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Abstract: Background: Radioresistance is a critical challenge in the treatment of esophageal squamous cell car-
cinoma (ESCC). Histone lysine-specific demethylase 4D (KDM4D) has been implicated in DNA damage response;
however, its role in regulating ESCC radiosensitivity remained unclear. We hypothesized KDM4D modulates radio-
sensitivity through the c-Myc/checkpoint kinase 1 (CHK1) pathway. Objective: To investigate the role of KDM4D in
ESCC radiosensitivity and to elucidate the underlying molecular mechanisms. Methods: KDM4D expression was
analyzed in tumor samples from 32 ESCC patients who received neoadjuvant radiotherapy. ESCC cell lines with
KDM4D knockdown or overexpression were subjected to irradiation, and radiosensitivity was evaluated. Chroma-
tin immunoprecipitation-polymerase chain reaction (ChIP-PCR), luciferase assay, and xenograft models were used
to explore the underlying mechanisms. Results: Elevated KDM4D expression was associated with improved re-
sponse to radiotherapy and prolonged progression-free survival (PFS). KDM4D knockdown significantly reduced
radiation-induced apoptosis. Mechanistically, KDM4D promoted the demethylation of histone H3 lysine 9 trimeth-
ylation (H3K9me3), thereby activating S1 RNA-binding domain-containing protein 1 (SRBD1). SRBD1 subsequently
upregulated ribosomal protein L11 (RPL11), which suppressed c-Myc expression, thereby downregulating wild-type
p53-induced phosphatase 1 (WIP1) and CHK1. Rescue experiments and xenograft studies further verified this regu-
latory axis. Conclusion: KDM4D enhances ESCC radiosensitivity through the SRBD1/RPL11/c-Myc/WIP1/CHK1
pathway, highlighting its potential as both a diagnostic biomarker and a therapeutic target.
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Introduction Radioresistance in tumor cells is a complex bio-
logical process driven by diverse factors, such
as improved DNA damage repair efficiency, dys-
regulated cell cycle checkpoint activation, and

increased anti-apoptotic signaling [5]. Among

Esophageal squamous cell carcinoma (ESCC),
a highly aggressive malignancy, exhibits an
extraordinarily high incidence rate in East Asia

[1]. Despite advances in multimodal therapy,
the overall survival of ESCC patients remains
poor, primarily due to local recurrence and dis-
tant metastasis [2]. Neoadjuvant chemoradio-
therapy has emerged as the standard treat-
ment for locally advanced ESCC, providing
improved locoregional control and potential
downstaging benefits [3]. However, a substan-
tial proportion of patients display resistance to
radiotherapy, leading to treatment failure and
unfavorable outcomes [4].

the key regulators of radioresistance, the proto-
oncogene c-Myc plays a central role by tran-
scriptionally activating checkpoint kinases
CHK1 and CHKZ2, thereby facilitating DNA dam-
age repair and cell cycle arrest [6]. The phos-
phatase WIP1 (PPM1D) further contributes to
radioresistance by dephosphorylating CHK1 at
Ser345 and p53 at Serl5, thereby attenuating
checkpoint signaling and promoting cell cycle
re-entry following DNA damage [7]. Therefore,
elucidating the upstream regulatory mecha-
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nisms of the c-Myc/WIP1/CHK1 axis may pro-
vide novel therapeutic strategies to enhance
radiosensitivity in ESCC.

Among epigenetic alterations, histone methyla-
tion plays a pivotal role in governing gene tran-
scription, chromatin organization, and cellular
adaptive responses to genotoxic stress [8]. The
lysine-specific demethylase 4 (KDM4) family,
which comprises KDM4A-D, catalyzes the
removal of di- and tri-methylation marks from
H3K9 and H3K36, thereby modulating tran-
scription and DNA damage repair [9]. Among
these family members, KDM4D (also referred
to as JMJD2D) is structurally distinct from
KDMA4A-C, as it lacks the plant homeodomain
(PHD) and Tudor domains, and has been impli-
cated in the DNA damage response through
PARP1-dependent recruitment to double-
strand break sites [10]. Evidence indicates that
KDM4 family members are involved in regulat-
ing radioresistance across various cancers [11,
12]. Nevertheless, the role of KDM4D in modu-
lating ESCC radiosensitivity and the underlying
molecular mechanisms remain to be investi-
gated systematically.

Ribosomal protein L11 (RPL11) has been iden-
tified as a critical tumor suppressor that nega-
tively regulates c-Myc activity through both
direct protein-protein interaction that blocks
c-Myc-dependent transcription and facilitation
of c-Myc mRNA degradation through the RNA-
induced silencing complex (RISC) pathway [13,
14]. S1 RNA-binding domain-containing protein
1 (SRBD1) has been associated with glaucoma
and apoptosis regulation; however, its role in
cancer and its relationship with the RPL11/c-
Myc axis remain poorly defined [15]. Recent evi-
dence suggests that SRBD1 regulates RPL11
expression and mediates tumor suppression by
the RPL11-MDM2-p53 pathway [16], raising
the possibility that SRBD1 may serve as a link
between epigenetic regulation and RPL11/c-
Myc signaling.

In this study, we investigated the role of KDM4D
in modulating the radiosensitivity of ESCC and
further illuminated the underlying molecular
mechanisms. We found that KDM4D expres-
sion is positively associated with a favorable
response to neoadjuvant radiotherapy in ESCC
patients. Mechanistically, KDM4D activates
SRBD1 transcription by mediating H3K9me3

3943

demethylation at intron 1 of the SRBD1 gene,
which subsequently upregulates RPL11 expres-
sion. Elevated RPL11 suppresses c-Myc acti-
vity, leading to the downregulation of WIP1
and CHK1, sustained p-CHK1 activation, and
enhanced radiation-induced apoptosis. Our
findings identify a novel KDM4D-SRBD1-RPL11-
c-Myc-WIP1-CHK1 signaling axis that regulates
radiosensitivity in ESCC, providing potential
biomarkers for predicting radiotherapy res-
ponse and therapeutic targets for radiosen-
sitization.

Materials and methods
Clinical samples and ethics statement

A total of 32 ESCC tissue samples were collect-
ed from patients who underwent neoadjuvant
chemoradiotherapy followed by surgical resec-
tion at Shandong Cancer Hospital (Jinan,
China). All patients received standard neoadju-
vant chemoradiotherapy, consisting of 40-50
Gy of radiation delivered in 20-25 fractions
combined with platinum-based chemotherapy.
Tumor response was evaluated according to
the tumor regression grade (TRG) system. TRG
0-1 was defined as a favorable response, indi-
cating complete or near-complete tumor regres-
sion, whereas TRG 2-3 was defined as a non-
response, representing partial or minimal
regression. Among the 32 patients, 11 achieved
a favorable response (TRG 0-1) and 21 were
categorized as non-response (TRG 2-3). For
prognostic analysis, patients were stratified
into high (n = 9) and low (n = 23) KDM4D
expression groups, and progression-free sur-
vival (PFS) was assessed. Written informed
consent was obtained from all participants
prior to specimen collection.

All animal experiments were approved by the
Institutional Animal Care and Use Committee of
The First Affiliated Hospital of USTC and were
conducted in accordance with institutional
guidelines and the NIH Guide for the Care and
Use of Laboratory Animals.

