterations in CC genes. Data obtained from 1342 and 2782 patients, respectively. Blue line 

represents unaltered group (patients without alterations in any CC factor); red line represents patients with at least 1 alteration in the 6 queried CC genes. 

(E) Progression-free survival of patients with genetic alterations in individual components of the CC: SF1; (F) U2AF2; (G) PRPF40B, and (H) TCERG1. 

Blue lines represent progression-free survival curves of patients without alterations in any of the 6 CC factors. Other colored line represents survival of 

patients with genetic alterations in SF1 (orange) (q = 0.016); U2AF2 (purple) (q = 5.369e-3); PRPF40B (red) (q = 2.886e-3); and TCERG1 (green) 

(q = 5.973e-6).
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diploid samples; RNA Seq V2 RSEM) and protein/phospho-
protein level (protein level z-scores; mass spectrometry by 
CPTAC). The dataset was simultaneously queried for the 6 
CC factors. Data were obtained from sections entitled Cancer 
Types Summary (Cancer Type Detailed), Mutual Exclusivity, 
Mutations, Comparison/Survival, Clinical, and Co-expression.

Clinical attributes and demographic data

Demographic data corresponding to the survival curves and 
other Clinical Attributes can be accessed by selecting 
Comparison/Survival tab followed by Clinical tab. Further 
deselection of altered group tab and selection for SF1 (or any 
other factor) gives the demographic data for that particular 
gene alteration. For example, the demographic data for patients 
with alteration of SF1 was performed as follows: query first for 
alteration in 6 CC factors (SF1, U2AF1, U2AF2, PRPF40A, 
PRPF40B, and TCERG1). Select for Comparison/Survival. 
Select for Clinical. Deselect Altered Group tab and select SF1 
tab. Under Clinical Attribute select for Race Category. Altered 
group in bar graph represents race profile of patients with alter-
ations in SF1, whereas Unaltered group represents race profile 
of patients without alterations in any of the 6 CC factors.

Co-expression data and IPA

Using TCGA, PanCancer Atlas (Colorectal Adenocarcinoma) 
dataset, the co-expression data (RNA, protein, or both when 
available) of correlated genes was accessed for each CC factor: 
SF1, U2AF1, U2AF2, PRPF40A, PRPF40B, and TCERG1. 
For example, for mRNA expression changes that correlated 
with SF1 mRNA, gene lists were created by selecting for: Find 
genes in mRNA Expression, RSEM (Batch normalized from 
Illumina HiSeq_RNASeq V2; 592 samples) that are corre-
lated with SF1 mRNA Expression, RSEM (Batch normalized 
from Illumina HiSeq_RNASeq V2; 592 samples). A second 
gene list for proteins that correlated with SF1 protein expres-
sion was created by selecting: Find genes in Protein levels 
(mass spectrometry by CPTAC; 84 samples) that are corre-
lated with SF1 in Protein levels (mass spectrometry by 
CPTAC; 84 samples). For each factor, for example, SF1, 
mRNA, and protein gene lists of all the correlated genes were 
downloaded. Only significantly co-expressed genes were 
retained for analysis (q-value < 0.05). For the Colorectal 
Adenocarcinoma (TCGA, PanCancer Atlas) study, correlated 
mRNA expression was obtained for each of the queried fac-
tors, whereas correlated protein data was available for all 
except PRPF40B.

Co-expression mRNA data for each of the 6 CC factors was 
also obtained from esophageal adenocarcinoma (TCGA, 
PanCancer Atlas), stomach adenocarcinoma (TCGA, 
PanCancer Atlas), pancreatic adenocarcinoma (TCGA, 
PanCancer Atlas), and liver hepatocellular carcinoma (TCGA, 
PanCancer Atlas). There was insufficient co-expression data 

for biliary tract (cholangiocarcinoma, TCGA, PanCancer 
Atlas) and was thus not used for IPA. Protein co-expression 
data was unavailable from these studies.

QIAGEN Ingenuity Pathway Analysis (QIAGEN IPA) 
(https://www.qiagen.com/us) was performed simultaneously 
using all the mRNA and protein co-expression gene lists 
(q-value < 0.5) of each CC factor obtained from the colorectal 
adenocarcinoma (TCGA, PanCancer Atlas) dataset.

As protein co-expression data was unavailable for the other 
GI cancers, IPA was performed simultaneously on mRNA co-
expressed with each of the 6 CC factors from esophageal ade-
nocarcinoma (TCGA, PanCancer Atlas), stomach 
adenocarcinoma (TCGA, PanCancer Atlas), and colorectal 
adenocarcinoma (TCGA, PanCancer Atlas). A separate IPA 
analysis was performed on the co-expressed gene lists from 
pancreatic adenocarcinoma (TCGA, PanCancer Atlas) and 
liver hepatocellular carcinoma (TCGA, PanCancer Atlas).

Statistical analysis

The versatility of cBioPortal is that curated data can be easily 
accessed and groups can be compared (Group Comparison) 
using a suite of analysis features which allows users to compare 
clinical or genomic features of user-defined groups of samples 
with corresponding statistical analysis. The log-rank test is 
used to compute significance of survival curves as indicated by 
p < 0.05 or more importantly, q of <0.05.22-24

Often the survival curves in cBioPortal compare unequal 
number of patients. To demonstrate that the q-values of the 
survival curves are indeed significant in spite of unequal patient 
numbers in altered and unaltered group, we performed further 
analysis. An Excel-based program randomly selected and com-
pared survival of the altered group with equal number of 
patients from the unaltered group and computed the q-value. 
This is described in Supplemental Methods and Supplemental 
Figures.

