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Abstract

Background: As a major contributor to cancer-associated deaths, advanced colorectal cancer (CRC) has a constrained range of effec-
tive treatment options. The short isoform of bromodomain-containing protein 4 (BRD4-S) has recently been implicated as a potential
oncogenic driver; however, its regulatory mechanisms and functional role in CRC remain incompletely understood. Methods: BRD4-S
expression, regulation, and function in CRC were investigated through bioinformatics analyses of the Cancer Genome Atlas (TCGA)
datasets, in vitro studies using CRC cell lines (HT29, SW620), and in vivo xenograft models in nude mice. Experimental approaches
included quantitative real-time PCR (qRT-PCR), Western blotting, co-immunoprecipitation, RNA immunoprecipitation, immunofluores-
cence, colony formation, Cell Counting Kit-8 (CCK-8), and scratch assays. Gene enrichment and interaction analyses were performed
to identify relevant pathways and molecular partners. Results: BRD4-S was markedly upregulated in CRC tissues and cell lines, and
elevated BRD4-S expression correlated with poorer patient survival. Silencing BRD4-S, but not BRD4-L, significantly impaired CRC
cell proliferation, migration, and tumor growth in vivo. Mechanistically, the RNA helicase DEAD-box helicase 27 (DDX27) interacted
with Serine and Arginine Rich Splicing Factor 6 (SRSF6) to promote alternative splicing of BRD4 pre-mRNA toward the BRD4-S
isoform. Inhibition of SRSF6 phosphorylation suppressed BRD4-S production and blocked activation of the mitogen-activated protein
kinase (MAPK)/extracellular regulated protein kinases ERK signaling pathway, identified as a key downstream effector of BRD4-S.
Conclusions: This study defines a novel DDX27–SRSF6–BRD4-S–MAPK/ERK signaling axis that drives CRC progression. These
findings underscore the therapeutic potential of targeting BRD4 isoform switching and its regulatory splicing machinery in CRC.

Keywords: colorectal neoplasms; alternative splicing; MAP kinase signaling system; bromodomain containing proteins; DEAD-box
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1. Introduction

According to the Global Burden of Disease Study
2021, colorectal cancer (CRC) was responsible for approxi-
mately 1.04 million deaths and affected about 11.68 million
people globally, underscoring its significant global health
impact as the third most common cancer and the second
leading cause of cancer mortality [1]. Despite advances in
early detection methods, such as colonoscopy and fecal im-
munochemical testing (FIT), a considerable proportion of
patients are still diagnosed at advanced stages, precluding
curative surgical resection [2]. Conventional chemother-
apy regimens, including fluorouracil (5-FU) and irinotecan,
are limited by their non-selective mechanisms, which cause
substantial toxicity in normal tissues and reduce both effi-
cacy and patient tolerance [3]. In recent years, targeted ther-
apies and immunotherapies have emerged as transforma-
tive treatment strategies [4]. For example, anti-Epidermal
Growth Factor Receptor (EGFR) agents such as cetuximab
and panitumumab are standard therapies for Rat Sarcoma
(RAS)/v-raf murine sarcoma viral oncogene homolog B1

(BRAF) wild-type metastatic CRC (mCRC), while BRAF
inhibitors (e.g., encorafenib) in combinationwith EGFR an-
tibodies have shown promise in BRAFV600E-mutant cases
[5]. Although these targeted therapies have expanded treat-
ment options and improved safety profiles, the proportion
of patients eligible to benefit from them remains relatively
small [6]. Thus, there is a pressing need for novel therapeu-
tic approaches to effectively suppress tumor progression.

Bromodomain-containing protein 4 (BRD4) is a mem-
ber of the Bromodomain and Extra-Terminal (BET) pro-
tein family, which also includes BRD2, BRD3, and BRDT.
In addition to two bromodomains and an extra-terminal
(ET) domain, BRD4 possesses a unique C-terminal motif
(CTM) that serves to distinguish it from BRD2 and BRD3
[7]. By binding acetylated chromatin via its bromodomains,
BRD4 recruits various transcriptional machinery to target
genes, thereby directly influencing their transcriptional out-
put. BRD4 is essential for cellular proliferation, cell cycle
progression, and DNA repair. Notably, its overexpression
in colorectal tumors has been associated with unfavorable
clinical outcomes [8].
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BRD4 encodes two major isoforms: the long iso-
form (BRD4-L) and the short isoform (BRD4-S). Com-
pared with BRD4-L, BRD4-S lacks the CTM and the P-
TEFb-interacting domain (PID). Owing to these structural
differences, it is important to distinguish their functional
roles in cancer initiation and progression. Recent stud-
ies have shown that BRD4-S exerts oncogenic effects in
breast cancer [9], whereas in rhabdomyosarcoma, BRD4-
S suppresses metastasis by inhibiting BRD4-L–mediated
activationof integrin genes [10]. However, the role of
BRD4-S in CRC remains unclear.

The DEAD-box RNA helicase (DDX) protein family
in humans comprises 38 distinct members, several of which
are highly expressed in tumors and exhibit diverse onco-
genic functions. These proteins participate in critical cellu-
lar processes, including mRNA splicing, lysosome biogen-
esis, transcriptional regulation of RNA, and the modulation
of RNA replication and degradation [11–13]. DDX27, a
member of this family, has been implicated in multiple can-
cers by promoting tumor growth and metastasis. In gastric
cancer (GC), DDX27 is frequently amplified and overex-
pressed, correlating with poor patient survival. It enhances
the colony-forming ability of GC cells by regulating cell
cycle progression independently of apoptosis [14]. In hepa-
tocellular carcinoma (HCC), DDX27 promotes cancer pro-
gression through the ERK signaling pathway. It is overex-
pressed in HCC tissues, where high expression levels are
associated with poor prognosis. Mechanistically, DDX27
upregulation induces major vault protein (MVP) expression
and enhances ERK1/2 phosphorylation, thereby facilitating
metastasis [15]. Although a recent study has reported that
DDX27 enhances gene expression in CRC cells [16], the
mechanisms by which it contributes to colorectal carcino-
genesis and regulates downstream targets remain poorly un-
derstood.