Cell lines and cell culture

Human ESCC cell lines (KYSE30, KYSE70,
TE10, and TE30) were obtained from the Cell
Bank of the Chinese Academy of Sciences
(Shanghai, China). The immortalized normal
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esophageal epithelial cell line Het1lA was
purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). All ESCC
cell lines were cultured in RPMI-1640 medium
(Gibco) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. In
contrast, Het-1A cells were maintained in bron-
chial epithelial growth medium (BEGM; Lonza,
Basel, Switzerland). Additionally, 293T cells,
a human embryonic kidney cell line, were
acquired from ATCC and cultured in DMEM
medium (Gibco) containing 10% FBS. All cells
were incubated at 37°C in a humidified atmo-
sphere containing 5% CO.,. Cell line authentica-
tion was performed using short tandem repeat
(STR) profiling, and all cell lines were confirmed
to be free of Mycoplasma contamination.

Bioinformatic analysis

Transcriptomic profiles and corresponding clini-
cal data of ESCC patients were obtained from
the The Cancer Genome Atlas (TCGA) database.
KDM4D mRNA levels were analyzed in 95 ESCC
tissues and 11 normal esophageal tissues.
Kaplan-Meier analysis was adopted to evaluate
the prognostic value of KDM4D with respect to
overall survival (OS). Based on the optimal cut-
off, patients were stratified into high (0.28-
4.04) and low (-1.10-0.27) KDM4D expres-
sion groups. The correlation between KDM4D
with SRBD1 expression was examined using
Spearman’s correlation analysis. Chromosome
segregation-related genes that correlated with
KDM4D were identified and further categorized
into functional groups, including kinetochore/
centromere, decatenation, and spindle organi-
zation. H3K9me3 chromatin immunoprecipita-
tion sequencing (ChlP-seq) data from HCT116
cells were analyzed to identify potential KDM4D
binding sites within the SRBD1 intron 1 region
(chr2: 45,610,800-45,611,200 bp).

Plasmid construction and cell transfection

The pLVX-Puro lentiviral vector encoding the
full-length human KDMA4D coding sequence
(CCDS 8302.1) was synthesized by IBSBIO
(Shanghai, China) for overexpression assays.
The pLKO.1 vector was utilized to construct
KDM4D-specific short hairpin RNAs (shRNAs)
for gene silencing. The target sequence for sh-
KDM4D was 5-CCCTAAGTCCATTACCTCATA-3'.
Control vectors included an empty pLVX-Puro
vector and a scrambled shRNA (sh-Scr; target
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sequence: 5-CCTAAGGTTAAGTCGCCCTCG-3'),
which exhibited no significant homology to any
known human gene, as confirmed by BLAST
search. Similarly, overexpression and knock-
down constructs targeting c-Myc (coding se-
quence: CCDS 6359.2; sh-c-Myc: 5-CTGAGA-
CAGATCAGCAACAA-3’) and SRBD1 (coding se-
quence: CCDS 1823.1; sh-SRBD1: 5-GCATCA-
ATCTACAGTGTCA-3’) were generated by IBSBIO.

For the luciferase reporter assay, the SRBD1
intron 1 fragment containing the wild-type
H3K9me3 site (chr2: 45,610,700-45,611,150)
or with deletion of the H3K9me3 site (chr2:
45,610,900-45,611,150) was synthesized and
cloned into the pGL3-Basic vector (IBSBIO,
Shanghai, China). Lentiviral particles were gen-
erated by co-transfecting 293T cells with trans-
fer vectors and packaging plasmids (psPAX2
and pMD2.G) using Lipofectamine 3000
(Invitrogen) reagent. Viral supernatants were
harvested at 48-72 hours post-transfection, fil-
tered, and used to infect target cells in the
presence of 8 ug/mL polybrene. Stable mono-
clonal cell lines were established through
selection with 2 pug/mL puromycin for 7 to 10
consecutive days.

RNA extraction and quantitative real-time PCR
(QRT-PCR)

Total RNA was extracted from cells using TRIzol
reagent (Invitrogen) according to the manufac-
turer’s instructions. RNA concentration and
purity were determined using a NanoDrop
spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, 1 ug of total
RNA was subjected to reverse transcription to
generate complementary DNA (cDNA) using the
PrimeScript RT Reagent Kit (Takara, Dalian,
China). Quantitative real-time PCR (qRT-PCR)
was conducted on an ABI 7500 Real-Time PCR
System with SYBR Green Master Mix (Applied
Biosystems). Relative mRNA expression was
normalized to B-actin and calculated using the
288Ct gpproach. All experiments were per-
formed in triplicate. Primer sequences are list-

ed in Supplementary Table 1.

Western blot analysis

Cells and tissue samples were lysed in RIPA
buffer (Beyotime, Shanghai, China) containing
protease and phosphatase inhibitors (Roche,
Basel, Switzerland). Protein concentrations
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were determined using a BCA Protein Assay Kit.
Equal amounts of protein (30-50 ug) were sep-
arated by SDS-PAGE and transferred onto PVDF
membranes (Millipore, Billerica, MA, USA).
Membranes were blocked with 5% non-fat milk
diluted in TBST at room temperature for 1 h,
followed by incubation with primary antibodies
at 4°C overnight. The primary antibodies
applied in this study were as follows: anti-
KDM4D (Proteintech, 22591-1-AP, 1:500 for
WB, 1:200 for IHC), anti-SRBD1 (Proteintech,
24931-1-AP, 1:1000), anti-RPL11 (Proteintech,
16277-1-AP, 1:500), anti-c-Myc (CST, #9402,
1:1000), anti-WIP1/PPM1D (Abcam, ab31270,
1:1000), anti-CHK1 (CST, #2360, 1:1000),
anti-phospho-CHK1 (Ser345) (CST, #2348,
1:1000), anti-yH2AX (CST, #9718, 1:1000),
anti-cleaved caspase-3 (CST, #9664, 1:1000),
anti-cleaved PARP (CST, #5625, 1:1000), anti-
BAX (CST, #2772, 1:1000), anti-H3K9me3
(Abcam, ab8898, 1:1000), and anti-B-actin
(Proteintech, 66009-1-Ig, 1:5000). Following
washing, the membranes were incubated with
HRP-labeled secondary antibodies at room
temperature for 1 hour. Protein bands were
visualized using an ECL detection system
(Millipore), with ImageJ being used for densito-
metric quantification.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded (FFPE) tis-
sue sections (4 um) were deparaffinized in
xylene, followed by rehydration with graded
ethanol. Antigen retrieval was performed by
microwave heating in citrate buffer (pH 6.0) for
20 min, and 3% hydrogen peroxide was used to
quench endogenous peroxidase activity for 15
min. Sections were then blocked with 5% nor-
mal goat serum for 30 min and then incubated
with anti-KDM4D antibody (Proteintech, 22591-
1-AP, 1:200) or anti-Ki67 antibody (Abcam,
ab16667, 1:200) overnight at 4°C. After
washing, sections were incubated with HRP-
conjugated secondary antibody and developed
using DAB substrate. Sections were counter-
stained with hematoxylin, dehydrated, and
mounted. Immunoreactivity was quantified
using the H-score method: H-score = % (inten-
sity x percentage), where staining intensity
ranges from O (negative) to 3 (strong positive),
and percentage represents the proportion of
positive cells at each intensity level. Images
were captured at 10x and 40x magnification.
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TUNEL assay

Apoptotic cells were detected using a TUNEL
assay kit (In Situ Cell Death Detection Kit,
Roche), following the manufacturer’s instruc-
tions. After fixation in 4% paraformaldehyde
and permeabilization in 0.1% Triton X-100,
specimens were incubated with TUNEL reagent
at 37°C for 1 hour in the dark, and DAPI was
used for nuclear counterstaining. Fluorescence
images were acquired using a Nikon fluores-
cence microscope (Nikon, Tokyo, Japan), and
the percentage of TUNEL-positive cells was
quantified in at least five randomly selected
fields for each sample.