Result
Selection of CC factors for cBioPortal query

First, we searched for changes in the components of the CC in 
human GI cancers. Gastrointestinal tract cancer (bowel, stom-
ach, esophagus, pancreas, liver) datasets from cBioPortal were 
simultaneously queried for alterations in 6 CC components: 
SF1, U2AF1, U2AF2, PRPF40A, PRPF40B, and TCERG1. 
The 6 CC components were chosen for our analysis because 
they closely contact with SF1 and each other and together with 
SF1 are needed for stability of the CC macromolecule during 
the initial splicing step (Figure 1A). To reduce complexity in 
our analysis, we excluded the 5′-splice site binding complex, 
U1 snRNP, in our queries because mammalian U1 snRNP is a 
complex of U1 snRNA, 7 Sm proteins (SmB/SmB′, SmD1, 
SmD2, SmD3, SmE, SmF, and SmG), and 3 U1-specific pro-
teins (U1-70K, U1-A, and U1-C).25,26

https://www.qiagen.com/us
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Three different mammalian PRP40-like proteins, 
PRPF40A,27,28 PRPF40B,29 and TCERG1,30 characterized as 
having protein-protein interaction WW and FF domains,31 
have been identified in the CC and all have been reported to 
directly contact SF1 and were included in our analysis. The 3 
PRP40 proteins were experimentally isolated from different 
sources and may function in a mutually exclusive manner.32

Alteration frequency of CC factors in GI cancers

All non-redundant studies in cBioPortal for each type of GI 
cancer were selected (eg, under bowel cancers, our query 
selected 17 non-redundant studies). The first query was for 
genetic alterations in the 6 CC factors in each type of GI can-
cer. Results showed that CC factor genetic alteration rates 
ranged from less than 1% to 13% in cancer patients of the 
bowel, stomach, esophagus, pancreas, liver, and biliary tract 
(Table 1). Thus, there is an overall low rate of DNA alterations 
(mutations, deletions, gene amplifications) in the 6 CC com-
ponents, in human cancers of the bowel, stomach, esophagus, 
pancreas, liver, and biliary tract.

CC factor changes in bowel cancer

Next, we examined bowel cancer data in greater detail so as to 
compare the results with previous experimental studies in mice 
on the role of SF1 on intestinal polyp development.16 Of 6523 
patients in 17 non-redundant bowel cancer studies, 5% (or 310 
patients) had genetic changes in the 6 CC factors (Table 1). 
Mutations were the predominant type of genetic alteration 
(Figure 1B, green bars) and very low frequencies of gene ampli-
fication (red bars) or deletions (blue bars) are observed. 
Intriguingly, multiple CC factor mutations such as in SF1 and 
U2AF2, co-occur in patients in a statistically significant man-
ner (Supplementary Table 1). For example, SF1 mutations co-
occur with mutations in TCERG1, PRPF40B, PRPF40A, or 

U2AF2 (q < 0.05). It is curious why mutations in multiple CC 
factors are retained in patients, considering that alteration in 
any one factor could be sufficient to destabilize the CC. One 
reason could be that the PRP40-like proteins, PRP40A, 
PRPF40B, or TCERG1, are not present in the same CC, and 
thus mutations in each are selectively retained in cancer cells. 
Another possibility is that genetic alteration of any single CC 
component does not sufficiently destabilize or adversely affect 
CC function, thus favoring selection of mutations in multiple 
components.

To summarize, analysis of 17 different bowel cancer studies 
revealed low rates of genetic changes of CC factors and with 
most changes being point mutations in CC factor genes. 
Furthermore, individual patients harbored genetic changes in 
multiple components of the CC.

Genetic changes in bowel cancer types

Next, CC alterations in different types of bowel cancers was 
examined. The incidence of CC factor mutations was highest 
in mucinous adenocarcinomas of the colon and rectum 
(MACR) (>15%) followed by that in colon adenocarcinoma 
(CA) (Figure 1B). Mucinous adenocarcinomas are a unique 
clinicopathological subtype of colorectal cancer that are poorly 
differentiated, highly malignant, express large number of 
mucins and carry higher frequencies of BRAF and KRAS 
mutations, and lower frequency of TP53 mutations.33 Thus, 
CC factor alterations appear at higher rates in a specific sub-
type of bowel cancer, MACR, and may be associated with spe-
cific driver genes such as BRAF or KRAS.

Survival data of patients with CC factor genetic 
alterations

Next, clinical features associated with genetic alterations of CC 
factors were examined. Interestingly, genetic alterations in CC 

Table 1.  Incidence of CC factor alterations in GI cancers from cBioPortal.