Serine/arginine-rich splicing factor 6 (SRSF6) is a
critical regulator of both constitutive and alternative splic-
ing and has been implicated in tumorigenesis across multi-
ple cancer types, including colorectal, skin, and lung can-
cers [17]. SRSF6 promotes exon inclusion by recogniz-
ing specific RNA motifs and facilitating spliceosome as-
sembly. Dysregulated SRSF6 expression alters the splic-
ing of various tumor suppressors and oncogenes, leading
to the generation of oncogenic isoforms [18]. It is fre-
quently overexpressed in cancers and contributes to tumor
progression by modulating the splicing of apoptosis-related
genes such as First apoptosis signal receptor (Fas), Bcl-x
(B-cell lymphoma-extra large), and Bcl-2 Interacting Me-
diator of cell death (BIM) [19]. Importantly, SRSF6 has
been reported to interact physically and functionally with
RNA helicases to regulate splicing outcomes [20]. Given
that DDX27 is a member of the DEAD-box RNA helicase
family, we hypothesized that DDX27 may cooperate with
SRSF6 to control BRD4 isoform switching in CRC.

In this study, we provide novel evidence that BRD4-S
is highly expressed in CRC tissues and cell lines, where it

exhibits strong oncogenic activity. Notably, patients with
elevated BRD4-S expression showed significantly reduced
survival rates (p < 0.05). These results extend previous
findings that BRD4 overexpression is a key driver of col-
orectal carcinogenesis [21]. Mechanistically, we demon-
strate that alternative splicing of BRD4 is regulated by
DDX27. Specifically, the DDX27–SRSF6 complex binds
BRD4 pre-mRNA and promotes splicing toward the BRD4-
S isoform, a mechanism consistently observed across mul-
tiple CRC models. Collectively, our findings identify
DDX27 as a novel molecular regulator of BRD4-S bio-
genesis and underscore its potential as a therapeutic target
for precision medicine in CRC. More broadly, this discov-
ery reveals a splicing-based regulatory mechanism that ad-
vances understanding of post-transcriptional modulation of
oncogenic isoforms in gastrointestinal malignancies.

2. Materials and Methods
2.1 Cell Culture, Transient Transfections, Stable
Knockdown and Overexpression

Cell culture was performed in Dulbecco’s Modified
Eagle Medium (DMEM; Cat:11965092, Gibco, Grand Is-
land, NY, USA) enriched with 10% heat-inactivated fetal
calf serum, under a humidified atmosphere of 5%CO2 at 37
°C. The human normal colon epithelial cell line (NCM640)
and the humanCRC cell lines (SW620, HT29, DLD-1) used
in this study were all acquired from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Trans-
fections of HT29 and SW620 cells were performed using
Lipofectamine 2000 (Cat:11668019, Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s protocol. All cul-
tures were routinely maintained with mycoplasma scav-
enger supplementation and regularly monitored for contam-
ination. Cell line authentication was confirmed by short
tandem repeat (STR) profiling, and all lines tested negative
for mycoplasma.

Stable knockdown cell lines were generated via
lentiviral transduction. In brief, cells at ~90% confluence
were co-transfected with a mixture of packaging plasmids
(pIP1 and pIP2, 5 µg each), the envelope plasmid pIP/VSV-
G (5 µg) from the ViraPower™ Lentiviral Packaging
Mix (Cat: K497500, Thermo Fisher Scientific, Waltham,
MA, USA), and 5 µg of a lentiviral shRNA construct
(non-targeting control pLKO.1, Cat: SHC002; shBRD4-
L, TRCN0000021424; shBRD4-S, TRCN0000349782; all
from Sigma-Aldrich, St. Louis, MO, USA), using 30 µL of
Lipofectamine 3000 (Cat: L30000001, Invitrogen, Carls-
bad, CA, USA) as per the manufacturer’s protocol. After 16
hours, the mediumwas refreshed. The resulting viral super-
natants were harvested, concentrated, and used to transduce
human CRC cell lines (HT29 and SW620) in DMEM con-
taining 8 µg/mL polybrene (Sigma-Aldrich). Transduced
cells were then selected with 1 µg/mL puromycin (Sigma-
Aldrich) for 4–5 days prior to expansion and subsequent
analysis. The shRNA target sequences were as follows:
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shBRD4-L: 5′-CCAACCAAAGTCAGTTCCTTC-3′
(targeting the CTM-coding region of BRD4-L). shBRD4-
S: 5′-ATTGGACACGGACTCTTAATA-3′ (targeting the
GPA-rich domain of BRD4-S).

To generate the BRD4-S overexpression construct, the
full-length coding sequence (CDS) of human BRD4-S was
amplified by PCR from cDNA derived from HT29 cells.
The PCR product was cloned into the pcDNA3.1(+) vec-
tor (Invitrogen) downstream of the CMV promoter, incor-
porating a C-terminal FLAG tag for detection. The empty
pcDNA3.1(+) vector served as the control. All constructs
were confirmed by Sanger sequencing.

