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Abstract: Identifying variables with time-varying associations can help guide patient stratification and treatment
strategies. Time-varying associations refer to the associations between variables of interest and the outcomes that
change over time. Such associations of gene transcripts have never been examined in colorectal cancer (CRC). In
the present study, we examined the transcripts of splicing factors and their associations with prognosis in CRC.
We performed analyses using Cox PH models and Cox models with time-varying coefficients when appropriate.
A transcript of pre-mRNA processing factor 38A (PRPF38A) was identified to be significantly associated with the
progression-free survival after two years post-diagnosis, but not before that, making this transcript a candidate
late-outcome marker in CRC. Further explorative analysis showed that this transcript correlated with the alternative
splicing of genes involved in RNA binding and mitochondrial protein synthesis. Overall, our study, for the first time,
revealed the association patterns of splicing factor transcripts over time in CRC, identified a transcript of PRPF38A
as a candidate late-outcome marker, and provided mechanistic insights into outcome heterogeneity in CRC.

Keywords: Colorectal cancer, prognosis, proportional hazards (PH) assumption, PRPF38A, splicing factor tran-
scripts, time-varying associations

Introduction

Colorectal cancer (CRC) is one of the most
common types of cancer globally and causes
~700,000 deaths annually [1]. Many patients
with CRC experience local recurrence and me-
tastasis [2, 3]. Predicting the early- and late-
outcomes of patients and thus identifying
patients with a high outcome risk within or after
certain years post-diagnosis, is crucial, as this
helps guide disease treatment and manage-
ment. Unfortunately, prognostic markers for
such a prediction in CRC are lacking. To date,
only a few studies have been performed to
identify early- or late-outcome markers of this
disease [4-17], and these have mainly focused
on clinicodemographic variables and genetic

variations. Other forms of gene-related varia-
tions, including changes in gene transcript lev-
els, have not yet been examined. Gene tran-
scripts represent another layer of gene-related
variation that contributes to phenotypes. Some
transcripts (or corresponding isoforms) are re-
portedly associated with the prognosis of CRC
patients [18-22]. However, whether transcripts
can be early- or late-outcome markers of CRC
remains unknown.

Transcripts of splicing factors originate from
splicing factor-coding genes, often with multiple
transcripts generated per gene. Splicing factors
are components of the spliceosome, which is a
protein-RNA complex that functions in the splic-
ing of pre-mRNAs [23, 24]. Impaired function or
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altered expression levels of splicing factors can
lead to altered gene splicing (e.g., exon skip-
ping, intron retention, and 5’ or 3’ alternative
splicing sites), which further affects gene func-
tion and related biological processes and phe-
notypes, including the outcomes of CRC pa-
tients [25-29]. Given the importance of splicing
factors in gene function and phenotypes, it is
of interest and worthwhile to investigate splic-
ing factor transcripts for their prognostic value
in CRC, especially their potential as early- and
late-outcome markers, which has never been
examined in previous studies.

Candidate early- or late-outcome markers can
be identified by taking advantage of examining
the time-varying associations of the variables
of interest. Time-varying associations are as-
sociations between variables of interest and
survival outcomes that change over time [5, 6,
30]. Unlike variables with constant associa-
tions with survival outcomes, variables with
time-varying associations have their prognostic
associations become stronger, weaker, appear,
or diminish over time. Thus, variables that have
associations within or after certain years post-
diagnosis can be early- or late-outcome mark-
ers [5, 6].

In the present study, we examined 985 tran-
scripts derived from 144 splicing factors to
determine their potential as prognostic mark-
ers in CRC. Our main objectives were to a)
examine the associations between transcripts
of splicing factors and survival outcomes in
CRC; b) identify time-varying associations of
splicing factor transcripts; and c) explore poten-
tial targets of identified transcripts and their
related mechanisms on patients’ outcomes.

Materials and methods

Patient cohort, clinical data, and transcript
data of splicing factors

The Cancer Genome Atlas (TCGA) transcript
and survival data of CRC were downloaded
from UCSC Xena (https://xena.ucsc.edu/). Tran-
script data for primary tumors were used in
this study. The clinicodemographic variables
and MSI information of patients with CRC were
downloaded from the GDC portal (https://por-
tal.gdc.cancer.gov/). Genes (n = 217) encoding
splicing factors in the spliceosome were down-
loaded from the Kyoto Encyclopedia of Genes

3129

and Genomes (KEGGQG) (https://www.genome.jp/
dbget-bin/www_bget?pathway:hsa03040).
After excluding patients with either no clinico-
demographic variables or no transcript data
of spliceosome genes, 376 patients with 985
transcripts (from 144 genes) were examined.
The baseline characteristics of the patients are
summarized in Table 1.