Cell viability and LDH release assays

Cell viability was evaluated using a CCK-8 assay
kit (Dojindo, Kumamoto, Japan). Cells were
seeded into 96-well plates and subjected to
the indicated treatments. 10 yL CCK-8 solution
was added to each well, followed by incubation
at 37°C for 2 hours at corresponding time
points. Absorbance at 450 nm was measured
using a microplate reader (Bio-Rad). Lactate
dehydrogenase (LDH) release was assessed
using a detection kit (Beyotime, Shanghai,
China) according to the manufacturer’s proto-
col, and the activity was expressed as fold
change relative to the control group.

Irradiation treatment

Cells were irradiated using a linear accelerator
(Varian, Palo Alto, CA, USA) at a dose rate of 2
Gy per minute. For in vitro experiments, cells
were exposed to a single dose of 4 Gy and har-
vested at 0, 1, 6, and 12 h post-irradiation for
subsequent analyses. For xenograft experi-
ments, tumor-bearing mice received a single
dose of 10 Gy localized irradiation to the tumor
region.

Chromatin immunoprecipitation (ChIP) and
RNA immunoprecipitation (RIP)

ChIP assays were performed using the Sim-
pleChlP Enzymatic Chromatin IP Kit (CST) in
strict accordance with the manufacturer’s pro-
tocols. Briefly, cells were cross-linked with 1%
formaldehyde, lysed, and chromatin was frag-
mented by enzymatic digestion. The chromatin
was immunoprecipitated using antibodies
against KDM4D (Proteintech, 22591-1-AP),
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H3K9me3 (Abcam, ab8898), or normal 1gG as
a negative control. The extracted DNA was puri-
fied and subjected to PCR amplification using
primers targeting the SRBD1 intron 1 region,
generating a 137 bp amplicon. The B-actin pro-
moter served as a negative control (250 bp
amplicon). RIP assays were implemented using
the Magna RIP Kit (Millipore). Briefly, cells were
lysed in RIP lysis buffer, and RNA-protein com-
plexes were immunoprecipitated with KDM4D-
specific antibody or 1gG. Co-precipitated RNA
was extracted and analyzed by RT-PCR to
detect RPL11 mRNA (126 bp amplicon), with
B-actin mRNA (250 bp amplicon) serving as a
control.

Dual-luciferase reporter assay

293T cells were seeded into 24-well plates
and co-transfected with pGL3-SRBD1 intron 1
reporter plasmids (either wild-type or H3K9me3
site-deleted mutants), along with the pRLTK
Renilla luciferase plasmid as internal control,
and either a KDM4D overexpression plasmid
or the corresponding empty control vector.
Transfections were performed using Lipofec-
tamine 3000 (Invitrogen) according to the man-
ufacturer’s instructions. At 48 h post-treat-
ment, cells were lysed and luciferase activity
were measured using the Dual-Luciferase
Reporter Assay System (Promega). Renilla lucif-
erase activity served as the internal reference
to normalize firefly luciferase activity, and the
relative values were calculated as fold change
over the control.

Xenograft tumor model

All animal procedures were approved by the
Institutional Animal Care and Use Committee
(IACUC) of The First Affiliated Hospital of USTC
and were conducted in compliance with the
relevant institutional animal care regulations.
Female BALB/c nude mice (4-6 weeks, 18-20
g) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and
maintained in SPF conditions with ad libitum
access to food and water. For xenograft tumor
formation assays, 5 x 108 genetically modified
KYSE70 or TE10 cells were resuspended in
100 uL PBS and subcutaneously inoculated
into the right flank of nude mice. Once tumor
volumes reached approximately 100 mm3, the
animals were randomly allocated to the indi-
cated treatment groups (n = 6 per group) and
received either local irradiation (10 Gy) or no
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treatment. Tumor volume was measured every
3 days using a digital caliper and calculated
according to the formula: volume = (length x
width?)/2. Mouse body weight was monitored
every 3 days throughout the experiment. On
day 21 following irradiation, mice were eutha-
nized by carbon dioxide (CO,) inhalation at a
flow rate of 30% of the cage volume per minute,
in accordance with the 2020 AVMA Guidelines
for the Euthanasia of Animals. Animal death
was verified by cessation of respiration,
absence of heartbeat, and loss of pedal with-
drawal reflex. Tumors were then excised,
weighed, photographed, and processed for his-
tological and molecular analyses. All tumor
measurements and data analysis were con-
ducted in a blinded fashion to minimize observ-
er bias.

Statistical analysis

Statistical analyses were performed using
GraphPad Prism 9.0 and SPSS 25.0 software.
Data were presented as mean + standard devi-
ation (SD) from three independent experiments.
Comparisons between two groups were per-
formed using an unpaired two-tailed Student’s
t-test, while one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test
was applied for multiple-group comparisons.
Survival curves were generated using the
Kaplan-Meier method, and differences were
evaluated by the log-rank test. Receiver operat-
ing characteristic (ROC) curve analysis was per-
formed to evaluate the predictive performance
of KDM4D expression (H-score) for radiothera-
py response (TRG 0-1 vs. TRG 2-3). The area
under the ROC curve (AUC) and corresponding
95% confidence intervals (Cls) were calculated,
and the optimal cutoff value was determined
using the Youden index. The correlation bet-
ween KDM4D expression and clinicopathologic
features was analyzed using the chi-square
test. A P-value < 0.05 was considered signifi-
cant, with significance levels denoted as *P <
0.05, **P < 0.01, and ***P < 0.001.

Results

KDMA4D was overexpressed in ESCC and its
high expression correlated with improved
overall survival

To evaluate KDM4D expression in ESCC, we

first assessed its mRNA levels using transcrip-
tomic data from TCGA database. KDM4D
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Figure 1. Bioinformatic analysis of
KDMA4D expression and its prognos-
tic value in ESCC patients from TCGA
database. A. The mRNA expression
levels of KDM4D in normal esopha-
geal tissues (n = 11) and ESCC tis-
sues (n = 95) from the TCGA data-
base. ***P < (0.001. B. Kaplan-Meier
survival analysis showing overall sur-
vival of ESCC patients stratified by
KDMA4D expression (low expression:
-1.10 to 0.27; high expression: 0.28
to 4.04). ESCC, esophageal squa-

cant intergroup differences
were detected with regard
to age, sex, tumor location,
tumor length, differentiation
grade, Union for International
Cancer Control (UICC) stage,
or lymph node metastasis.
Notably, KDM4D expression
was significantly correlated
with radiotherapy response
(P = 0.035). IHC analysis

revealed that patients with a
favorable response exhibited
markedly higher KDM4D H-
scores than non-responders
(P = 0.035; Figure 2A). Re-
presentative IHC images dis-
played robust nuclear KDM-

4D staining in responsive
tumors (TRG 0-1) and faint
staining in non-responsive
tumors (TRG 2-3) (Figure 2A).
Consistently, the majority of
patients with high KDM4D
expression (n = 9) achieved a
favorable response, whereas
most cases with low KDM4D
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expression was significantly elevated in 95
ESCC tissues compared with 11 normal esoph-
ageal tissues (Figure 1A). Kaplan-Meier analy-
sis demonstrated that ESCC patients with low
KDM4D expression had significantly poorer
overall survival than those with high expression
(Log-rank test, P = 3.163 x 107%; Figure 1B).
Collectively, these findings indicate that KDM4D
is overexpressed in ESCC and may serve as a
prognostic biomarker.