2.2 Animal Model Assay
Male BALB/c (nu/nu) nude mice, aged 6–8 weeks and

weighing around 25 grams, were obtained from the Shang-
hai Laboratory Animal Center and housed in a pathogen-
free environment under controlled temperature and humid-
ity. HT-29 cells transduced with either control or BRD4-
S shRNA were cultured in McCoy’s 5A medium at 37
°C with 5% CO2. Cells in the logarithmic growth phase
were harvested, washed, and resuspended in a serum-free
medium/Matrigel mixture (1:1) at a concentration of 1 ×
107 cells/mL with >95% viability. Each mouse received
a subcutaneous injection of 1 × 106 cells in 100 µL into
the right flank. Tumor growth was monitored three times
per week by two independent investigators using digital
calipers, and tumor volume was calculated as (major axis×
minor axis2)/2. Micewere euthanizedwhen tumors reached
1500 mm3 or 28 days after inoculation. Tumors were ex-
cised, weighed, bisected, and either fixed in formalin for
histological examination or snap-frozen for molecular anal-
ysis. All surgical procedures were performed under general
anesthesia tominimize discomfort. Anesthesia was induced
with isoflurane (5% v/v, inhalation) via a precision vapor-
izer and maintained with ketamine (90 mg/kg, intraperi-
toneal injection). Animals were fasted for 12 hours prior
to anesthesia to reduce aspiration risk and metabolic vari-
ability. During procedures, anesthetic depth was assessed
by corneal reflexes, and body temperature was maintained
at 37 °C using a heating pad. Animals were placed in a
dedicated, unrestrained euthanasia chamber and exposed to
a gradually increasing concentration of compressed CO2,
delivered at a flow rate of 30% of the chamber volume per
minute to minimize distress. Exposure was maintained for
at least one minute after the cessation of vital signs. All an-
imal procedures received approval from the Experimental
Animal Ethics Committee of The Second Affiliated Hos-
pital of Nantong University (Approval No. P20250303-
039) and adhered to the standards of the Institutional An-
imal Care and Use Committee (IACUC). Euthanasia was
performed following a two-step protocol, which was de-
signed to minimize animal anxiety in compliance with the
American Veterinary Medical Association (AVMA) Panel
on Euthanasia guidelines. Death was subsequently verified
by cervical dislocation as a secondary measure.

2.3 Quantitative Real-Time PCR
Total RNA was isolated from target cells with

Trizol (Ambion) following the manufacturer’s protocol.
Subsequently, 1 µg of the extracted RNA was subjected
to reverse transcription using the RevertAid First Strand
cDNA Synthesis Kit (Cat: K1622, Thermo Fisher Sci-
entific, Waltham, MA, USA). Quantitative PCR was
then performed on the CFX96 Connect™ Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA)
using the SYBR Green PCR Kit (Cat: 204145, Qiagen,
Hilden, Germany) in 20 µL reactions. The thermal cycling
conditions comprised an initial denaturation at 95 °C for
2 minutes, followed by 40 cycles of 95 °C for 10 seconds
and 60 °C for 10 seconds. Primers specific for DDX27,
GAPDH, BRD4-L, BRD4-S, ZFP64, RBL1, ZNF217,
HNF4A, GNL3L, and POFUT1 were designed using
Primer3 software (version 1.0; https://primer3.org/). The
sequences were as follows: Human DDX27 F (forward):
5′-CTCACTAAAGGCACCGAAG-3′, R (reverse): 5′-
GGCAGAGAAGTTGCTTGTGG-3′; Human GAPDH
F (forward): 5′-ACGGCAAGTTCAACGGCACAG-3′,
R (reverse): 5′-GACGCCAGTAGACTCCACGACA-
3′; Human BRD4-L F (forward): 5′-
CTCCTCCTAAAAAGACGAAGA-3′, R (reverse):
5′-TTCGGAGTCTTCGCTGTCAGAGGAG-3′; Human
BRD4-S F (forward): 5′-TTTCTCTCTCCCTCTACGT-3′,
R (reverse): 5′-TTAGGCAGGACCTACGTAG-3′; Human
ZFP64 F (forward): 5′-ATGGCTGCAGTTCTGTGTACT-
3′, R (reverse): 5′-CTGCAGGATCTGCAGATGT-
GGTA-3′; Human RBL1 F (forward): 5′-
CGTGATGTCCGTGTACTTTGCAG-3′, R (re-
verse): 5′-GCTG-CAGTTGC-AAGATGTGCGATG-
3′; Human ZNF217 F (forward): 5′-
CAGACCTACAGCAACAGCAG-3′, R (reverse): 5′-
GCT-GTACTTGGCCTTCATCC-3′; Human HNF4A F
(forward): 5′-CGGACTGGGTCTGATGTGCAGTT-3′, R
(reverse): 5′-CAGGCATTGCAGTGCCACGTAGAT-
3′; Human GNL3L F (forward): 5′-
AGCAAGATGGACGAGACCCA-3′, R (re-
verse): 5′-TCACCAGGTACTTGTAGCCG-
3′; Human POFUT1 F (forward): 5′-
CGGTTCTGCTGTGGAGATG-TGT-3′, R (reverse):
5′-GCATTGGTGCCAGCTGTGATGTGC-3′; Human
STAT5B F (forward): 5′-CAGCCTACCATTGACAGCGT-
3′, R (reverse): 5′-TGTCCAGCATCCTTGAACCA-3′.

2.4 Western Blot
Cellular proteins were extracted using RIPA buffer

supplemented with 1 mM PMSF. The extracts were then
subjected to SDS–PAGE on 8% gels and electrophoreti-
cally transferred onto PVDFmembranes (Cat: IPVH00010,
Millipore, Billerica, MA, USA). Membrane blocking was
performed with 5% non-fat dry milk in TBST. Primary
antibody incubations were carried out overnight at 4 °C,
followed by a 2-hour incubation with corresponding sec-
ondary antibodies at room temperature. Signal detec-
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tion was achieved with an ECL substrate (Cat: 180-
5001, Tanon, Shanghai, China), and imaging was per-
formed using a ChemiDoc system (Bio-Rad). The follow-
ing primary antibodies were used in Western blot analy-
ses: anti-BRD4 (Cat: ab128874, Abcam, Cambridge, UK;
1:1000), anti-DDX27 (Cat: ab177950, Abcam; 1:1000),
anti-SRSF6 (Cat: ab38017, Abcam; 1:1000), anti-pSRSF6
(Cat: MABE50, EMD Millipore, Billerica, MA, USA;
1:1000), anti-β-actin (Cat: ab8227, Abcam; 1:2000), and
anti-GAPDH (Cat: sc-47724, Santa Cruz Biotechnology,
Dallas, TX, USA; 1:1000).