GI cancer 
studies

All non-redundant cancer studies TCGA, PanCancer Atlas

No. of patients No. of studies Genetic alteration 
frequency of CC

No. of patients Genetic + expression 
alteration frequency of CC

Bowel 6523 17 5% 594 39%a

Stomach 739 5 13% 440 37%

Esophagus 3346 13 5% 182 32%

Pancreas 1233 12 5% 184 33%

Liver 1333 10 3% 372 30%

Biliary tract 1913 14 <1% 36 36%

Genetic alteration rates are derived from all non-redundant studies on each type of GI cancer. Genetic plus expression level alteration frequency is derived from TCGA, 
PanCancer Atlas study for each type of GI cancer.
aIndicates data includes mRNA and protein expression (mass spectrometry data) changes.
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factors positively affected patient survival. Colon cancer 
patients with alterations in CC factor genes have significantly 
better progression-free survival (q = 3.05e-8) as well as overall 
survival (q = 3.474e-3) (Figure 1C and D). Examination of 
individual CC factors indicated that genetic alterations in SF1, 
U2AF2, PRPF40B, or TCERG1 contributed to enhanced pro-
gression-free survival (Figure 1E to H). Patients with genetic 
alterations in PRPF40B also showed better overall survival 
rates (q = 9.326e-3) (data not shown). Defects in either U2AF1 
or PRPF40A did not correlate with significant survival.

The Kaplan-Meier survival curves derived from cBioPortal 
often compare unequal number of patients in altered and unal-
tered groups. For example, survival curves in Figure 1C and D 
(progression-free survival and overall survival) compare 132 
patients with CC gene alterations (altered group) and 1219 
patients with no mutations in any CC factor (unaltered group) 
with q = 3.05e-8 and 3.474e-3, respectively. To demonstrate 
that the q-values of these survival curves are indeed significant 
in spite of unequal patient numbers, we performed further 
analysis where an Excel-based program randomly selected and 
compared survival of the 132 patients of the altered group with 
132 randomly selected samples of patients from the unaltered 
group (Supplementary Method 1). Ten such survival curves 
were generated with different random subsets of 132 unaltered 
samples (Supplementary Figure 1). q-value of between 1.38e-
09 and 2.95e-04 was observed for all survival curves using 
progression-free survival data. A similar analysis for overall 
survival found q between 1.79e-05 and 0.0187 for all except for 
one curve D, with q = 0.0963. This proves that although sample 
sizes may be unequal, 19 out of 20 times the q-values derived 
from cBioPortal are reliable indication that survival of altered 
and unaltered groups is significantly different.

Other clinical attributes are also significantly associated 
with specific CC factor mutations. For example, Supplementary 
Figure 2 shows selected clinical attributes significantly associ-
ated with SF1 mutations. Altered group (patients with SF1 
mutations) and Unaltered group (patients with no mutations 
in any E-complex factor) are compared for MSI (microsatel-
lite instability) profile (Supplementary Figure 2A and B), 
Mutation Count (Supplementary Figure 2A and C), Fraction 
Genome Altered (Supplementary Figure 2A and D), 
Diagnosis Age (Supplementary Figure 2A and E), and Race 
Category (Supplementary Figure 2F). Patients with SF1 
mutations (Altered group) had lower mean levels of genome 
alterations and higher diagnosis age but different MSI profile. 
Furthermore, the demographic profile of patients with SF1 
alterations is significantly different compared with patients 
without alterations in any CC factor (Unaltered group), as indi-
cated in Supplementary Figure 2F. A number of factors could 
influence the demographic profiles including sex, socioeconomic 
factors, genetic susceptibility, diet, substance use, and so on.

Experimental data showed that deletion of 1 copy of Sf1 
gene in mice resulted in decreased incidence of intestinal polyp 
or testicular tumor development.16,17 The SF1-deficient mice 

were not monitored for survival, but both experimental results 
in mice and human patient data from cBioPortal show that 
genetic loss of SF1 engenders better outcomes. Thus, to sum-
marize, genetic alteration of CC components SF1, U2AF2, 
PRPF40B, or TCERG1 significantly enhanced bowel cancer 
patient survival compared with patients without genetic altera-
tions in any CC component genes.

Mutation profile of CC components in  
bowel cancers

Examination of the type of mutations in the 6 different CC 
factors indicated some hotspots for missense and truncation 
mutations at or near specific motifs such as KH-1, zf-CCCH, 
RRM, or FF domains (Supplementary Figure 3). Truncation 
mutations would cause loss of functional protein while mis-
sense mutations could result in inefficient translation, struc-
tural changes of the encoded protein, or impaired functional 
activity of proteins. Alternatively, the mutations could also be 
gain-of-function and oncogenic. The biological significance  
of each mutation is not understood at present and remain to  
be experimentally determined. However, further analysis 
(described below) indicates that these missense mutations in 
individual CC factors likely result in loss or impaired function. 
Considering that the CC is a large complex, we speculate that 
small changes in the tertiary protein structure of individual CC 
factors, due to mutations, may adversely compromise protein-
protein interactions, stability, or functional efficiency of the CC 
spliceosome.