Outcome measures

The outcome measures examined in this study
were overall survival (0S), disease-specific sur-
vival (DSS), disease-free survival (DFS), and
progression-free survival (PFS) from TCGA sur-
vival data of UCSC Xena (https://xena.ucsc.
edu/), and these outcome data were previous-
ly summarized and curated by Liu et al. [31]. OS
measures the survival from the disease diagno-
sis till the death from any causes, and it is usu-
ally regarded as the golden standard endpoint
in clinical trials of oncology, though it can be
influenced by non-cancer deaths and some
other factors [32]. DSS measures the survival
from disease diagnosis till the deaths caused
by the cancer under study. It is a good outco-
me measure to assess the effects/impacts of
treatments/variables specifically on the dis-
ease-related survival and has greater relevan-
ce to cancer biology. However, in TCGA data,
this outcome was approximated because the
absolute verification of the cause of death was
hard to achieve [31]. Compared to OS and DSS,
DFS (or DFI [disease-free interval], as used in
UCSC Xena) and PFS (or PFI [progression-free
interval], as used in UCSC Xena) are outcome
measures generally require fewer patients and
shorter follow-up to obtain a given number of
outcome events, and thus often lead to reduc-
ed costs while remain the ability to provide
information about treatment/variable activity/
effects. DFS describes the survival from the
completion of curative treatments to tumor re-
lapse or death from any causes, and it is nor-
mally used for early-stage patients with curable
tumors. PFS represents the survival from the
start of palliative treatment to tumor progres-
sion (e.g., tumor growth, metastasis) or death
from any causes. It is generally used in locally
advanced or metastatic diseases. It is of note
that although the DFS and PFS times should be
calculated from the time of treatments, in the
TCGA survival data of UCSC Xena these two
outcome times were calculated from the time
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Table 1. Baseline characteristics of TCGA COAD-READ dataset (n = 376)

Variable Measure/Category Number of patients Percentage (%)
Age at diagnosis Median (range) 66 (31-90) years
Sex Male 204 54.26
Female 172 45.74
Stage I 56 14.89
Il 133 35.37
1 115 30.59
v 53 14.10
NA 19 5.05
Location Colon 285 75.80
Rectum 91 24.20
MSI status MSS/MSI-L 319 84.84
MSI-H 57 15.16
Race Non-Africans 285 75.80
Africans 59 15.69
NA 32 8.51
Follow-up time Median (range) 672 (0-4502) days
Overall survival (OS) Alive 291 77.40
Death 85 22.61
Disease-free survival (DSS) Death from other causes or alive 314 83.51
Death from colorectal cancer 41 10.90
NA 21 5.59
Disease-free survival (DFS)* 0 112 34.67
1 21 6.50
NA 190 58.82
Progression-free survival (PFS) 0 273 72.61
1 103 27.39

*, DFS information was available for stage I-lll patients, not stage IV patients in this study dataset. MSI, microsatellite instabil-
ity; MSI-H, microsatellite instability-high; MSI-L, microsatellite instability-low; MSS, microsatellite stable; NA, not available.

of diagnosis. This was mainly because the time
of completing the curative treatments and the
time of initiating the treatments were not avail-
able/complete in the TCGA data, and thus the
date of diagnosis was used as a surrogate [31].
Readers should keep this in mind while inter-
preting our results. Another major difference is
the death-related endpoint event used in DFS
and PFS. Instead of using death from any
causes, the TCGA survival data of UCSC Xena
took death from advancement of the same
tumor and death from tumor as the death-relat-
ed endpoint events for DFS and PFS, respec-
tively. Authors summarizing the TCGA survival
data hold this opinion because deaths from
tumor are more relevant in cancer studies [31].
This difference should also be considered while
interpreting the results of this study.
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Baseline model construction

Baseline models were constructed using the
covariates of age at diagnosis, sex, disease
stage, disease location, MSI status, and race.
The PH assumption was checked for all vari-
ables in the baseline model using the cox.zph
function in R (version 4.4.1) [33], and those
that violated the PH assumption were stratified
in the models. Transcripts were then individu-
ally added to the baseline models and ex-
amined for their associations with survival
outcomes.

Statistical analysis

Correlation among baseline variables: Base-
line variables were calculated for their pair-
wise Pearson correlation coefficient (r) values.
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All variable pairs had r < 0.8, indicating no col-
linearity among the variables.

Survival analysis for splicing factor transcripts:
The Cox PH model and the Cox PH model with
time-varying coefficients were used to examine
the associations between splicing factor tran-
scripts and the survival outcomes of patients
with CRC. Age at diagnosis, sex, disease stage,
disease location, MSI status, and race were
used as covariates to adjust for the effects/
associations of the transcripts of interest. Tre-
atment regimens or therapies were not includ-
ed as covariates in this study because they had
more than 10% missing data in the study data-

set (Supplementary Tables 1, 2).