2.5 Cell Proliferation Assay
Cell proliferation was evaluated by seeding trans-

fected cells (2500 cells/well) into 96-well clear plates con-
taining complete medium. Proliferation was quantified
at designated time points using the Cell Counting Kit-8
(CCK-8; Cat: WH1199, Dojindo Laboratories, Kumamoto,
Japan), and the absorbance at 450 nm was measured with a
microplate reader.

2.6 Immunocytochemistry
For immunofluorescence staining, cells were first

fixed with 4% paraformaldehyde at low temperature for 20
min and permeabilized with 0.2% Triton X-100 for 10 min.
After three Phosphate-Buffered Saline (PBS) washes, non-
specific sites were blockedwith 1%BSA in PBS for 30min.
The samples were then incubated overnight at 4 °Cwith pri-
mary antibodies against DDX27 (Cat: ab177950, Abcam,
1:200) or SRSF6 (Abcam, ab38017, 1:200), followed by a
1-hour incubation at room temperature with secondary an-
tibodies (Alexa Fluor 488 goat anti-rabbit, Invitrogen, A-
11034, 1:40; or Alexa Fluor 594 goat anti-mouse, Invit-
rogen, A-11012, 1:40). Following additional PBS washes,
nuclei were stained with DAPI for 10 min, and the samples
were mounted in glycerol for visualization.

2.7 RNA Coimmunoprecipitation
The RNA co-immunoprecipitation (RIP) assay was

conducted with the Magna RIP Kit (Millipore, MA, USA)
following the manufacturer’s protocol. Briefly, cells were
lysed in ice-cold RIPA buffer containing protease in-
hibitors. For each immunoprecipitation, 500 µg of pro-
tein lysate was incubated with 40 µL of A/G beads (sc-
2003, Santa Cruz Biotechnology, Dallas, TX, USA). Subse-
quently, 2 µg of either control IgG (Santa Cruz Biotechnol-
ogy) or specific antibody against DDX27/SRSF6 (Abcam)
was added, and the mixture was subjected to overnight in-
cubation at 4 °C. An additional 40 µL of A/G beads were
then introduced for a further 6-hour incubation. The beads
were then washed with PBS containing 0.2% NP-40, and
the bound proteins were eluted by boiling in 2 × SDS-
PAGE sample buffer for 5 minutes, followed by Western
blot analysis. After immunoprecipitation, reverse cross-
linking was carried out, and total RNA was extracted us-
ing Trizol (5596026, Invitrogen, Carlsbad, CA, USA). The

extracted RNA was treated with DNase I (AM2222, Invit-
rogen) to remove contaminating genomic DNA. BRD4 ex-
pression levels were quantified by qPCR on an ABI 7500
Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA).

2.8 Chromatin Immunoprecipitation Followed by
Quantitative PCR

Chromatin immunoprecipitation (ChIP) was carried
out with the EZ-ChIP™ Kit (17-295, Millipore, Burling-
ton, MA, USA) per the manufacturer’s protocol. In brief,
HT-29 cells were fixed with 1% formaldehyde for 10 min
at room temperature, and the cross-linking was terminated
by the addition of glycine (0.125 M final concentration).
After washing with cold PBS, the cells were harvested and
lysed in SDS lysis buffer containing protease inhibitors.
The chromatin was then fragmented by sonication using
a Bioruptor® Pico (B01060001, Diagenode, Denville, NJ,
USA) to achieve fragments ranging from 200 to 500 bp.
The sheared lysates were subjected to immunoprecipita-
tion overnight at 4 °C with 2 µg of either anti-BRD4 an-
tibody (Abcam, ab128874) or control rabbit IgG. Protein–
DNA complexes were captured with protein A/G mag-
netic beads and sequentially washed with low-salt, high-
salt, LiCl, and TE buffers. Following cross-link reversal
(65 °C for 4 h with 200 mM NaCl) and proteinase K di-
gestion, the immunoprecipitated DNA was purified using
spin columns. Quantitative PCR analysis was performed on
a CFX96 Real-Time PCR System (Bio-Rad) using SYBR
Green, with enrichment expressed as the percentage of in-
put and normalized to the IgG control. The following
primers were used to amplify promoter regions of ERK tar-
get genes:

CCND1 promoter
Forward: 5′-CCTCTCGCTCCGTAACCATC-3′
Reverse: 5′-GCTGGACTTGACCACCTTCC-3′
DUSP6 promoter
Forward: 5′-GAGGCGAGAGAGAGGAAGGA-3′
Reverse: 5′-CCTCCTCCTCCACCTCTTTC-3′

2.9 Survival Difference Analysis
To assess the prognostic significance of BRD4 iso-

forms in CRC, mRNA expression matrices of CRC tissues
and matched adjacent normal tissues were retrieved from
The Cancer Genome Atlas (TCGA) database. The mRNA
expression values of BRD4-L (long isoform) and BRD4-S
(short isoform) were then extracted for comparative analy-
sis. Patients were stratified into high- and low-expression
groups according to the median BRD4-S expression value
(or predefined clinical cutoffs where applicable). This strat-
ification facilitated systematic evaluation of the associa-
tion betweenBRD4-S expression levels and patient survival
outcomes.
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2.10 Volcano Plot Analysis

Transcriptomic data from TCGA were analyzed to
identify BRD4-S-related transcriptional alterations in CRC
by comparing tumor and normal tissues. Differential ex-
pression analysis, performed with DESeq2 or edgeR, iden-
tified significant genes using a |log2 fold change| >1
and adjusted p-value < 0.05 cutoff. A ggplot2-generated
volcano plot visualized these results, depicting log2 fold
change versus –log10 (adjusted p-value), with gene expres-
sion changes color-coded (red for up, blue for down). Key
BRD4-S–associated genes, including potential interactors
or targets, were highlighted for subsequent investigation.