High KDM4D expression predicted favorable
response to neoadjuvant radiotherapy

To explore the correlation between KDM4D
expression and radiotherapy response, we
analyzed tissue specimens from 32 ESCC
patients receiving neoadjuvant chemoradio-
therapy. Patients were stratified into a favor-
able response group (TRG 0-1, n = 11) and a
non-response group (TRG 2-3, n = 21) accord-
ing to pathologic tumor regression grading.

The clinicopathologic features of the enrolled
patients are summarized in Table 1. No signifi-
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50

55 60 65 expression (n = 23) exhibited

treatment resistance (P =

0.035; Figure 2B). Moreover,
Kaplan-Meier analysis demonstrated that high
KDM4D expression was associated with pro-
longed PFS (P = 0.045; Figure 2C). ROC curve
analysis was performed to evaluate the predic-
tive value of KDM4D expression (H-score) for
distinguishing responders from non-respond-
ers. The AUC was 0.73 (95% CI: 0.54-0.92; P =
0.035), and the optimal cutoff value deter-
mined by the Youden index was 115, yielding a
sensitivity of 72.7% and a specificity of 71.4%
(Table 1). These results indicate that KDM4D
expression may serve as a predictive biomark-
er for radiotherapy response in ESCC.

KDMA4D knockdown enhanced radioresistance
in ESCC cells both in vitro and in vivo

We first examined KDM4D expression in a
panel of ESCC cell lines. Western blot and qRT-
PCR analyses demonstrated that KYSE70 cells
exhibited the highest KDM4D expression,
whereas TE10 cells showed relatively lower
expression compared to the normal esopha-
geal epithelial cell line Het-1A (Figure 3A, 3B).
Therefore, KYSE70 cells were selected for
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Table 1. Clinicopathologic characteristics of ESCC patients according to response to neoadjuvant

radiotherapy

Characteristic Response (n = 11) Non-response (n = 21) P value
Age (years), mean + SD 578+ 7.2 58.0+5.9 0.955
Gender 0.053
Male 4 (36.4%) 16 (76.2%)
Female 7 (63.6%) 5 (23.8%)
Tumor location 0.206
Upper 0 (0.0%) 5 (23.8%)
Middle 5 (45.5%) 8 (38.1%)
Lower 6 (54.5%) 8 (38.1%)
Tumor length (cm), mean + SD 47+15 46+1.2 0.850
Differentiation 0.497
Well 2 (18.2%) 8 (38.1%)
Moderate 6 (54.5%) 8 (38.1%)
Poor 3 (27.3%) 5 (23.8%)
UICC Stage 0.712
Stage Il 5 (45.5%) 12 (57.1%)
Stage Il 6 (54.5%) 9 (42.9%)
Lymph node metastasis 0.266
Positive 7 (63.6%) 8 (38.1%)
Negative 4 (36.4%) 13 (61.9%)
KDM4D expression 0.035*
High 6 (54.5%) 3(14.3%)
Low 5 (45.5%) 18 (85.7%)

Abbreviations: ESCC, esophageal squamous cell carcinoma; TRG, tumor regression grade; UICC, Union for International Cancer
Control; KDMA4D, lysine-specific demethylase 4D; SD, standard deviation. TRG O-1; Non-response: TRG 2-3. ROC curve analysis
for KDM4D H-score predicting radiotherapy response: AUC = 0.73 (95% Cl: 0.54-0.92; P = 0.035); optimal cutoff (Youden

index): H-score = 115, sensitivity = 72.7%, specificity = 71.4%. *P < 0.05 was considered statistically significant.

KDM4D knockdown experiments and TE10
cells for overexpression studies.

To investigate the role of KDM4D in radiosensi-
tivity, KYSE70 cells with stable KDM4D knock-
down (sh-KDM4D) or control shRNA (sh-Scr)
were exposed to 4 Gy irradiation and analyzed
at the indicated time points. TUNEL staining
revealed that KDM4D knockdown significantly
reduced radiation-induced apoptosis com-
pared to control cells, with the difference
becoming more pronounced at 6 and 12 h
post-irradiation (Figure 3C, 3D). Consistently,
KDM4D knockdown increased cell viability and
decreased LDH release following irradiation
(Figure 3D). Western blot analysis further
showed that, upon irradiation, sh-KDM4D cells
exhibited increased protein levels of c-Myc,
WIP1, and CHK1, accompanied by decreased
levels phosphorylated CHK1 (Ser345), yH2AX,
cleaved caspase-3, and cleaved PARP com-
pared to control cells (Figure 3E; Supplementary
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Figure 1A). Notably, BAX expression remained
unchanged (Figure 3E), consistent with the
TP53-mutant status of KYSE70 cells [17], as
BAX is a direct transcriptional target of p53 and
its expression is dependent on functional p53
[18, 19].

To validate these findings in vivo, xenograft
tumors were established using KYSE70 cells
transduced with sh-Scr or sh-KDM4D. When
tumors reached approximately 2100 mm3, mice
were randomly assigned to receive local irradi-
ation (10 Gy) or no treatment. On day 21 post-
irradiation, tumors in the sh-KDM4D group
exhibited significantly increased tumor weight
compared with the sh-Scr group following radia-
tion treatment, whereas the untreated group
displayed larger tumor sizes (Figure 3F). Wes-
tern blot analysis of tumor tissues confirmed
the molecular changes observed in vitro, with
sh-KDM4D tumors showing reduced levels
of p-CHK1, yH2AX, cleaved caspase-3, and
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cleaved PARP after irradiation (Figure 3G;
Supplementary Figure 1B). Furthermore, IHC
and TUNEL staining demonstrated an increase
in Ki67-positive proliferating cells and a
decrease in apoptotic cells in irradiated sh-
KDM4D tumors compared to irradiated sh-Scr
tumors (Figure 3H). These results demonstrate
that KDM4D knockdown promotes radioresis-
tance in ESCC cells both in vitro and in vivo.

KDMA4D activated SRBD1 transcription
through H3K9me3 demethylation at its intron
1

To identify downstream targets of KDM4D, we
analyzed genes correlated with KDM4D expres-
sion in the TCGA ESCC dataset. Among chromo-
some segregation-related genes, SRBD1 exhi-
bited a significant positive correlation with
KDMA4D (Figure 4A). Importantly, Kaplan-Meier
analysis indicated that elevated SRBD1 expres-
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sion was associated with improved overall sur-
vival in ESCC patients (Log-rank test, P = 0.024;
Figure 4B), consistent with the prognostic pat-
tern observed for KDM4D. Additionally, correla-
tion analysis validated a significant positive
association between KDM4D and SRBD1
expression (r =0.368, P=0.00024; Figure 4C).