The PH assumption was tested using the cox.
zph function, and a p-value of 0.05 was consid-
ered the significant threshold. The transcripts
that satisfied the PH assumption were exam-
ined for their associations with outcomes in the
Cox PH model, and those that violated the PH
assumption (P < 0.05 in the PH assumption
test) were identified for their best cutoff time
points and then examined in Cox PH models
with time-varying coefficients. The best cutoff
of time points for a given transcript was identi-
fied using the method described by Yu et al. [5]
and Yu et al. [6]. Briefly, models with different
cutoff time points (with an increment of one
year) were constructed and compared. The
cutoff time point that gave the model the small-
est Akaike information criterion (AIC) value, no
infinity in 95% confidence intervals, and the
satisfaction of the PH assumption both before
and after the cutoff time point was deemed to
be the best cutoff time point. All transcripts
that violated the PH assumption were identified
for the best cutoff time points and were exam-
ined in models with time-varying coefficients.
The hazard ratios (HRs) and p-values were
obtained from the constructed models.

All analyses were performed using R software
(version 4.4.1) [33]. A strict p-value of 5.08 x
10 (i.e., 0.05/985; Bonferroni method for
multiple testing correction) was considered the
significant threshold. Variables with p-values
less than this threshold were deemed to be the
variables that are significantly associated with
survival outcomes in CRC.

Survival analysis for gene expression levels of
PRPF38A: RNA-Seq by Expectation Maximi-
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zation (RSEM) normalized count data of pre-
MRNA processing factor 38A (PRPF38A) in
TCGA COAD and READ cohorts were download-
ed from UCSC Xena (https://xena.ucsc.edu/).
The association between PRPF38A expression
and PFS was analyzed using the Cox PH model.
The method used was the same as that used
for transcript analysis. Statistical significance
was set at P < 0.05.

Correlation analysis between PRPF38A short-
transcript levels and the transcript ratios
of other genes: Given that long non-coding
RNAs (IncRNAs) have been reported to af-
fect the alternative splicing of other genes
through multiple mechanisms [34-36], and
considering that the PRPF38A short transcript
ENSTO0000474048.1 is a IncRNA of a splicing
factor (which participates in the splicing of
genes), it is possible that this transcript can
affect the splicing of other genes. As an explor-
atory practice, we performed a correlation anal-
ysis between the short transcript of PRPF38A
and the transcript ratios of other genes (n =
198,619). A strong correlation may imply an
impact of the splicing factor transcript on the
splicing of the correlated genes. Correlation
analyses were performed using the cor.test
function in R (version 4.4.1) [33]. A correlation
with the absolute value of the Pearson correla-
tion coefficient > 0.5 and the associated P <
2.52 x 1077 (i.e.,, 0.05/198,619; Bonferroni
method for multiple testing correction) was
deemed to be a strong correlation.

Results

Transcripts of splicing factors having constant
associations with survival outcomes

Of the 985 transcripts investigated, the major-
ity satisfied the PH assumption in multivariable
analyses (n = 903 for OS, 895 for DSS, 947 for
DFS, and 884 for PFS). Among these tran-
scripts, none reached the significance thresh-
old of 5.08 x 105,

The top 10 transcripts are shown in Table 2.

Transcripts of splicing factors having time-vary-
ing associations with survival outcomes

Transcripts that violated the PH assumption

were further identified for their best-cutoff
time points and then fit to the multivariable
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Table 2. The top transcripts of splicing factors in survival analyses using Cox PH model
P-value of the PH

Outcome Transcripts Gene HR (95% CI) P-value .
assumption test
0Ss ENSTO0000487160.1 PRPF38A 0.75 1.44x10°3 0.31
ENSTO0000509810.5 TCERG1 0.72 2.52x10°% 0.87
ENSTO0000562646.5 RBMX 0.88 2.54x10°% 0.42
ENST00000465245.1 TRA2B 0.77 3.54x10° 0.45
ENSTO0000519349.5 SLU7 0.77 4.68x10° 0.32
ENSTO0000555566.1 ACIN1 0.81 7.08x10703 0.94
ENSTO0000472237.5 CTNNBL1 1.12 9.33x10% 0.18
ENSTO0000493598.6 U2SURP 0.79 9.77x10703 0.47
ENSTO0000566095.6 SF3B3 0.76 1.02x10°2 0.48
ENSTO0000505969.1 THOC3 1.10 1.11x1002 0.33
DSS ENSTO0000495868.1 MAGOH 0.64 6.05x10° 0.65
ENSTO0000509810.5 TCERG1 0.65 1.03x107°2 0.24
ENSTO0000613191.4 PRPF18 0.63 1.03x10°2 0.22
ENSTO0000587044.1 DHX8 0.64 1.14x10°2 0.92
ENSTO0000583741.1 SRSF1 0.83 1.28x10°2 0.33
ENSTO0000527197.5 PUF60 0.78 1.39x107°2 0.86
ENSTO0000496549.5 CRNKL1 1.28 1.44x10°2 0.09
ENSTO0000428425.1 NCBP2 1.92 1.66x10°2 0.84
ENSTO0000427214.5 DDX39B 0.85 1.66x107°2 0.76
ENSTO0000617260.4 PRPF18 1.58 1.74x10°2 0.91
DFS ENST00000469522.1 SNU13 2.53 4.54x10°3 0.40
ENSTO0000468923.5 NCBP2 2.33 6.61x100 0.21
ENST00000628103.2 CTNNBL1 1.66 7.72x10703 0.38
ENSTO0000471497.5 ISY1 0.77 1.16x10°02 0.23
ENSTO00000524590.5 HSPA8 2.37 1.20x10°2 0.34
ENSTO0000465906.5 RBM17 2.57 1.24x10°2 0.28
ENSTO0000555547.5 SRSF5 1.94 1.25x10°2 0.26
ENSTO0000560383.5 SNRPA1 2.15 1.32x10°2 0.57
ENSTO0000497370.5 PPIE 1.52 1.35%107°2 0.24
ENSTO0000581497.1 SRSF1 2.08 1.38x10°2 0.24
PFS ENSTO0000476231.1 SYF2 0.71 5.00x10° 0.60
ENSTO0000553182.5 DDX23 0.83 8.22x10° 0.08
ENST00000247140.8 PQBP1 0.83 9.23x10% 0.06
ENST00000622389.4 PRPF18 0.76 9.38x10 1.00
ENSTO0000402849.5 SNRPD3 0.91 1.50%x10°2 0.26
ENSTO0000368932.5 CDC40 0.91 1.97x10°2 0.70
ENST00000464604.1 THOC2 1.15 2.02x10° 0.44
ENST00000526110.5 HSPA8 0.91 2.23x10° 0.85
ENSTO0000530251.1 SART1 0.60 2.26x10°2 0.93
ENSTO0000560496.5 SNRPA1 1.21 2.51x10°2 0.60