CC component expression in bowel cancers:  
TCGA PanCancer Atlas study

cBioPortal also reports changes in mRNA and protein levels in 
human cancer tissues in specific TCGA PanCancer Atlas stud-
ies. Thus, for each type of GI cancer, we separately examined 
their cognate TCGA PanCancer Atlas study. Each TCGA 
PanCancer Atlas study was simultaneously queried for altera-
tions in genetic and expression level (mRNA and protein) 
changes in the 6 CC factors (see Supplementary Methods 2). 
Surprisingly, for each GI cancer type, the combined rate of 
alteration (genetic plus expression alteration frequency) of CC 
factors was much higher, between 30% and 39% (Table 1). 
Thus, although genetic changes of CC factors occur at a rela-
tively low rate (<1%-13%), expression level changes of CC 
factors are present to a greater extent (>30%). The non-genetic 
changes predominantly involve changes in mRNA or protein 
levels or a small fraction carry a combination of alterations 
(Figure 2A).

Survival rates in patients with high CC  
component mRNA levels

We examined bowel TCGA PanCancer Atlas dataset on how 
CC factor alterations contribute to patient survival but found 
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no significant difference comparing patients with or without 
CC alterations (data not shown). We hypothesized that this 
may be because the TCGA PanCancer Atlas data includes a 
mix of all the different types of alterations such as high and low 
mRNA or protein levels as well as genetic mutations (Figure 2B 
to G). Each type of alteration could have distinct but contradic-
tory effects that likely makes it difficult to observe a clear trend 
on patient survival outcome. To test this hypothesis, we queried 
the bowel TCGA PanCancer Atlas data for changes in mRNA 
expression only. The results of the query showed that for each 
CC factor, mRNA levels were either increased or decreased in 
different bowel cancer types (Figure 3A to G). However, in the 

case of PRPF40B, its mRNA levels were solely increased in all 
patient samples (Figure 3G). Examination of survival outcomes 
of the cohort of patients that expressed only high levels of 
PRPF40B mRNA found decreased overall survival (q = 0.047) 
(Figure 3H), disease-specific survival (q = 0.047) (Figure 3I), 
and progression-free survival (q = 0.047) (Figure 3J). Therefore, 
high mRNA levels correlate with negative outcomes for patient 
survival. This implies higher mRNA levels have oncogenic or 
gain-of-function effect. Conversely, we earlier described that 
mutation in CC factors correlated with enhanced survival rates 
(Figure 1C to H), thus indicating that CC mutations likely 
result in decreased mRNA or impaired CC factor function.

Figure 2.  Analysis of TCGA, PanCancer Atlas dataset for incidence of alterations in CC factors in different types of bowel cancers (594 patients). TCGA, 

PanCancer Atlas dataset was queried for the 6 CC factors, selecting the search for mutations, structural variant, putative copy-number alterations from 

GISTIC, mRNA expression (mRNA expression z-scores relative to diploid samples; RNA Seq V2 RSEM), and protein/phosphoprotein level (protein 

expression z-scores; mass spectrometry by CPTAC). Graphs are results of cancer types detailed. Incidence of alterations of (A) all CC factors; (B) SF1; 

(C) U2AF1; (D) U2AF2; (E) PRPF40A; (F) PRPF40B; and (G) TCERG1 in different types of bowel cancers. Key: as in Figure 1B; pink represents mRNA 

high, medium blue represents mRNA low, orange represents protein high, and light blue represents protein low.
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Figure 3.  Incidence of alterations in mRNA levels only from TCGA, PanCancer Atlas bowel cancer dataset (594 patients) of (A) all 6 CC genes (CC); (B) 

SF1; (C) U2AF1; (D) U2AF2; (E) PRPF40A; (F) TCERG1; and (G) PRPF40B. TCGA, PanCancer Atlas bowel cancer dataset was queried for the 6 CC 

factors and selected for mRNA expression only: mRNA expression z-scores relative to diploid samples (RNA Seq V2 RSEM). Graph of cancer types 

detailed. Pink represents mRNA high and blue represents mRNA low. Key: as in Figure 1B. (H) Overall survival, (I) disease-specific survival, and (J) 

progression-free survival of patients with high PRPF40B mRNA. Blue line represents unaltered group (patients without alterations in mRNA levels of any 

CC factor) and red line represents patients with high mRNA levels of PRP40B. Overall survival using 459 patients (q = 0.047), disease-specific survival, 

445 patients (q = 0.047) and progression free survival, 459 patients (q = 0.047).
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Genetic and expression level of CC in other cancers

We also examined CC factor alteration rates in other cancer 
types and found expression level alterations of CC components 
to be always higher than genetic alteration rates (Supplementary 
Table 2). Thus, changes in the expression levels of the spliceo-
some CC factors are highly prevalent in most human cancers.

CC factor alterations associated with driver genes

In a previous study using genetically modified mouse strains, 
we observed that ApcMin/+;Sf1+/− mice develop significantly 
fewer intestinal polyps than ApcMin/+ mice, which indicated 
that SF1 deficiency reduces the strong polyp inducing poten-
tial of ApcMin driver gene.17 In addition, the multi-step model of 
colorectal cancer development indicates that genetic alteration 
of driver gene APC occurs during early adenoma stage, KRAS 
alterations occur during intermediate to late adenoma stages 
and TP53 alterations occur in later adenocarcinoma stage.19-21 
We therefore used cBioPortal database to investigate how 
changes in CC factors modulate the outcome of specific driver 
genes in colorectal cancer patients. Four cohorts of bowel can-
cer patients, each having genetic alterations in the driver genes 
APC, TRP53, KRAS, or BRAF, were isolated and examined for 
CC alterations (see also Supplementary Methods 3).