Analysis of ChlP-seq data from HCT116 cells
[20] revealed an H3K9me3-enriched region
within intron 1 of the SRBD1 gene (chr2:
45,610,800-45,611,200 bp) (Figure 4D). To
determine whether KDM4D regulates SRBD1
transcription through H3K9me3 demethyl-
ation, dual-luciferase reporter assays were
performed in 293T cells. Constructs contai-
ning either the wild-type SRBD1 intron 1 har-
boring the H3K9me3 site (chr2: 45,610,700-
45,611,150) or a deletion of this site (chr2:
45,610,900-45,611,150) were generated.
KDMA4D overexpression significantly increased

Am J Transl Res 2026;18(5):3942-3960
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Figure 3. Effects of KDM4D knockdown on radiation-induced apoptosis and DNA damage response in ESCC cells
and xenograft tumors. A. Western blot analysis (upper) and quantification (lower) of KDM4D protein expression
in normal esophageal epithelial cell line Het-1A and ESCC cell lines (TE10, TE30, KYSE30 and KYSE70). B-actin
served as loading control. The same letter indicates no significant difference between groups, while different letters
indicate significant differences between groups. B. qRT-PCR analysis of KDM4D mRNA expression in the indicated
cell lines. C. Representative TUNEL staining images showing apoptosis in KYSE70 cells with sh-Scr (upper) or sh-
KDM4D (lower) at O, 1, 6 and 12 hours after 4 Gy irradiation. Scale bar = 50 ym. D. Quantification of TUNEL-positive
cells (left), cell viability assessed by CCK-8 assay (middle), and LDH release (right) in sh-Scr and sh-KDM4D KYSE70
cells at indicated time points after 4 Gy irradiation (n = 3). The same letter indicates no significant difference be-
tween groups, while different letters indicate significant differences between groups. E. Western blot analysis of
KDM4D, c-Myc, WIP1, CHK1, p-CHK1, yH2AX, cleaved caspase-3, cleaved PARP and BAX in KYSE70 cells with sh-Scr
or sh-KDM4D at indicated time points after 4 Gy irradiation. B-actin served as loading control. F. Upper: Representa-
tive images of xenograft tumors at day 21. Lower: Quantification of tumor weights (n = 6 per group). The same letter
indicates no significant difference between groups, while different letters indicate significant differences between
groups. G. Western blot analysis of the indicated proteins in xenograft tumor tissues from untreated, 10 Gy/sh-Scr
and 10 Gy/sh-KDM4D groups (n = 3 per group). H. Representative immunohistochemical staining of Ki67 (upper)
and TUNEL staining (lower) in xenograft tumor sections at day 21 post-irradiation from the indicated treatment
groups. Scale bar = 200 uym. Lower panel, Quantification of Ki67-positive cells (left) and TUNEL-positive cells (right)
from at least five random high-power fields per section in untreated, 10 Gy/sh-Scr and 10 Gy/sh-KDM4D groups (n
= 6 per group). The same letter indicates no significant difference between groups, while different letters indicate

significant differences between groups. ESCC, esophageal squamous cell carcinoma.

luciferase activity of the wild-type construct,
whereas this effect was abolished upon dele-
tion of the H3K9me3 site (Figure 4E).

ChIP-PCR experiments in KYSE70 and TE10
cells further validated these findings. KDM4D
knockdown in KYSE70 cells resulted in
increased H3K9me3 enrichment at SRBD1
intron 1, whereas KDM4D overexpression in
TE10 cells decreased H3K9me3 levels (Figure
4F). These data indicate that KDM4D promotes
SRBD1 transcription by mediating H3K9me3
demethylation at its intron 1 region.

KDMA4D regulated the SRBD1/RPL11/c-Myc/
WIP1/CHK1 signaling axis

Given that KDM4D positively regulates SRBD1
expression, and considering previous reports
that SRBD1 regulates RPL11 expression and
exerts suppressive effects through the RPL11-
MDM2-p53 pathway [16], as well as evidence
that RPL11 negatively regulates c-Myc and
influences chemotherapy sensitivity in breast
cancer [21], we hypothesized that KDM4D may
regulate radiosensitivity through the SRBD1/
RPL11/c-Myc pathway.

RIP-PCR analysis demonstrated KDM4D manip-
ulation affected RPL11 mRNA expression, con-
sistent with the role of SRBD1 in regulating
RPL11 expression (Figure 4G). Comparison
between TE10 (low KDM4D expression) and
KYSE70 (high KDM4D expression) cells re-
vealed that KYSE70 cells exhibited higher lev-
els of SRBD1 and RPL11, accompanied by
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lower levels of c-Myc, WIP1, and CHK1 at both
the protein and mRNA levels (Figure 5A, 5B).
These findings support a regulatory cascade in
which KDM4D positively regulates SRBD1 and
RPL141, which in turn suppress c-Myc and its
downstream targets WIP1 and CHK1.

To confirm this regulatory axis, gain- and loss-
of-function experiments were performed. KD-
M4D overexpression in TE10 cells increased
SRBD1 and RPL11 expression while decreas-
ing c-Myc, WIP1, and CHK1 levels. Conversely,
KDM4D knockdown in KYSE7O cells exerted
the opposite effects (Figure 5C, 5D). These
changes were observed at both the protein and
MRNA levels, suggesting transcriptional regula-
tion. Collectively, these results establish that
KDM4D regulates the SRBD1/RPL11/c-Myc/
WIP1/CHK1 signaling axis, providing a mecha-
nistic basis for its role in modulating radio-
sensitivity.

c-Myc mediated KDM4D-regulated radiosensi-
tivity in ESCC cells

To determine whether c-Myc functions as a
critical mediator of KDM4D-regulated radio-
sensitivity, rescue experiments were per-
formed. In TE10 cells, KDM4D overexpression
alone enhanced radiation-induced apoptosis,
as reflected by an increase in the proportion of
TUNEL-positive cells, reduced cell viability, and
elevated LDH release (Figure 6A, 6B). These
effects were markedly attenuated upon co-
overexpression of c-Myc. Conversely, in KYSE70
cells, KDM4D knockdown reduced radiation-

Am J Transl Res 2026;18(5):3942-3960
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luciferase reporter assay in 293T cells showing SRBD1 intron 1 activity under different conditions. The same letter
indicates no significant difference between groups, while different letters indicate significant differences between
groups (n = 3). F. ChIP-PCR analysis of SRBD1 intron 1 (137 bp) and B-actin control (250 bp) in KYSE70 cells with
sh-Scr or sh-KDMA4D (left panels) and TE10 cells with empty vector or KDM4D-OE (right panels), immunoprecipi-
tated with anti-KDM4D, anti-H3K9me3 or IgG antibodies. G. RIP-PCR analysis of RPL11 mRNA (126 bp) and B-actin
control (250 bp) in KYSE70 cells with sh-Scr or sh-KDMA4D (left panels) and TE10 cells with empty vector or KDM4D-

OE (right panels).

induced apoptosis, enhanced cellular viability,
and suppressed LDH release, and these effects
were reversed by concurrent c-Myc knockdown
(Figure 6A, 6B). Western blot analysis further
revealed the molecular mechanisms under-
lying these phenotypic changes. In TE10 cells,
KDMA4D overexpression downregulated c-Myc,
WIP1, and CHK1 expression, accompanied by
increased levels of p-CHK1 (Ser345), yH2AX,
and cleaved caspase-3 (Figure 6C; Supple-
mentary Figure 2A). In contrast, KDM4D knock-
down in KYSE7O cells increased c-Myc, WIP1,
and CHK1 expression, along with reduced lev-
els of p-CHK1 (Ser345), yH2AX, and cleaved
caspase-3 (Figure 6C; Supplementary Figure
2B). Collectively, these results confirm that
c-Myc is an essential downstream effector of
KDM4D in regulating radiosensitivity, likely
through modulation of its downstream target
genes.