Cl, confidence interval; DFS, disease-free survival; DSS, disease-specific survival; OS, overall survival; PFS, progression-free
survival; PH, proportional hazards. Age at diagnosis, sex, disease stage, disease location, microsatellite instability status, and
race were included in the models adjusting the effects (i.e., HRs) of examined transcripts.

models. The results of the multivariable an- ENSTO0000474048.1 (Figure 1) was signifi-
alyses showed that PRPF38A short-transcript cantly associated with PFS after two years
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PRPF38A full length
transcript

PRPF38A short transcript
(ENST00000474048.1)

Figure 1. Schematic diagram of the PRPF38A short transcript ENSTO0000474048.1. PRPF38A short transcript
ENSTO0000474048.1 is a non-coding transcript. Compared to the full-length transcript, the PRPF38A-short tran-
script skipped exons 3 and 4, had a different 5’ splicing site for exons 1, and altered 3’ splicing sites for exons 2 and
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10. Boxes with dark ochre represent the coding regions, and those with light ochre are non-coding regions.

Table 3. The top transcripts of splicing factors in survival analyses using Cox model with time-varying

coefficients

Cutoff time Before P-value of the
Outcome Transcripts Gene point T or after T HR (95% CI) P-value PH assumption

(years) test
0s ENSTO0000557515.5 ACIN1 4 Before 1.31(0.91, 1.87) 1.46x10% 0.94
After 0.31(0.16,0.58)  2.50x10°%* 0.42
ENSTO0000428450.5 DDX39B 2 Before 1.23 (0.87, 1.76) 2.44x10°t 0.66
After 0.56 (0.40,0.79)  8.51x10% 0.77
ENSTO0000394082.8  SNRPA1 4 Before 1.55(1.20,2.01) 9.60x10°* 0.85
After 0.66 (0.49,0.89) 6.86x10 0.67
ENST0O0000431461.1 CDC40 2 Before 0.73(0.46, 1.16)  1.83x10%* 0.41
After 2.05 (1.33, 3.16) 1.24x10°3 0.17
ENSTO0000557201.5 HNRNPC 4 Before 1.02 (0.89, 1.17) 7.28x10°t 0.14
After 0.76 (0.64,0.90)  1.59x10% 0.48
ENST00000502781.5 LSM6 1 Before 217 (1.33,3.56)  2.04x10% 0.48
After 0.97 (0.72,1.31)  8.40x10°* 0.49
ENSTO0000581135.5 DDX42 2 Before 1.20(0.59,2.43)  6.09x10°* 0.11
After 5.00 (1.78, 14.03) 2.26x10° 0.14
ENSTO0000590105.1  EFTUD2 4 Before 1.05(0.60, 1.87)  8.54x10°* 0.55
After 5.47 (1.79, 16.74)  2.88x10® 0.77
ENST00000587196.2 U2AF2 4 Before 1.17 (0.89,1.53)  2.60x10* 0.77
After 0.32(0.15,0.68)  3.27x10® 0.56
ENSTO0000507392.5 DDX46 4 Before 0.92(0.76,1.11)  3.71x10" 0.54
After 0.52(0.33,0.80)  3.49x10° 0.70
DSS ENSTO0000558059.5  SNRPA1 2 Before 0.75(0.34,1.63)  4.64x10™ 0.45
After 3.16(1.71,5.82)  2.25x10°* 0.68
ENSTO0000585392.2  SNRPD2 4 Before 1.39(1.00,1.91) 4.67x10°2 0.68
After 0.60(0.43,0.82) 1.61x10°® 0.77
ENSTO0000483853.1 FUS 4 Before 1.03(0.69, 1.55)  8.84x10%* 0.71
After 0.28 (0.12,0.62)  1.78x10® 0.90
ENSTO0000584010.5 DDX42 5 Before 0.72(0.51,1.01) 5.42x10°? 0.72
After 0.27 (0.12, 0.63) 2.13x100 0.42
ENSTO0000486941.1  SNRNP40 4 Before 1.35(1.04,1.76)  2.68x10°2 0.76
After 0.35(0.18,0.70)  2.97x10% 0.47
ENSTO0000577429.5 THOC1 4 Before 1.39(0.99, 1.95) 5.53x10°2 0.64
After 0.32(0.14,0.69)  3.68x10% 0.82
ENSTO0000579618.1  SNRPD1 1 Before 2.79(1.38, 5.64) 4.45x10% 0.62
After 0.80(0.41,1.55) 5.06x10°* 0.45
ENSTO0000504279.1 DHX15 4 Before 1.03(0.84,1.25)  7.98x10™ 0.07
After 0.28 (0.12,0.67)  4.45x10°® 0.21
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ENSTO0000556897.5  HNRNPC 5
ENST00000491445.1 NCBP1 5
DFS ENSTO0000547764.1  PRPF40B 2
ENSTO0000367208.1 SNRPE 1
ENSTO0000581576.1 THOC1 1
ENSTO0000498663.5  RBMS8A 2
ENST00000464992.6 THOC2 1
ENSTO0000496762.1  RBM17 3
ENSTO0000493864.1 TRA2B 3
ENSTO0000478050.1 SF3B6 2
ENST00000533421.2 SF3B2 2
ENST00000428425.1 NCBP2 4
PFS ENSTO0000474048.1  PRPF38A 2
ENSTO0000583741.1 SRSF1 1
ENSTO0000559767.1 AQR 2
ENSTO0000450554.6 U2AF2 2
ENSTO0000419020.1  DDX39B 2
ENST00000376281.8  HNRNPK 2
ENSTO0000565990.2 SF3B3 2
ENSTO0000432305.6 THOC3 3
ENST00000320676.11  RBMX 2
ENSTO0000330752.12 HNRNPA1 2