APC cohort

Sixty-eight percent of bowel cancer patients (or 4422 patients) 
had genetic changes in their APC gene (Table 2). Of these, a 
cohort of 4393 patients were selected that only carried APC 
gene mutations (excluding gene amplifications or deletions). 
CC factors were altered in 4% (177) of the patients carrying 
APC mutations. Progression-free survival was enhanced in 
patients with mutations in both APC and CC factors (APC/
CC, indicated by red line) compared with that in patients with 
APC mutations alone (q = 1.160e-4) (Figure 4A).

KRAS cohort

Forty-three percent (2796 patients) of bowel cancer patients 
had KRAS mutation (Table 2). Four percent (106 patients) of 
the KRAS cohort had mutations in CC factors. The KRAS/
CC cohort had better progression-free survival rates 
(q = 2.191e-3) compared with patients with KRAS mutations 
alone (Figure 4B).

TP53 cohort

Sixty-six percent (4302 patients) with bowel cancers had TP53 
mutations. Of these 3% (123 patients) also had CC factor 
mutations (Table 2). TP53/CC patients had enhanced progres-
sion-free survival (q = 5.970e-3) compared with patients with 
mutations in TP53 alone (Figure 4C). Overall, CC mutations 
occurred in 3% to 4% of patients harboring APC, KRAS, or 
TP53 mutations, but patients with specific driver gene muta-
tions plus CC factor mutations, had better survival outcomes.

BRAF cohort

Unlike the other cohorts, BRAF gene was altered in a lower 
proportion, 10% (670 patients), of bowel cancer patients but of 
these, a higher fraction, 19% (127 patients), carried CC muta-
tions (Table 2). Patients with both BRAF and CC factor muta-
tions had better progression-free (q = 1.319e-6) and overall 
survival rates (q = 1.204e-4) compared with those with BRAF 
mutations alone (Figure 4D).

We also queried the TCGA PanCancer Atlas dataset (colo-
rectal adenocarcinoma) for BRAF alterations (Table 2 and 
Figure 4E). In this study of 594 patients, BRAF was altered 
(with mutated BRAF plus expression level changes) in 19% 
(112 patients) of the patients. Of these, 62 patients carried only 
BRAF gene mutations and constituted the BRAF/TCGA 
cohort (Table 2). Surprisingly, a significantly large proportion, 
61% (38 patients) of the BRAF/TCGA cohort, also had 

Table 2.  Summary of driver gene (APC, KRAS, TP53, or BRAF) and CC factor mutation rates in bowel cancer patient cohorts.

Studies queried Driver gene Driver gene 
alteration rate

No. of patients 
in cohorta

CC alteration 
rate

TCERG1 
alteration rate

All non-redundant bowel 
cancer studies

- - 6523 5% (310/6523) 7%

APC 68% (4422/6523) 4393a 4% (177/4393) 5%

KRAS 43% (2796/6523) 2737a 4% (106/2737) 5%

TP53 66% (4302/6523) 4275a 3% (123/4275) 4%

BRAF 10% (670/6523) 661a 19% (127/661) 24%

Colorectal adenocarcinoma 
(TCGA, PanCancer Atlas)

- - 594 39% (232/594) 11%

BRAF 19% (112/594) 62a 61% (38/62) 26%

Incidence of TCERG1 alteration is shown.
aCohort comprises number of patients with gene mutation only, excluding other genetic changes.
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alterations in CC factors, with MACR patients having the 
highest alteration rates in CC genes (Figure 4E). There was no 
observable survival advantage for the BRAF/CC patients from 
the TCGA PanCancer Atlas study (data not shown) probably 
because of the small sample size (62 patients with BRAF muta-
tions) and also because almost equal proportions of genetic 
mutations and other alterations of CC factors were present. 
Thus, patient outcomes due to CC factor genetic mutations 

cannot be differentiated from those due to expression level 
changes in CC factors.

Co-occurrence of multiple CC factor mutations

Interestingly, significant co-occurrence of multiple CC factor 
mutations occurred in the APC and KRAS but not in the TP53 
or BRAF cohort (Supplementary Table 3). In the multi-step 

Figure 4.  (A) (left) Incidence of CC factor alterations in different types of bowel cancers in cohort of patients with APC mutations (4393 patients). Key: as 

in Figure 1B. (right) Progression-free survival (905 patients; q = 1.160e-4) of patients with APC mutations. Blue line represents unaltered group (patients 

with APC mutations and without alterations in any CC factor) and red line represents patients with APC mutations and with at least 1 alteration in the 6 

queried CC genes. (B) (left) Incidence of CC alterations in bowel cancers in patients with KRAS mutations (2737 patients). (right) Progression-free survival 

(555 patients, q = 2.191e-3) of patients with KRAS mutations. Blue line represents unaltered group (patients with KRAS mutations but without alterations in 

any CC factor) and red line represents patients with KRAS mutations and with at least 1 alteration in the 6 queried CC genes. (C) (left) Incidence of CC 

alterations in bowel cancers in patients with TP53 mutations (4275 patients). (right) Progression-free survival (775 patients, q = 5.970e-3) of patients with 