SRBD1 mediated KDM4D-regulated radiosen-
sitivity in ESCC cells

To further determine whether SRBD1 acts as
the key downstream mediator connecting
KDM4D to the c-Myc pathway, analogous res-
cue experiments were conducted. In TE10 cells,
the radiosensitizing effect induced by KDM4D
overexpression was attenuated by concurrent
SRBD1 knockdown, as reflected by decreased
TUNEL-positive cells, increased cell viability,
and reduced LDH release (Figure 6D, 6E). In
KYSET7O cells, the radioresistance conferred by
KDM4D knockdown was reversed by SRBD1
overexpression (Figure 6D, 6GE).

Western blot analysis demonstrated that
SRBD1 knockdown in KDM4D-overexpressing
TE10 cells restored the expression of c-Myc,
WIP1, and CHK1, and attenuated the radia-
tion-induced upregulation of p-CHK1, yH2AX,
cleaved caspase-3, and cleaved PARP (Figure
6F; Supplementary Figure 3A). Conversely,
SRBD1 overexpression in KDM4D-knockdown
KYSE70 cells suppressed c-Myc, WIP1, and
CHK1 levels, resulting in augmented radiation-
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triggered DNA damage and apoptosis (Figure
6F; Supplementary Figure 3B). These findings
verify that SRBD1 serves as the critical media-
tor linking KDM4D to the c-Myc/WIP1/CHK1
axis in the regulation of ESCC radiosensitivity.

SRBD1 is required for KDM4D-mediated regu-
lation of radiosensitivity in vivo

Finally, the role of KDM4D-SRBD1 axis was vali-
dated in xenograft models. In TE10 cell-derived
xenografts, KDM4D overexpression significant-
ly enhanced tumor radiosensitivity, as evi-
denced by reduced tumor weight following 10
Gy irradiation compared to the empty vector
control group. However, this radiosensitizing
effect was markedly attenuated when SRBD1
was simultaneously knocked down (Figure 7A,
7B). Western blot analysis of tumor tissues fur-
ther confirmed that KDM4D overexpression
activated the SRBD1/RPL11 pathway while
suppressing the c-Myc/WIP1/CHK1 axis, which
in turn led to sustained activation of p-CHK1
and increased expression of apoptosis-related
markers after irradiation. SRBD1 knockdown
reversed these molecular changes (Figure 7A;
Supplementary Figure 4A). Consistently, IHC
and TUNEL staining showed that KDMA4D-
overexpressing tumors exhibited reduced
Ki-67-positive proliferating cells and increased
TUNEL-positive apoptotic cells after irradiation,
and these effects were reversed by SRBD1
knockdown (Figure 7C). Quantitative analysis
further confirmed statistically significant differ-
ences among the treatment groups (Figure 7C).

Complementary experiments using KYSE70
cell-derived xenografts yielded consistent
results. KDM4D knockdown promoted radiore-
sistance, as evidenced by increased tumor
volumes following irradiation, whereas concur-
rent SRBD1 overexpression restored radiosen-
sitivity (Figure 7D, 7E). Molecular analysis con-
firmed the expected alterations in the SRBD1/
RPL11/c-Myc/WIP1/CHK1/p-CHK1 signaling
axis (Figure 7D; Supplementary Figure 4B).
Moreover, Ki67 and TUNEL staining corrobo-
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Figure 5. Expression analysis of the SRBD1/RPL11/c-Myc/WIP1/CHK1 pathway components upon KDM4D ma-
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sh-Scr or sh-KDM4D (n = 3). ***P < 0.001. D. gRT-PCR analysis of the indicated genes in TE10 cells with empty
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rated the changes in cell proliferation and
apoptosis, and quantitative analysis of these
staining results revealed statistically significant
differences that were consistent with the
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molecular findings (Figure 7F). Collectively,
these in vivo data demonstrated that SRBD1 is
essential for KDM4D-mediated regulation of
radiosensitivity in ESCC.
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Western blot analysis of the indicated proteins in TE10 cells (left, with empty vector, KDM4D-OE, or KDM4D-OE/c-
Myc-OE) and KYSE7O cells (right, with sh-Scr, sh-KDM4D, or sh-KDM4D/sh-c-Myc) with or without 4 Gy irradiation.
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D. Representative TUNEL staining images in TE10 cells (upper panels: control, KDM4D-OE, KDM4D-OE/sh-SRBD1)
and KYSE7O cells (lower panels: control, sh-KDM4D, sh-KDM4D/SRBD1-OE) with or without 4 Gy irradiation. Scale
bar =50 um. E. Quantification of TUNEL-positive cells (upper), LDH release (middle), and cell viability by CCK-8 assay
(lower) in TELO cells (left) and KYSE7O cells (right) under the indicated conditions (n = 3). The same letter indicates
no significant difference between groups, while different letters indicate significant differences between groups. F.
Western blot analysis of the indicated proteins in TE10 cells (left, with empty vector, KDM4D-OE, or KDM4D-OE/sh-
SRBD1) and KYSE7O cells (right, with sh-Scr, sh-KDM4D, or sh-KDM4D/SRBD1-OE) with or without 4 Gy irradiation.

Discussion

Radiotherapy remains a cornerstone int the
treatment of locally advanced ESCC; however,
radioresistance remains a major clinical chal-
lenge [3]. This study verified KDM4D as a previ-
ously unrecognized regulator of ESCC radio-
sensitivity and delineated the corresponding
downstream signaling pathways. Our findings
demonstrate that elevated KDM4D expression
predicts a favorable response to neoadjuvant
chemoradiotherapy, which is mechanistically
mediated through activation of the SRBD1/
RPL11/c-Myc/WIP1/CHK1 signaling axis.

Our bioinformatics analysis revealed that
KDMA4D is overexpressed in ESCC tissues com-
pared to normal esophageal mucosa. Notably,
high KDM4D expression was associated with
better overall survival. This seemingly contra-
dictory finding is consistent with our clinical
observation that patients with high KDM4D
expression exhibited enhanced sensitivity to
neoadjuvant radiotherapy. These data suggest
that while KDM4D may contribute to ESCC
development, it may also function as a radio-
sensitizer. This dual role is consistent with the
concept of “oncogene addiction”, where cancer
cells become dependent on specific oncogenic
pathways that can be therapeutically exploited
[22].