2.11 GO-KEGG Enrichment Analysis

To characterize BRD4-L, BRD4-S, and DDX27 -
associated genes in CRC, candidate genes were identified
by integrating differentially expressed genes (DEGs) with
BRD4-S targets from the GEPIA2 database. Functional
enrichment analysis was performed using ClusterProfiler
(Open-source R package, Bioconductor, Seattle, WA, USA)
or DAVID, with Gene Ontology (GO) terms classified
into biological processes, molecular functions, and cellular
components. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was also conducted, focusing on
BRD4-S–related pathways such as MAPK/ERK signaling.
Significant terms were defined as those with a false discov-
ery rate (FDR) <0.05 and ranked by gene ratio. Enriched
pathways and GO terms were visualized using bar and dot
plots.

2.12 Statistical Analysis

Statistical significance was defined as a two-sided p-
value < 0.05. All analyses were carried out with SPSS
software (version 23.0; IBM Corporation, Armonk, NY,
USA). mRNA expression differences between groups were
assessed by Student’s t-test, while survival analysis was
performed using the Kaplan-Meier method. Quantitative
data are expressed as mean ± standard deviation (SD).

3. Results
3.1 BRD4-S is Highly Expressed in CRC Cells and Tissues
and Related to Poor Prognosis

To examine the expression levels of BRD4-L (200
kDa) and BRD4-S (140 kDa) (Fig. 1A) in CRC, we first
obtained mRNA expression matrices for CRC tissues and
paired adjacent non-tumor tissues from the Gene Expres-
sion Profiling Interactive Analysis (GEPIA2) database.
From these matrices, we extracted the mRNA expression
values of BRD4-L and BRD4-S. Comparative analysis
revealed that overall BRD4 expression was significantly
higher in CRC tissues than in adjacent normal tissues (p <

0.05). However, BRD4-L expression did not differ signif-
icantly between the two groups (p > 0.05) (Fig. 1B). No-
tably, patients with high BRD4-S expression had signifi-
cantly shorter survival times compared to those with low

BRD4-S expression (p = 0.017), indicating a strong associ-
ation between elevated BRD4-S levels and poor prognosis.
In contrast, BRD4-L expression showed no significant cor-
relation with survival outcomes (p = 0.24) (Fig. 1C). We
next employed RT-PCR to quantify BRD4-S expression in
CRC tissues and adjacent normal tissues, which confirmed
that BRD4-S was markedly upregulated in tumor tissues
(Fig. 1D). To further investigate its functional role in CRC
cells, we analyzed BRD4-S expression using RT-qPCR and
Western blotting. Our results demonstrated that BRD4-S
was elevated in multiple CRC cell lines, including SW620,
HT29, and DLD-1, compared with the normal control cell
line NCM640 (Fig. 1E,F).

3.2 BRD4-S Promotes CRC Proliferation and Migration In
Vitro

We designed isoform-specific shRNA primers target-
ing the CTM domain unique to BRD4-L and the GPA do-
main exclusive to BRD4-S, successfully generating CRC
cell lines with stable knockdown of BRD4-S or BRD4-
L (Fig. 2A). To investigate isoform-specific functions of
BRD4 in CRC, we performed CCK-8 and colony formation
assays to evaluate the impact of BRD4-S or BRD4-L silenc-
ing on cell proliferation. Notably, BRD4-S knockdown sig-
nificantly reduced both the size and number of colonies (p
< 0.01), whereas BRD4-L knockdown did not exert compa-
rable inhibitory effects on clonogenicity (Fig. 2B). Consis-
tent with these findings, BRD4-S depletion markedly sup-
pressed the proliferation of HT29 and SW620 cells rela-
tive to the control group (sh-NC), while BRD4-L silencing
produced no significant changes in proliferation (Fig. 2C).
Furthermore, scratch assays revealed that BRD4-S silenc-
ing significantly impaired the migratory capacity of CRC
cells, whereas BRD4-L depletion only slightly reduced mi-
gration in HT29 cells and showed no significant effect in
SW620 cells compared with controls (Fig. 2D). To fur-
ther validate the oncogenic role of BRD4-S, we established
BRD4-S overexpression models in HT29 cells via plasmid
transfection. Overexpression efficiency was confirmed by
Western blotting (Supplementary Fig. 1A). In contrast to
the knockdown experiments, BRD4-S overexpression sig-
nificantly enhanced colony formation in HT29 cells (p <

0.01) (Supplementary Fig. 1B). Similarly, CCK-8 assays
demonstrated that BRD4-S overexpression markedly pro-
moted proliferation compared with the empty vector con-
trol (p < 0.01) (Supplementary Fig. 1C). Scratch as-
says further indicated that BRD4-S overexpression acceler-
ated wound closure, reflecting increased migratory poten-
tial (Supplementary Fig. 1D). Our results critically sup-
port a model wherein BRD4-S, in contrast to BRD4-L, is
the primary driver of CRC cell proliferation and migration.