TP53 mutations. Blue line represents unaltered group (patients with TP53 mutations but without alterations in any CC factor) and red line represents 

patients with TP53 mutations and with at least 1 alteration in the 6 queried CC genes. (D) (left) Incidence of CC alterations in bowel cancers in patients 

with BRAF mutations (661 patients). (middle) Progression-free (185 patients, q = 1.319e-6) and (right) overall survival (310 patients, q = 1.204e-4) of 

patients with BRAF mutations. Blue line represents unaltered group (patients with BRAF mutations but without alterations in any CC factor) and red line 

represents patients with BRAF mutations and with at least 1 alteration in the 6 queried CC genes. (E) Incidence of CC alterations in bowel cancers of 

patients with BRAF mutations from PanCancer Atlas dataset (62 patients). Key: as in Figure 1B.
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model of colorectal cancer development, APC is genetically 
altered in early adenoma stage, KRAS alterations occur during 
intermediate to late adenoma stages, whereas TP53 alterations 
occur in subsequent adenocarcinoma stage.20 Our analysis 
indicates that APC driver gene is associated with a greater 
number of CC factor changes compared with driver genes acti-
vated at the later stages, indicating that mutations in multiple 
CC factors are favorable during the early adenoma stage but 
not selectively retained in the more advanced stages with acti-
vated TP53. This observation also supports the tumor suppres-
sive role of genetically altered CC factors. Cancer cells at the 
early adenoma stage, with APC mutations, retain some tumor 
suppressive elements, in the way of CC factor genetic altera-
tions. These CC factor genetic alterations are subsequently not 
retained in the later adenocarcinoma stage.

Another observation was that the bridging factor, TCERG1, 
linking the 5′-ss factors with SF1 and other 3′-ss factors, was 
most frequently altered in all cohorts (ranging from 4% in 
TP53 cohort to 26% in the BRAF/TCGA, PanCancer Atlas 
cohort; Table 2 and Supplementary Figure 4). Thus, 
TCERG1 likely has additional functions in colorectal carcino-
mas. Studies have implicated TCERG1 as a colorectal carci-
noma biomarker,34 involved in transcription or transcriptional 
elongation.35,36

To summarize the driver gene cohort study findings, CC 
component mutations occurred in 3% to 4% of patients har-
boring APC, KRAS, or TP53 mutations, but patients with CC 
factor mutations had better survival outcomes. In contrast, 19% 
of patients with BRAF mutations also carried CC mutations. 
Further examination of TCGA dataset revealed 61% of patients 
with BRAF mutations had alterations (genetic or expression 
level changes) in CC factors and MACR patients had the 
highest CC alteration rates. Patients with both BRAF and CC 
factor mutations had better survival rates. Multiple CC factor 
mutations were simultaneously present in the APC and KRAS 
but not in the TP53 or BRAF cohort suggesting retention of 
tumor suppressor factors in early but not in the later stages of 
bowel cancer progression.

mRNA targets of CC factors

To understand the significance of CC factor alterations in can-
cer cells, it is important to know their RNA targets. 
Experimental studies using crosslinking and immunoprecipita-
tion (CLIP) or RNA-Sequencing techniques have identified 
pre-mRNA targets and pathways targeted by SF1 from HeLa 
cells and from C elegans.2,18 In this study, we used the co-
expression dataset in cBioPortal to obtain information regard-
ing splicing targets of the macromolecular CC spliceosome.

We used the assumption that genes that are co-expressed 
with individual CC components and are common between 
multiple CC components could either be direct or indirect tar-
gets of the spliceosome CC or may regulate the CC. The bowel 

TCGA PanCancer Atlas database in cBioPortal was queried 
for mRNAs (RNA-sequencing data) and proteins (mass spec-
troscopy data) whose expression levels correlate with each CC 
factor (see Supplementary Methods 4). Co-expression gene 
lists were obtained for each CC factor: SF1, U2AF2, U2AF1, 
PRPF40A, PRPF40B, and TCERG1. Figure 5A shows one 
example of a gene, HCFC1, whose mRNA expression signifi-
cantly and positively correlates with SF1 (q = 1.27e-60) expres-
sion in colorectal adenocarcinoma cells.

The colorectal adenocarcinoma (TCGA PanCancer Atlas) 
dataset also allowed for the query for proteins that are co-
expressed with individual CC factors (example of NUDT21 
co-expression with SF1, q = 6.53e-21, Figure 5B) (see 
Supplementary Methods 4). Protein co-expression data is 
available for SF1, U2AF1, U2AF2, PRPF40A, and TCERG1 
but not for PRPF40B. We generated gene lists for protein co-
expression for each of the CC factors.