We identified SRBD1 as a key downstream
effector of KDMA4D. Analysis of ChlIP-seq
data revealed an H3K9me3-enriched region
within intron 1 of SRBD1 (chr2: 45,610,800-
45,611,200 bp). Luciferase reporter assays
demonstrated that overexpressing KDM4D sig-
nificantly enhanced SRBD1 promoter activity,
whereas this effect was abrogated upon dele-
tion of the H3K9me3 site (chr2: 45,610,900-
45,611,100 bp). Consistent with its role as a
histone demethylase, KDM4D overexpression
reduced H3K9me3 levels at the SRBD1 intro-
nic region, thereby relieving transcriptional
repression and promoting SRBD1 expression.
Collectively, these data indicate that KDM4D
activates SRBD1 transcription through H3K9-
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me3 demethylation at a specific intronic regula-
tory region, which in turn regulates downstream
signaling pathways associated with radiosensi-
tivity [23].

The connection between SRBD1 and RPL11
represents a novel regulatory mechanism that
links epigenetic regulation to ribosomal protein
-mediated tumor suppression. RPL11 has been
extensively characterized as a tumor suppres-
sor that inhibits c-Myc activity through multiple
mechanisms, including protein-protein interac-
tion and promotion of c-Myc mRNA degradation
through the RNA-induced silencing complex
(RISC) [14]. Previous studies have demonstrat-
ed that SRBD1 regulates RPL11 expression
and exerts tumor-suppressive effects in glioma
[16], while the RPL11/c-Myc axis has been
implicated in modulating chemotherapy sensi-
tivity in breast cancer [24]. Our data demon-
strate that KDM4D upregulates RPL11 in a
SRBD1-dependent manner, thereby suppress-
ing c-Myc and its downstream targets WIP1
and CHK1. This pathway provides a mechanis-
tic explanation for the radiosensitizing effect
associated with high KDM4D expression. Of
note, as an S1 RNA-binding domain-containing
protein, SRBD1 is likely to regulate RPL11
expression at the post-transcriptional level,
potentially through interaction with RPL11
MRNA and modulation of its stability or transla-
tional efficiency. This is consistent with the
known function of S1 domain proteins, which
typically interact with RNA targets. Although
direct binding between SRBD1 and RPL11
MRNA was not assessed through RIP assays
using anti-SRBD1 antibody, our observation
that KDM4D manipulation altered RPL11
expression at both the mRNA and protein levels
in a SRBD1-dependent manner provides indi-
rect support for this regulatory relationship.
The precise molecular mechanism by which
SRBD1 regulates RPL11 warrants further
investigation.

The c-Myc-CHK1 axis plays a central role in
mediating radioresistance. Previous studies
have established that c-Myc transcriptionally

Am J Transl Res 2026;18(5):3942-3960
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Figure 7. In vivo validation of the KDM4D-SRBD1 axis in regulating ESCC radiosensitivity using xenograft models.
A. Western blot analysis of the indicated proteins in xenograft tumor tissues from TE10 cells with empty vector,
KDM4D-OE, or KDM4D-OE/sh-SRBD1, with or without 10 Gy irradiation (n = 3 per group). B. Upper: Representative
images of xenograft tumors from TE10 cells at day 21 post-irradiation. Lower: Quantification of tumor weights from
untreated, 10 Gy/empty vector, 10 Gy/KDM4D-OE, and 10 Gy/KDM4D-OE/sh-SRBD1 groups (n = 6 per group).
The same letter indicates no significant difference between groups, while different letters indicate significant dif-
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ferences between groups. C. Representative immunohistochemical staining of Ki67 (upper) and TUNEL staining
(lower) in xenograft tumor sections from TE10 cells under the indicated conditions. Scale bar = 200 ym. Lower
panel, Quantification of Ki67-positive cells (left) and TUNEL-positive cells (right) from at least five random high-
power fields per section in untreated, 10 Gy/empty vector, 10 Gy/KDM4D-OE and 10 Gy/KDM4D-OE/sh-SRBD1
groups (n = 6 per group). Different letters indicate significant differences. D. Western blot analysis of the indicated
proteins in xenograft tumor tissues from KYSE70 cells with empty vector, sh-KDM4D, or sh-KDM4D/SRBD1-0OE, with
or without 10 Gy irradiation (n = 3 per group). E. Upper: Representative images of xenograft tumors from KYSE70
cells at day 21 post-irradiation. Lower: Quantification of tumor weights from untreated, 10 Gy/empty vector, 10 Gy/
sh-KDM4D, and 10 Gy/sh-KDM4D/SRBD1-OE groups (n = 6 per group).The same letter indicates no significant dif-
ference between groups, while different letters indicate significant differences between groups. F. Representative
immunohistochemical staining of Ki67 (upper) and TUNEL staining (lower) in xenograft tumor sections from KYSE70
cells under the indicated conditions. Scale bar = 200 um. Lower panel, Quantification of Ki67-positive cells (left)
and TUNEL-positive cells (right) from at least five random high-power fields per section in untreated, 10 Gy/empty
vector, 10 Gy/sh-KDM4D and 10 Gy/sh-KDM4D/SRBD1-OE groups (n = 6 per group). The same letter indicates no
significant difference between groups, while different letters indicate significant differences between groups. ESCC,

esophageal squamous cell carcinoma.

activates CHK1 via direct binding to E-box
motifs within the CHK1 promoter, thereby facili-
tating DNA damage repair and checkpoint acti-
vation [25]. Furthermore, c-Myc has been
shown to upregulate WIP1 transcriptionally
through E-box elements within the WIP1 pro-
moter region [26, 27]. WIP1 in turn dephos-
phorylates CHK1 at Ser345, thereby terminat-
ing the checkpoint response. In KDM4D-high
cells, suppression of c-Myc by the SRBD1/
RPL11 axis leads to reduced levels of WIP1 and
CHK1, thereby resulting in sustained activation
of p-CHK1 after irradiation. This persistent
checkpoint activation prevents premature cell
cycle re-entry and facilitates apoptosis in cells
harboring unrepaired DNA damage.

Interestingly, we observed that SRBD1 expres-
sion remained largely unchanged in KYSE70
cells regardless of KDM4D manipulation or
radiation treatment. Given that KYSE70 cells
harbor a TP53 mutation [17], this finding sup-
ports the notion that KDM4D-mediated radio-
sensitization functions in a p53-independent
manner. While the RPL11-MDM2-p53 pathway
has been well-characterized [28], our data sug-
gest that RPL11 can suppress c-Myc indepen-
dently of p53 status, extending the therapeutic
applicability of this pathway to p53-mutant
tumors, which constitute a significant propor-
tion of ESCC cases.