3.3 BRD4-S Promotes CRC Tumorigenesis In Vivo

To further evaluate the oncogenic role of BRD4-S
in vivo, we performed subcutaneous injections of BRD4-
L-shRNA cells, BRD4-S-shRNA cells, and control cells
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Fig. 1. BRD4-S is highly expressed in CRC cells and tissues and related to poor prognosis. (A) Schematic representation of the
domain structures of the long (BRD4-L) and short (BRD4-S) isoforms of BRD4. (B) Differential expression analysis of BRD4-L and
BRD4-S transcripts in normal and malignant tissues based on the TCGA database. (C) Kaplan–Meier survival curves comparing overall
survival in patients with high BRD4-L versus BRD4-S expression using TCGA data. (D) qRT-PCR analysis of BRD4-L and BRD4-S
expression in normal colon tissue and CRC tissue. (E,F) qRT-PCR and western blot analyses of BRD4-L and BRD4-S expression in CRC
cell lines, including NCM640, SW620, HT29, and DLD. Data are presented as mean ± SEM. No significant difference (ns) is indicated
when p> 0.05; *, p< 0.05; **, p< 0.01. BRD4-S, short isoform of bromodomain-containing protein 4; CRC, colorectal cancer; TCGA,
the Cancer Genome Atlas; qRT-PCR, quantitative real-time PCR; COAD, colon adenocarcinoma.

into nude mice. In the xenograft model, tumor for-
mation was significantly reduced in the BRD4-S-shRNA

group compared with both the control and BRD4-L-shRNA
groups (Fig. 3A). Tumor growth curve analysis further
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Fig. 2. BRD4-S promotesCRCproliferation andmigration in vitro. (A) BRD4-S andBRD4-L knockdown cell lines were successfully
established in HT29 and SW620 cells. (B) Colony formation assays were performed to evaluate the sphere-forming ability of BRD4-S
and BRD4-L knockdown in HT29 and SW620 cells. (C,D) CCK-8 and scratch assays were conducted to assess the proliferative capacity
of BRD4-S and BRD4-L knockdown cell lines. Data are presented as mean ± SEM. No significant difference (ns) is indicated when p
> 0.05; *p < 0.05; **p < 0.01. CCK-8, cell counting kit-8. Scale bar = 100 µm.

demonstrated that BRD4-S knockdown markedly sup-
pressed tumor progression (Fig. 3B). Consistently, both

tumor weight and volume were significantly lower in
the BRD4-S-shRNA xenografts compared with the other
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groups (Fig. 3C,D). These results indicate that BRD4-
S possesses oncogenic properties that drive CRC tumor
growth.

3.4 Identification of BRD4-S-Specific Functionally
Associated Candidates in CRC

Using the GEPIA2 database, we systematically
screened the top 100 genes associated with the BRD4-S
and BRD4-L isoforms. After excluding genes co-associated
with both isoforms, we identified 63 genes that were exclu-
sively correlated with BRD4-S (Fig. 4A). Subsequent dif-
ferential expression analysis of CRC transcriptomes from
the TCGA cohort revealed 5331 significantly dysregu-
lated genes (|log2 fold change| >1, adjusted p < 0.05),
as illustrated by volcano plot analysis (Fig. 4B). Among
these, only eight DEGs demonstrated functional associa-
tions with BRD4-S (Fig. 4C). Of these candidates, ZFP64,
RBL1, ZNF217, HNF4A, GNL3L, POFUT1, and DDX27
were consistently upregulated in CRC tissues compared
with normal controls, whereas STAT5B was downregulated
(Fig. 4D). To validate these findings, RT-PCR analysis was
performed in HT-29 CRC cells. The results confirmed sig-
nificant overexpression of most identified DEGs, with the
exception of ZFP64, HNF4A, and GNL3L, which did not
show statistically significant changes (Fig. 4E).

3.5 DDX27-Mediated BRD4 Splicing Regulation
Modulates Isoform Switching Through SRSF6 Interaction
in HT-29 cells

To further investigate the regulatory role of candidate
factors in BRD4 splicing, we performed GO and KEGG en-
richment analyses on the previously identified genes. This
analysis revealed a significant enrichment of DDX27 in
spliceosome -related pathways (Fig. 5A). To evaluate the
clinical relevance of DDX27 in CRC, we examined its ex-
pression in the TCGA CRC cohort. DDX27 mRNA lev-
els were markedly elevated in CRC tissues compared with
adjacent normal colon tissues (Fig. 5B), supporting its po-
tential role as an oncogenic factor in CRC. Functional val-
idation through DDX27 knockdown in HT-29 CRC cells
(Fig. 5C) demonstrated reduced mRNA and protein levels
of the BRD4-S isoform, accompanied by increased BRD4-
L protein expression (Fig. 5D,E). Furthermore, correla-
tion analysis using the GEPIA2 database identified SRSF6
as the splice factor most strongly associated with DDX27
(Fig. 5F).

3.6 DDX27 Mediates BRD4 Alternative Splicing Through
Phosphorylation-Dependent Interaction With SRSF6

Our study identified DDX27 as a regulator of BRD4-S
expression in experimental models. To elucidate the molec-
ular mechanisms underlying this regulation, we examined
its interactions with splicing factors. RNA immunoprecip-
itation (RIP) assays confirmed the association of DDX27
with BRD4 pre-mRNA in HT29 cell extracts. The RIP as-
says also demonstrated that SRSF6 interacts with BRD4
pre-mRNA (Fig. 6A). To further investigate the specificity

of the DDX27–SRSF6 interaction, co-immunoprecipitation
(Co-IP) and immunofluorescence analyses were performed
in HT29 cells using anti-DDX27 and anti-SRSF6 antibod-
ies. These experiments suggested that DDX27 and SRSF6
likely form a complex (Fig. 6B,C). Moreover, knockdown
of DDX27 resulted in a marked reduction of phosphory-
lated SRSF6 levels (Fig. 6D), indicating that DDX27 pro-
motes SRSF6 phosphorylation. To assess whether SRSF6
phosphorylation is required for DDX27-mediated splicing
activity, HT29 cells were treated with the SRSF6 phospho-
rylation inhibitor SPHINX31 at concentrations of 0, 1, and
2 µM for 24 hours. Inhibition of SRSF6 phosphorylation
effectively suppressed the alternative splicing of BRD4 to-
ward the BRD4-S isoform (Fig. 6E).