Before 1.68 (1.18, 2.41) 4.47%x100% 0.48
After 0.34 (0.09, 1.33) 1.21x10°t 0.75
Before 1.67 (1.17, 2.36) 4.51x1003 0.30
After 0.37 (0.06, 2.12) 2.64x10°t 0.60
Before 1.98 (1.25,3.13)  3.49x10® 0.49
After 0.68 (0.26, 1.83) 4.47x10°t 0.91
Before 0.56 (0.36, 0.87) 1.04x1002 0.92
After 1.07 (0.79, 1.45) 6.59x10°* 0.41
Before 0.20 (0.06, 0.70) 1.22x10°2 0.23
After 1.33(0.70, 2.53) 3.81x10° 0.15
Before 1.09 (0.58, 2.03) 7.91x10°* 0.47
After 5.48 (1.45,20.74)  1.23x10°? 0.63
Before 0.69 (0.30, 1.58) 3.81x10°* 0.21
After 3.64 (1.30, 10.18)  1.37x10°? 0.45
Before 1.17 (0.63, 2.17) 6.18x10°* 0.86
After  13.60 (1.68,109.96) 1.44x10°? 0.58
Before 0.29(0.02,3.55) 3.35x10% 0.70
After 4.80(1.33,17.39) 1.68x10°? 0.26
Before 3.08 (1.20, 7.93) 1.94x1002 0.24
After 0.77 (0.31, 1.89) 5.63x10°* 0.84
Before 3.13 (1.20, 8.18) 2.00x10°? 0.75
After 0.82(0.41, 1.61) 5.58x10°t 0.98
Before 3.84(1.23,11.98) 2.05x10° 0.98
After 0.04 (0.02, 7.70) 2.30x10°* 0.41
Before 1.07 (0.76, 1.53) 6.88x10°* 0.40
After 0.31 (0.18, 0.54) 3.69x10° 0.43
Before 1.04 (0.89,1.23) 6.08x10* 0.34
After 0.80 (0.71, 0.90) 2.27x10° 0.89
Before 1.36 (1.04, 1.78) 2.58x10°2 1.00
After 0.52 (0.36, 0.74) 3.47x10%4 0.65
Before 1.08 (0.70, 1.65) 7.33%x10°* 0.60
After 0.36(0.20,0.64)  5.59x10% 0.58
Before 1.12 (0.85, 1.45) 4.32x10°* 0.96
After 0.54 (0.37,0.79) 1.38x10°3 0.83
Before 1.12 (0.72, 1.76) 6.13x10°* 0.83
After 0.44 (0.26, 0.74) 2.11x10° 0.63
Before 1.16 (0.82, 1.64) 4.03x10° 0.54
After 0.47 (0.29, 0.77) 2.30x10%° 0.78
Before 0.83(0.67, 1.02) 7.15%10°2 0.69
After 0.42(0.24,0.73) 2.35x10%® 0.32
Before 0.97 (0.66, 1.43) 8.86x10°* 0.43
After 0.36(0.18,0.70)  2.52x10 0.55
Before 1.07 (0.79, 1.45) 6.72x10°* 0.45
After 0.55(0.36,0.82)  3.35x10%3 0.49