We used the 5 lists of proteins co-expressed with each of the 
CC factors (SF1, U2AF1, U2AF2, PRPF40A, and TCERG1) 
together with the 6 lists of mRNAs co-expressed with each of 
the CC factors (SF1, U2AF1, U2AF2, PRPF40A, PRPF40B, 
and TCERG1) to directly perform QIAGEN Ingenuity 
Pathway Analysis (IPA). Surprisingly, when IPA was per-
formed simultaneously on the co-expression protein and RNA 
data, the heat map shows that the protein and RNA data do 
not coincide (Figure 5C). However, the IPA heat map for pro-
tein data (Figure 5C, left lanes of heat map) has significant 
z-scores implying better reliability of the data. The likely 
explanation for this mismatch is that RNA expression levels 
usually cannot be directly correlated with protein expression 
levels in cells. Previous reports using experimental data found 
that for 90% of transcripts, transcription and translation are 
independent of each other and that it is translational control 
that regulates the cellular proteome.37,38 mRNA levels in cells 
have been found to correlate with approximately 40% of the 
total protein content in cells. Often, highly expressed tran-
scripts are not translated or genes that are transcribed at low 
levels are translated efficiently. We recognize that this has sig-
nificant implications in using and interpreting RNA expres-
sion data from experimental work and databases.

Based on the z-scores from the heat map, we observe that 
pathways strongly upregulated are metabolic pathways needed 
for cell survival, nutrition, biosynthesis, autophagy, cellular 
movement (invasion), or immune surveillance, such as oxida-
tive phosphorylation,39 E1F2 signaling,40 insulin secretion,41 
microRNA biogenesis,42 growth factor receptor–mediated 
signaling, and phagosome formation.43 Conversely, pathways 
strongly downregulated include tumor suppressor pathways 
that regulate cell proliferation and apoptosis, including 
PTEN,44 RHGODI,45 PPAR,46 and Granzyme A signaling.47 
Thus, CC spliceosomes associate with pre-mRNA transcripts 
of genes in biosynthetic pathways that favor cell growth and 
proliferation.
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CC targets in other GI cancers

Because protein co-expression data is unfortunately only avail-
able for bowel cancers but not for other GI cancers, we used the 
available RNA-Sequencing co-expression data from esopha-
gus, stomach, liver, and pancreas to perform IPA (Supplementary 
Figure 5). IPA indicated that some of the pathways identified 
overlapped with that identified from bowel cancers (compare 
to Figure 5C) such as oxidative phosphorylation and E1F2 
signaling. Other pathways such as DNA methylation, spliceo-
somal cycle, NER (nucleotide excision repair), mismatch repair, 
and BER (base excision repair) pathways overlapped with 
pathways detected with less significance in the bowel cancer 
IPA heat map, where both protein and RNA data were used 
(compare Supplementary Figures 5 and 6). Thus, pathway 
analysis using RNA-Sequencing data provides some overlap 
with protein co-expression data, but the significance of the 
pathways may be under or over-estimated.

In summary, using bowel cancer protein and RNA co-
expression data allowed comparison of pathway analysis. 
Protein co-expression data yielded more reliable pathway data. 
Overall, we observe, similar pathways are targets of CC spli-
ceosome in different GI tissues.

Limitation of study

One limitation of this in silico study using human cancer 
patient data is that there is genetic heterogeneity within the 
human population. Thus, in our analysis, as we isolate the 
group of individuals with CC component changes (altered 
cohort) compared with those without any changes (unaltered 
cohort), the genetic heterogeneity in both cohorts remains a 
confounding factor. How other genetic changes present in 
individuals of each cohort affect the clinical outcome cannot be 
controlled. Thus, the results are best referred to as correlations 
with statistical significance. Other confounding factors in 

Figure 5.  Co-expression and Ingenuity Pathway Analysis (IPA). (A) mRNA co-expression of HCFC1 with SF1 (q-value = 1.27e-60) in bowel cancer (TCGA 

PanCancer Atlas). mRNA expression is derived from RSEM (Batch normalized from Illumina HiSeq_RNASeqV2). Data are from 592 samples. (B) Protein 

co-expression of NUDT21 with SF1 (q-value = 6.53e-21) in bowel cancer (TCGA PanCancer Atlas). Protein co-expression is derived from mass 

spectrometry by CPTAC. Data are from 84 samples. (C) Heat map derived from QIAGEN Ingenuity Pathway Analysis using co-expressed proteins and 

mRNA associated with each of the 6 CC factors in bowel cancers. Left 5 lanes are derived from gene lists of proteins co-expressed with SF1, U2AF2, 

U2AF1, PRPF40A, and TCERG1. Right 6 lanes are derived from mRNA gene lists co-expressed with SF1, PRPF40A, TCERG1, PRPF40B, U2AF1, and 

U2AF2.
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analyzing human cancer patient data from cBioPortal include 
sex, socioeconomic factors, genetic susceptibility, diet, sub-
stance use, and so on. Contingent on available data, our future 
work will attempt to parse out the effects of these factors. 
Moreover, experimental studies using genetically defined ani-
mal model systems can be used in future studies to verify the in 
silico study results.

Discussion
Analysis of the TCGA PanCancer Atlas data of different can-
cer types found that overall there is high incidence of CC fac-
tor changes in human cancer cells, including GI cancers. Most 
cancer types did not carry high rates of genetic mutations in 
CC factor genes (genetic alteration ranging from <1% to 
23%), but when changes in gene expression levels were included, 
the alteration frequencies increased to 15% to 59%.