3.7 BRD4-S Drives CRC Progression via MAPK/ERK
Signaling Activation

To elucidate the downstream pathways regulated by
BRD4-S in CRC, we performed GO-KEGG enrichment
analyses on both BRD4-S and BRD4-L. To avoid con-
founding effects from overlapping signals, pathways com-
monly enriched in both isoforms were excluded. The anal-
ysis revealed a significant enrichment of BRD4-S in the
MAPK signaling pathway (Fig. 7A). To validate this find-
ing, we examined MAPK pathway alterations in HT-29
cells following BRD4-S knockdown. Western blot analysis
showed a reduction in ERK1/2 phosphorylation, whereas
phosphorylation of JUN and P38, as well as total pro-
tein levels of ERK1/2, JUN, and P38, remained unchanged
(Fig. 7B). Similarly, treatment of HT-29 cells with the
SRSF6 phosphorylation inhibitor SPHINX31 suppressed
ERK1/2 phosphorylation (Fig. 7C). To further establish a
causal link between BRD4-S and MAPK/ERK pathway
activation, we overexpressed BRD4-S in HT-29 cells and
treated them with the clinically approved MEK inhibitor
trametinib. Notably, while trametinib effectively reduced
baseline ERK1/2 phosphorylation in control cells, BRD4-S
overexpression not only enhanced p-ERK1/2 levels but also
substantially reversed trametinib-mediated suppression of
ERK phosphorylation (Fig. 7D). Finally, to assess whether
BRD4-S directly regulates the transcription of ERK target
genes, we performed chromatin immunoprecipitation fol-
lowed by quantitative PCR (ChIP-qPCR) in HT-29 cells
using an anti-BRD4 antibody. The results demonstrated
significant enrichment of BRD4-S at the promoter regions
of CCND1 and DUSP6 compared with the IgG control
(Fig. 7E). These findings suggest that BRD4-S is directly
recruited to the chromatin of key ERK target genes, thereby
facilitating their transcription downstream of ERK activa-
tion.

4. Discussion
The rising incidence and mortality of CRC high-

light the urgent need for novel therapeutic strategies and
biomarkers. CRC is a heterogeneous malignancy driven
by complex genetic and epigenetic alterations, with aber-
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Fig. 3. BRD4-S promotes CRC tumorigenesis in vivo. (A) Representative images of tumor formation in nudemice at 8 weeks following
ectopic transplantation of HT29 cells with BRD4-S knockdown or empty vector (n = 5). (B) Tumor volume measurements of the two
groups (BRD4-S knockdown vs. empty vector–expressing HT29 cells) at 7, 14, 21, and 28 days after ectopic transplantation. (C,D)
Comparison of tumor weights and volume between BRD4-S knockdown and empty vector–expressing HT29 cells in nude mice at 4
weeks post-ectopic transplantation. Data are presented as mean ± SEM. **p < 0.01.

rant transcriptional regulation playing a central role [22].
Dysregulation of BRD4 has been implicated in tumorige-

nesis, metastasis, and therapeutic resistance, underscoring
its potential as a therapeutic target in CRC management
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Fig. 4. Identification of BRD4-S-specific functionally associated candidates in CRC. (A) Venn diagram analysis of the top 100 genes
most strongly correlated with BRD4-L and BRD4-S in the GEPIA2 database identified genes exclusively associated with BRD4-S. (B)
Volcano plot analysis of DEGs in CRC. (C) Venn diagram showing the overlap between DEGs in CRC and those correlated with BRD4-S
expression. (D) mRNA expression of ZFP64, RBL1, ZNF217, HNF4A, GNL3L, POFUT1, and DDX27 in paired CRC tissues according
to the GEPIA2 database. (E) qRT-PCR analysis of ZFP64, RBL1, ZNF217, HNF4A,GNL3L, POFUT1, andDDX27 in HT-29 cells. Data
are presented as mean ± SEM. No significant difference (ns) is indicated when p > 0.05; *p < 0.05; **p < 0.01.
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Fig. 5. DDX27-mediated BRD4 splicing regulation modulates isoform switching through SRSF6 interaction in HT-29 cells. (A)
GO and KEGG enrichment analysis of DEGs in samples with high DDX27 expression. The red box indicates the association between
DDX27 and the spliceosomal pathway investigated in subsequent studies. (B) Analysis of DDX27mRNAExpression in Paired Colorectal
Cancer Tissues from TCGA Cohort. (C) DDX27 knockdown cell lines were successfully established in HT29 and SW620 cells. (D,E)
qRT‒PCR andWestern blotting analyses of BRD4-L and BRD4-S expression in DDX27 knockdownHT-29 cells. (F) Correlation analysis
between the splicing factor SRSF6 and DDX27. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 6. DDX27 Mediates BRD4-S alternative splicing through phosphorylation dependent interaction with SRSF6. (A) Immuno-
precipitation from HT-29 cells using DDX27 and SRSF6 antibodies followed by RT-PCR or qPCR with BRD4-specific pre-mRNA
primers. BRD4 pre-mRNA levels were quantified as fold enrichment relative to the IgG control. (B) Co-immunoprecipitation (Co-IP)
of HT-29 cells with SRSF6, DDX27, or IgG antibodies, followed by western blot detection of SRSF6 and DDX27 in both precipitates
and cell lysates. (C) Immunofluorescence analysis showing co-localization of SRSF6 (green) and DDX27 (red) with DAPI-stained nu-
clei (blue). Scale bar = 50 µm. (D) Western blot analysis of SRSF6 phosphorylation in HT-29 cells following DDX27 knockdown.
(E) Western blot analysis of BRD4-S, BRD4-L, and p-SRSF6 levels in HT-29 cells treated with the SRSF6 phosphorylation inhibitor
SPHINX31.
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Fig. 7. BRD4-S drives CRC progression via MAPK/ERK signaling activation. (A) GO and KEGG enrichment analyses of highly
expressed DEGs in BRD4-L and BRD4-S samples from the TCGA database. (B) Western blot analysis of ERK1/2, p-ERK1/2, p38, p-
p38, c-Jun, and p-c-Jun in HT29 cells with BRD4-S knockdown. (C)Western blot analysis of ERK1/2, p-ERK1/2, p38, p-p38, c-Jun, and
p-c-Jun in HT29 cells treated with the SRSF6 phosphorylation inhibitor SPHINX31 (0, 1, 2 µM). (D) Western blot analysis of ERK1/2
and p-ERK1/2 in NC–overexpressing and BRD4-S–overexpressing HT29 cells treated with or without the MEK inhibitor trametinib (5
µM). (E) ChIP-qPCR analysis showing enrichment of BRD4 at the promoter regions of ERK target genes CCND1 and DUSP6 in HT-29
cells. Data are presented as mean ± SEM. **p < 0.01.
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[23]. Moreover, elevated BRD4 expression has been linked
to poor prognosis in CRC patients, emphasizing its impor-
tance in disease progression and treatment response [24]. In
this study, we report for the first time the distinct regulatory
roles of BRD4 isoforms in the initiation and development
of CRC.