Cl, confidence interval; DFS, disease-free survival; DSS, disease-specific survival; OS, overall survival; PFS, progression-free survival; PH, pro-

portional hazards. Age at diagnosis, sex, disease stage, disease location, microsatellite instability status, and race were included in the models

adjusting the effects (i.e., HRs) of examined transcripts.

post-diagnosis (HR [95% CI] = 0.31 [0.18,
0.54], P = 3.69 x 10°®), but not before that,
indicating that this transcript is a candidate
transcript of splicing factor with time-varying
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associations (Table 3). Patients with high ex-
pression levels of this transcript had longer
progression-free survival (or better outcomes)
than those with low expression levels after two
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1.00

High expression group
0.75

0.50

Survival probability

Low expression group
0.25

0.00

comes, we performed a corre-
lation analysis between the
PRPF38A short-transcript and
transcript ratios of other ge-
nes. Results showed that the
transcript ratios of RNA bind-
ing motif protein 28 (RBM2S;
encodes a RNA-binding pro-
tein) and mitochondrial ribo-
somal protein S30 (MRPS30;
encodes a mitochondrial pro-
tein synthesis protein) had a
strong negative correlation
(Pearson correlation coeffici-
ent < -0.5) with the levels of
PRPF38A short-transcript (Ta-

0 1000 2000

Time (days)

Figure 2. Kaplan-Meier curves of the PRPF38A short-transcript on progres-
sion-free survival. Patients with high expression levels of this transcript had
higher survival probabilities (in other words, better outcomes) after around
two years post-diagnosis, but not before that. This is consistent with the

4000

bles 4, 5), implying that the
PRPF38A short-transcript may
convey its effects on survival
outcomes through the regula-
tion of splicing and transcript
levels of these genes.

time-varying association analysis results of the PRPF38A short-transcript

showing that this transcript was significantly associated with PFS only after
two years post-diagnosis, during which time patients with a higher expres-
sion level of the transcript had better outcomes (HR = 0.31).

years post-diagnosis (Table 3 and Figure 2).
Within the first two years post-diagnosis, how-
ever, patients with different expression levels
of ENSTO0000474048.1 had no difference in
PFS (Table 3 and Figure 2).

Other transcripts were not significantly asso-
ciated with survival outcomes. The top tran-
scripts are listed in Table 3.

Gene expression levels of PRPF38A and
progression-free survival in CRC

The gene expression levels of PRPF38A were
further examined for their associations with
PFS in CRC, and the results showed that there
was a nominal association between expression
levels of PRPF38A and PFS (P = 0.086). This
suggests that the PRPF38A short-transcript
expression, rather than PRPF38A gene expres-
sion, is a candidate marker for predicting the
PFS in CRC.

Correlation between PRPF38A short-transcript
levels and transcript ratios of other genes

To further explore the possible mechanisms of
the PRPF38A short-transcript on survival out-
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The top 10 positively and ne-
gatively correlated transcripts
are shown in Table 4.

Discussion

In the current study, we examined the tran-
scripts of splicing factors with and without
time-varying associations with survival out-
comes (0S, DSS, DFS, and PFS) in CRC. This is
the first study to investigate the prognostic
value of splicing factor transcripts in this dis-
ease, providing a comprehensive view of the
relationships between splicing factor tran-
scripts and patient outcomes. This is also the
first study to investigate the time-varying asso-
ciations of transcripts and their potential as
early- or late-outcome markers in CRC. Though
most of the transcripts had no significant asso-
ciations with survival outcomes, interestingly,
a short transcript (i.e., ENSTO0000474048.1)
of PRPF38A was identified to be significantly
associated with PFS after two years post-diag-
nosis, but not before that, suggesting a poten-
tial late effect of this splicing factor transcript
on patient outcomes. Further correlation analy-
ses implied that this transcript may influence
RNA binding (RBM28) and mitochondrial pro-
tein synthesis (MRPS30), which are important
biological processes in cell survival, prolifera-
tion, and migration. The findings of this study
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Table 4. The top positively and negatively correlated transcripts with the PRPF38A short-transcript

Pearson correlation

Correlation type Correlated transcript Gene coefficient r P value

Positively correlated ENSTO0000336733.10 SLC25A26 0.47 1.41x102*
ENSTO0000376547.7 STK24 0.44 5.49x101°
ENSTO0000410049.1 C2o0rf49 0.43 1.45%x1018
ENSTO0000407439.7 MRE11 0.43 1.54x108
ENSTO0000488746.1 SELENOK 0.43 1.91x1018
ENSTO0000541489.5 DDX51 0.43 2.46x108
ENSTO0000479408.6 PDE4DIP 0.43 2.68x10718
ENSTO0000538833.6 DUS1L 0.43 3.31x1078
ENSTO0000491736.1 SLC25A4 0.43 3.60x1018
ENSTO00000620209.4 DDX52 0.43 3.82x1018