Alterations in the CC factors are highly prevalent in a third 
of patients with GI cancers, with the most common alterations 
being acquired gene mutations or high expression of mRNA. 
Mucinous adenocarcinoma of the colon and rectum carrying 
BRAF mutations had very high rates of CC factor alterations. 
Bowel cancer patients with APC and KRAS mutations, but not 
those with TP53 and BRAF mutations, tended to harbor muta-
tions in more than 1 CC factor. Interestingly, the bridging fac-
tor TCERG1 is the most frequently altered CC component, 
especially in BRAF associated mucinous adenocarcinomas. 
TCERG1, an RNA-binding protein, has been reported to 
interact with colorectal adenocarcinoma driver genes or may 
itself function as a driver gene.34

Our results share similarities with a previously reported 
study where analysis of spliceosome genes was performed 
across 27 cancer types in 9070 patients derived from the 
TCGA database.48 This study did not focus on different spli-
ceosome complexes but screened across all the spliceosome 
genes. It reported that some spliceosome genes had high muta-
tion rates in different cancer types and survival was better in 
patients with the mutations. The study also found that muta-
tion in TCERG1 was significantly associated in patients with 
longer survival periods of >2 years. Moreover, some spliceo-
some genes were expressed at low levels in patients with all 
cancer types, and these patients had better survival outcomes.

A number of studies have also reported alterations in specific 
splicing factors in colon cancers. Examples include reported 
increases in SNRPB,48 a factor found in multiple spliceosomal 
complexes; increased acetylation of PHF5a, a component of the 
U2 snRNP, which increases colorectal tumorigenesis49; increased 
expression of alternative splicing factor PTBP1 which promotes 
colon tumorigenesis-triggering splicing isoforms50; and changes 
in a number of splicing factor components that influence prolif-
eration, apoptosis, angiogenesis, invasion and metastasis, and 
drug resistance in colon cancers.51

The alterations in CC factors appear to be clinically significant 
because patients with CC factor mutations showed a consistent 

trend toward better overall or progression-free survival rates. In 
contrast, patients expressing high CC factor mRNA levels had 
lower survival rates. Thus, mutations in CC factor genes likely 
impair spliceosome function and may decrease production of 
splice variants that promote cancer cell survival. This is reflected 
in enhanced patient survival rates when CC factor genes are 
mutated. In contrast, higher mRNA expression of individual 
CC factor genes likely enhances CC assembly to favor increased 
splicing of oncogenic variants in the cell, as reflected by the 
lower survival rates of patients that express high CC factor 
mRNA.

Expression of CC factors correlated with greater activity of 
metabolic and synthetic pathways and inhibition of pathways 
that decrease cell proliferation and upregulate apoptosis. Thus, 
we surmise that patients carrying mutations in individual CC 
factors downregulate metabolic and cell proliferation pathways 
and upregulate apoptotic pathways, resulting in enhanced sur-
vival. The enhanced survival in human patients with CC factor 
mutations concur with our previous experimental observations 
that genetic loss of SF1 has tumor suppressive effects.16,17 
However, it should be noted that the genetic profile of cells 
from human cancer patients in cBioPortal are complex and 
many factors, in addition to the CC factor mutations, likely 
contribute to the observed clinical outcomes.

Ingenuity Pathway Analysis allowed for comparison of out-
comes when protein or RNA data is used. Our IPA results sup-
port the evidence that transcription and translation are 
independent of each other and not always tightly correlated.37,38 
There is, however, a paucity of protein co-expression data and 
thus most pathway analysis will have to currently rely on RNA-
Sequencing data.

By using the cBioPortal co-expression database, we have 
been able to identify the likely targets and pathways of a large 
and transient CC (E-complex). This would be difficult to per-
form experimentally. Usually, experimental methods assess 
RNA targets of each splicing factor individually but it is diffi-
cult to assess the targets of a complex. For example, previous 
experimental work identified the targets of SF1 using ectopi-
cally expressed SF1 in HeLa and C elegans.2,18 RNA that exper-
imentally bound to SF1 were coprecipitated, isolated, identified, 
and subsequently used for pathway analysis. The studies indi-
cated that a number of metabolic pathways are regulated by 
SF1 and especially the nutrition sensing TORC1 pathway that 
regulates cell growth and development.2 Our studies, using a 
slightly different approach in considering the CC macromole-
cule and using protein data, have also identified a number of 
metabolic pathways as targets of the CC. However, it is to be 
expected that the targets and pathways regulated by SF1 and 
CC are unlikely to be exactly the same in different cell types.

It also raises the question as to how increasing the complex-
ity of the spliceosome complex could affect target specificity, 
that is, whether the mRNA targets that bind individually to 
specific splicing factors are the same as that of the spliceosome 
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complex. These questions remain to be answered. In this study, 
we also sought to reduce the complexity in our analysis by 
excluding U1 snRNP which is comprised of at least 10 pro-
teins.25,26 Future work will examine the contributions of U1 
snRNP.

Conclusions
Our results found surprisingly high incidence of CC compo-
nent alterations in GI cancers. Patients with mutations or low 
expression of CC genes exhibited a consistent trend of favora-
ble survival rates. This is likely related to the fact that the CC 
regulates specific metabolic and tumor suppressor pathways. 
The findings from our in silico study imply that therapeutic 
lowering of expression levels of CC factors in colon cancer 
patients may have positive effects on patient survival, especially 
for patients with mucinous adenocarcinoma. Our results will 
serve to guide further experimental work to evaluate the func-
tion and clinical significance of alterations of the CC in human 
cancers.
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