In healthy populations, BRD4-L and BRD4-S main-
tain a dynamic equilibrium. BRD4-L has been shown to
inhibit tumor progression and suppress metastasis in spe-
cific tissues and organs affected by breast cancer [9]. By
contrast, both BRD4-L and BRD4-S are markedly ele-
vated in patients with high-grade serous ovarian carcinoma
(HGSOC) [10], while in rhabdomyosarcoma, BRD4-S dis-
plays tumor-suppressive properties [25]. In tumor contexts,
BRD4-L primarily acts as a transcriptional co-activator,
promoting RNA transcription through RNA Polymerase II
pause-release mechanisms [26,27]. Through the mecha-
nism of phase separation, BRD4-S drives the transcription
of proliferative genes, thereby potentiating oncogenic ac-
tivity in cancer cells [28,29]. Thus, whether BRD4-L and
BRD4-S function as antagonistic or synergistic regulators
across different tumor types remains to be determined.

Our study demonstrates that BRD4-S plays a critical
role in the progression of CRC, whereas BRD4-L exerts a
less pronounced influence on tumor development. In HG-
SOC, although BRD4-L overexpression showed no signif-
icant effect on tumor growth or migratory capacity com-
pared with controls, subsequent studies reported that ele-
vated expression of both BRD4-L and BRD4-S was associ-
ated with increased patient sensitivity to combination ther-
apy with paclitaxel and cisplatin [30,31]. In the present
work, we investigated the role of BRD4 isoforms in CRC
through an integrated approach combining bioinformatics
analyses, cellular assays, and molecular techniques. By de-
lineating the specific contributions of BRD4 isoforms to
CRC cell proliferation, migration, and invasion, we sought
to clarify the mechanisms driving tumor progression. Our
findings provide evidence for the differential regulation of
target genes by BRD4 isoforms and highlight their potential
impact on patient outcomes. Although BRD4-S exhibited a
more pronounced oncogenic role, further studies are needed
to explore alternative contributions of BRD4-L to CRC pro-
gression. Collectively, this work is expected to inform the
development of targeted therapeutic strategies that exploit
BRD4 dysregulation in CRC, ultimately contributing to im-
proved clinical management.

To further investigate the regulators of BRD4-S, we
conducted a comprehensive analysis of the TCGAdatabase,
which identified DDX27 as a factor uniquely correlated
with BRD4-S and upregulated in CRC. DDX27, a mem-
ber of the DEAD-box RNA helicase family, has been im-
plicated in diverse cellular processes, particularly those as-
sociated with tumorigenesis and progression [32]. In GC,
elevated DDX27 expression has been linked to poor pa-
tient prognosis, likely through its role in regulating the al-
ternative splicing of metastasis-related genes [33]. Our ex-

perimental validation confirmed that DDX27 plays a crit-
ical role in regulating BRD4 alternative splicing. GO and
KEGGpathway analyses revealed significant enrichment of
DDX27 in spliceosome-related pathways, while further ex-
periments demonstrated that DDX27 interacts with SRSF6
and facilitates its phosphorylation to promote BRD4 splic-
ing. Collectively, these findings suggest that DDX27 may
represent a potential therapeutic target in cancers character-
ized by BRD4-S dysregulation.

In many cancers, aberrant activation of the mitogen-
activated protein kinase (MAPK) pathway is a well-
established contributor that sustains both tumor initiation
and advancement. The MAPK pathway plays a central role
in regulating cell proliferation, differentiation, and survival,
and its activation has been strongly associated with tumor
invasiveness and metastatic potential in malignancies such
as lung, breast, and CRCs [34,35]. In our study, BRD4-
S was significantly enriched within the MAPK signaling
pathway. Knockdown of BRD4-S selectively inhibited the
aberrant activation of downstreamERK1/2, while phospho-
rylation of P38 and JUN remained unaffected. These find-
ings are consistent with our mechanistic predictions.

5. Limitation
Our study has several limitations. The observed

downregulation of the BRD4 short isoform (BRD4-S) and
the associated reduction in MAPK pathway activity follow-
ing DDX27 knockdown were validated exclusively in CRC
cell lines. Therefore, the clinical relevance and therapeutic
potential of these findings require further confirmation in
more physiologically relevant models.

6. Conclusion
Collectively, our findings demonstrate that DDX27

promotes CRC progression by activating the MAPK sig-
naling pathway through modulation of BRD4-S. These re-
sults provide novel mechanistic insights into colorectal car-
cinogenesis and establish a translational foundation for the
development of targeted therapeutic strategies. We recom-
mend that future research prioritize BRD4-S as a potential
therapeutic target and further investigate its pathobiological
roles across diverse cancer types to enhance clinical trans-
lation.
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