Our findings carry profound clinical relevance.
KDM4D expression may serve as a predictive
biomarker for radiotherapy responsiveness in
individuals with ESCC. In our cohort of 32 ESCC
patients receiving neoadjuvant chemoradio-
therapy, patients with high KDM4D expression
exhibited a prominently higher favorable res-
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ponse rate (66.7% vs. 21.7%) and extended
PFS compared with those with low KDM4D
expression. From a therapeutic perspective,
targeting the c-Myc/WIP1/CHK1 signaling axis
may represent a rational strategy to enhance
radiosensitivity in KDM4D-low tumors. The
emerging progress in KDM4 inhibitors and
c-Myc-targeted therapeutic approaches pro-
vides novel prospects for the development
of combined therapeutic strategies [29, 30].
Specifically, our findings suggest that in ESCC
patients with low KDM4D expression and
radiotherapy resistance, the elevated c-Myc
activity leads to upregulation of WIP1 and
CHK1, promoting premature cell cycle re-entry
and dampening the DNA damage checkpoint
response. In such cases, pharmacologic inhibi-
tion of CHK1, using agents such as UCN-01 or
MK-8776, both of which have entered early-
phase clinical evaluation and demonstrated
radiosensitizing effects in preclinical studies
[31], may enhance radiosensitivity by prevent-
ing checkpoint recovery and inducing mitotic
catastrophe. Alternatively, inhibition of WIP1,
such as using GSK2830371, may represent
another therapeutic option in tumors retaining
wild-type p53 [27, 32], given the critical role of
WIP1-mediated dephosphorylation of CHK1 in
terminating checkpoint signaling in KDM4D-low
tumors. Furthermore, emerging KDM4 family
inhibitors, such as the pan-KDM4 inhibitor
TACH101 (zavondemstat), which has recently
completed a Phase | clinical trial with a favor-
able safety profile [12, 33], may offer a novel
approach to modulate the SRBD1/RPL11/c-
Myc axis. Collectively, these findings provide a
strong rationale for the development of combi-
nation therapeutic strategies targeting this sig-
naling network. Future preclinical and clinical
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studies are needed to evaluate the efficacy and
safety of these combination strategies.

Several limitations of this study should be
acknowledged. First, the clinical sample size of
32 patients is relatively small, with only 9 cases
in the high KDM4D expression subgroup, which
may have limited statistical power. Although
our clinical findings are corroborated by TCGA
database analysis and comprehensive in vitro
and in vivo experiments, larger multicenter pro-
spective studies are warranted to validate the
predictive value of KDM4D expression. Second,
although we established a regulatory relation-
ship between SRBD1 and RPL11, the detailed
biochemical mechanisms remain to be eluci-
dated, especially whether SRBD1 directly binds
to RPL11 mRNA to regulate its stability or trans-
lational efficiency. Third, the therapeutic poten-
tial of targeting the c-Myc/WIP1/CHK1 axis in
combination with radiotherapy warrants fur-
ther evaluation in preclinical and clinical set-
tings, particularly in patients with low KDM4D
expression.

Conclusion

We identified a novel KDM4D/SRBD1/RPL11/
c-Myc/WIP1/CHK1 signaling axis that regula-
tes radiosensitivity in ESCC. Elevated KDM4D
expression activates this signaling cascade,
leading to suppression of c-Myc activity, down-
regulation of WIP1 and CHK1, sustained activa-
tion of phosphorylated CHK1, and enhanced
radiation-induced apoptosis. These findings
provide new insight into the molecular basis of
radiosensitivity in ESCC and highlight KDM4D
as a promising predictive biomarker and poten-
tial therapeutic target for optimizing radiothera-
py outcome.
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Supplementary Table 1. Primer sequences used for RT-gPCR analysis

Species Gene Forward Primer (5'-3’) Reverse Primer (5’-3’)
Human KDM4D GGGCAGGGGTGTTTACTCAAT TGTTTGCCAAATGGCGATACT
Human WIP1 GCCAGAACTTCCCAAGGAAAG GGTTCAGGTGACACCACAAATTC
Human RPL11 AGAGTGGAGACAGACTGACGCG CGGATGCCAAAGGATCTGACAG
Human CHK1 GTGTCAGAGTCTCCCAGTGGAT GTTCTGGCTGAGAACTGGAGTAC
Human SRBD1 CCTTCCAACAGTGTGCTGGCTT GTGACCTCAACGTCTGCTGAAG
Human c-Myc CCTGGTGCTCCATGAGGAGAC CAGACTCTGACCTTTTGCCAGG
Human B-actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT




KDMA4D regulates ESCC radiosensitivity through the SRBD1/c-Myc/WIP1/CHK1 axis

A - sh-Scr
= sh-KDM4D
s 1.5 4 E
Sroff——3  §° g, %\f\+
@ ) 2 ***
g *kx 02 }*** = g
a 3 ok t ' E
4
0.0 0
01 6 12 01 6 12
4 Gy (hours) 4 Gy (hours) 4 Gy (hours)
5 £ * koK = kK
£ . g ©
g4 * % _@.4 =4
%2 52 M 2
(9] °©
:|>:_1 § 1 % 1
0 G0 00
01 6 12 01 6 12 © 0 6 12
4 Gy (hours) 4 Gy (hours) 4 Gy (hours)
B e untreated o 10 Gy/sh-Scr o 10 Gy/sh-KDM4D
cd b
2 .
2 b b b b b,
g 31 b b
C 5] c c c c
g |aa |aaf||@allaa)||, a a a a
&3 A e el ) LT i
0 ﬁﬁ?’i ﬁ ﬁ ﬁ 2
Q & A N N 3 g R 3
& & & @ P
+ q A > &
* B
c}@t

4 g o ¥*
§ 3 H\F/ﬁ $ 4 % %
22 * Kk SN *
v x2
© &
0 0
01 6 12 01 6 12
4 Gy (hours) 4 Gy (hours)
4
=
53
©
@2
2 4
0
01 6 12

4 Gy (hours)

Supplementary Figure 1. Quantification of western blot data from Figure 3E and 3G. A. Quantification of protein expression levels (normalized to B-actin) from west-
ern blots in Figure 3E, showing KDM4D, c-Myc, WIP1, CHK1, p-CHK1, yH2AX, cleaved caspase-3, cleaved PARP and BAX in KYSE7O cells with sh-Scr or sh-KDM4D
at indicated time points after 4 Gy irradiation (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. B. Quantification of protein expression levels from western blots in
Figure 3G, showing the indicated proteins in xenograft tumor tissues from untreated, 10 Gy/sh-Scr and 10 Gy/sh-KDM4D groups (n = 3). Different letters indicate

significant differences.
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Supplementary Figure 2. Quantification of western blot data from Figure 6C. A. Quantification of protein expression levels in TE10 cells with empty vector, KDM4D-
OE, or KDM4D-OE/c-Myc-OE, with or without 4 Gy irradiation (n = 3). Different letters indicate significant differences. B. Quantification of protein expression levels
in KYSE70 cells with sh-Scr, sh-KDM4D, or sh-KDM4D/sh-c-Myc, with or without 4 Gy irradiation (n = 3). The same letter indicates no significant difference between
groups, while different letters indicate significant differences between groups.
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Supplementary Figure 3. Quantification of western blot data from Figure 6F. A. Quantification of protein expression levels in TE10 cells with empty vector, KDM4D-
OE, or KDM4D-OE/sh-SRBD1, with or without 4 Gy irradiation (n = 3). Different letters indicate significant differences. B. Quantification of protein expression levels in
KYSE70 cells with sh-Scr, sh-KDM4D, or sh-KDM4D/SRBD1-0OE, with or without 4 Gy irradiation (n = 3). The same letter indicates no significant difference between
groups, while different letters indicate significant differences between groups.
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Supplementary Figure 4. Quantification of western blot data from Figure 7A and 7D. A. Quantification of protein
expression levels in xenograft tumor tissues from TE10 cells under the indicated conditions (n = 3). Different let-
ters indicate significant differences. B. Quantification of protein expression levels in xenograft tumor tissues from
KYSE70 cells under the indicated conditions (n = 3). The same letter indicates no significant difference between
groups, while different letters indicate significant differences between groups.