Negatively correlated ENST00000223073.6 RBM28 -0.53 3.98x102%8
ENST00000230914.4 MRPS30 -0.50 3.35x10%
ENSTO0000317623.8 PCNX4 -0.49 1.29x10%
ENSTO0000505587.5 CCNH -0.49 7.32x10%
ENSTO0000479950.5 OARD1 -0.48 1.21x1022
ENSTO0000479950.5 GLRX3 -0.47 3.86x102%2
ENSTO0000368644.5 ANKRD28 -0.47 5.23x102?
ENSTO0000461696.1 CCNB2 -0.47 1.29x10%
ENST00000621385.1 PTBP2 -0.46 1.58x102*
ENSTO0000609116.5 PCBD2 -0.46 1.21x102°

Table 5. Expression levels of PRPF38A short-transcript and transcript ratios of RBM28 and MRPS30

PRPF38A short transcript

Mean of RBM28 transcript ratio (%)
(ENSTO0000223073.6/all transcripts)

Mean of MRPS30 transcript ratio (%)
(ENSTO0000230914.4/all transcripts)

High expression 6.47
Low expression 8.70

13.66
16.55

are novel and can help guide patient stratifica-
tion/disease management, thereby contribut-
ing to precision medicine. Mechanistically, this
study provides insights into the prognostic role
of the PRPF38A short transcript in CRC.

The short transcript ENSTO0000474048.1
(1059 nt in length) is a IncRNA transcribed
from PRPF38A, a gene encoding a component
of the U4/U6-U5 tri-small nuclear ribonucleo-
protein (snRNP) of spliceosome complex B
[37]. Although this transcript has not been
examined in previous studies, the gene PR-
PF38A was reported to affect disease progno-
sis. It was reported that the downregulation of
PRPF38A in human breast cancer cell lines
leads to intron retention for genes that partici-
pate in homeostasis, mitosis, and apoptosis
[38]. Studies on osteosarcoma (preprint in
Research Square; https://doi.org/10.21203/
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rs.3.rs-24106/v1) and recurrent liver cancer
following surgical treatment or liver transplan-
tation have shown that PRPF38A is a candi-
date biomarker or signature for these diseases
[39]. The knockdown of PRPF38A has also
been reported to influence osteogenesis [40].
Although the effects of PRPF38A on prognosis
have not been reported in CRC, this gene is
likely to affect patient outcomes given its regu-
latory role in splicing, which is a critical biolo-
gical process affecting phenotypes, including
disease progression. Regarding the short tran-
script of PRPF38A, it is possible that this tran-
script can also affect the prognosis of patients
with CRC, considering that this transcript is a
IncRNA of the splicing factor PRPF38A; INcRNAs
have been reported to affect mRNAs transcri-
bed from the same genes [41, 42] and may
also directly interact with splicing factors [34-
36]. Supported by these findings, the identifica-
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tion of an association between the PRPF38A
short transcript and patient survival in this
study implies a potential role for this transcript
in CRC progression. Whether this regulatory
role is mediated through PRPF38A or not can
be investigated in future studies.

Two genes with transcript ratios correlated with
the short transcript of PRPF38A play important
roles in cells and affect disease progression.
RBM28 encodes an RNA-binding protein that is
a nucleolar component of spliceosome small
nuclear ribonucleoproteins (snRNPs) [43] as
well as a component involved in ribosome bio-
genesis [44]. Studies have shown that RBM28
is upregulated in different types of cancer
(including colon cancer) and is associated with
poor patient outcomes [45]. In line with this,
another study in 2024 reported that RBM28
was overexpressed in liver cancer and en-
hanced tumor angiogenesis [46]. RBM28 has
also been reported to be associated with splic-
ing alterations in cancers [47] and can interact
with p53 to affect cell proliferation and metas-
tasis [45, 48]. Although few studies have inves-
tigated the transcript ENSTO0000223073.6
of RBM28, this transcript is the MANE select
transcript and encodes the full-length (and like-
ly to represent a complete function) protein of
RBM28; thus, the altered ratio of this transc-
ript may impact patient outcomes. MRPS30
encodes the mitochondrial ribosomal small
subunit 30 [49]; thus, it is pivotal for the syn-
thesis of mitochondrial proteins, which are
essential for oxidative phosphorylation. Althou-
gh little is known about the role of MRPS30
transcript  ENSTO0000230914.4, this tran-
script may influence the production of cell ener-
gy, given that MRPS30 is a key component of
the mitochondrial ribosome. Future studies
should be performed on the detailed roles of
the RBM28 and the MRPS30 transcripts, as
well as their mechanistic relationships with the
PRPF38A short transcript in the prognosis of
CRC.

This study has implications for the missing heri-
tability of CRC prognosis. Missing heritability
refers to the phenomenon in which identified
genetic factors with prognostic associations
explain only a portion of the expected genetic
variance, leaving the rest of the variance unex-
plained. Large-scale studies on genetic varia-
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tions (e.g., genome-wide association studies)
may identify the genetic factors that explain the
remaining variance [50, 51]. However, after
years of work on such studies, heritability
remains missing. Investigation of gene tran-
scripts provided an opportunity to explain the
remaining variance. The identification of a tran-
script with a prognostic association in this
study suggests that transcripts, as an under-
studied layer of genetic architecture, can be a
promising source of variation explaining miss-
ing heritability. Additionally, considering that
the short transcript of PRPF38A can only be
identified as a factor with time-varying associa-
tions (not as a factor with constant associa-
tions), examining factors for their time-varying
associations can further contribute to the iden-
tification of prognosis-associated factors and
thus help account for missing heritability. Our
findings may inspire future studies to identify
novel prognostic factors explaining missing
heritability.

The method used to find time-varying associa-
tions in this study relies on checking the PH
assumption of the Cox PH model (violation of
this assumption implies a time-varying associa-
tion). Checking the PH assumption of the Cox
PH method is not a common practice in medi-
cal research [52-55], which may lead to bias in
findings and even miss important associa-
tions (e.g., time-varying associations). By taking
advantage of the violation of the PH assump-
tion, we used appropriate models to identify
non-constant associations over time. Thus, the
results obtained in this study are more reliable
than those of many other studies that have
never checked/reported the PH assumption
test results or simply assumed constant asso-
ciations. Checking the PH assumption in the
analyses using the Cox PH models increased
our confidence in the findings of the study.
Regarding the discovery of hidden associa-
tions, the identification of the late association
transcript (the PRPF38A short transcript) in this
study is a great example, showing that non-con-
stant associations would be missed if the PH
assumption were not checked (P = 0.129 if
analyzed using the Cox PH model). This further
means that the early- or late-outcome markers
would not be identified if the PH assumption
was not checked and the Cox PH model was
arbitrarily used for all analyses, highlighting the
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importance of checking the assumption and
using appropriate models in survival analysis.

The strengths of this study include the exami-
nation of an uncommonly investigated type of
variation, the transcripts, and their associa-
tions (including time-varying associations) with
survival outcomes in CRC. The transcripts were
RSEM-normalized data generated using the
same pipeline, which increased the confiden-
ce in the study findings. We used appropriate
models after checking the PH assumption for
survival data analysis, which further increased
the reliability of the results. This study also has
some limitations. It examined the transcripts
of splicing factors, leaving the majority of tran-
scripts in cells to be investigated in future stud-
ies. The findings of this study need to be vali-
dated in other studies using larger cohorts.
The small sample size (n = 376) in the current
study may limit our capability to identify tran-
scripts with small effect sizes, and studies
with larger study powers can be performed to
identify additional transcripts with and without
time-varying associations.

In conclusion, this study presented a compre-
hensive view of the association patterns of
splicing factor transcripts with survival out-
comes in CRC. A short transcript of PRPF38A
with a time-varying association with patient
survival was also identified. Such an associa-
tion, if validated in independent patient cohorts,
can be a late-outcome marker to stratify
patients into different outcome risk groups
after two years post-diagnosis, which further
helps with disease treatment and follow-up
management in CRC.
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Supplementary Table 1. Summary of treatment regimens in the study dataset

Treatment regimen Number of patients Percentage (%)
FOLFOX 69 18.35
FOLFOX + Bevacizumab 9 2.39
FOLFOX + Cetuximab 3 0.80
FOLFOX + Dexamethasone 2 0.53
FOLFIRI 4 1.06
FOLFIRI + Bevacizumab 1 0.27
XELOX 1 0.27
XELOX + Raltitrexed 1 0.27
Fluorouracil 9 2.39
Fluorouracil + Oxaliplatin 7 1.86
Fluorouracil + Oxaliplatin + Bevacizumab 3 0.80
Fluorouracil + Leucovorin 8 2.13
Fluorouracil + Leucovorin + Etoposide 1 0.27
Fluorouracil + Leucovorin Calcium 3 0.80
Fluorouracil + Irinotecan 1 0.27
Floxuridine 2 0.53
Capecitabine 19 5.05
Capecitabine + Bevacizumab 1 0.27
Oxaliplatin 3 0.80
Oxaliplatin + Leucovorin 2 0.53
Irinotecan + Cetuximab 1 0.27
No treatment 176 46.81
Unknown 50 13.30

FOLFOX, fluorouracil + oxaliplatin + leucovorin; FOLFIRI, fluorouracil + Irinotecan + leucovorin; XELOX, capecitabine + oxalipla-
tin.

Supplementary Table 2. Summary of main treatment types in the study dataset

. Chemotherapy Radiation therapy
Received treatment or not
Number (n) Percentage (%) Number (n) Percentage (%)
Yes 151 40.16 25 6.65
No 176 46.81 302 80.32
Not available/unknown 49 13.03 49 13.03




