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carcinoma MHCC97-H cells in association with altered
NF-kB/IkKBa sighaling dynamics and JNK activation
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Abstract: Norcantharidin (NCTD), a demethylated derivative of cantharidin, has antitumor activity against multiple
cancer types; however, its effects on the NF-kB/JNK signaling axis in hepatocellular carcinoma (HCC) remain incom-
pletely defined. MHCC97-H HCC cells were treated with NCTD at 5, 20, and 40 pg/mL (approximately 29.7, 118.9,
and 237.9 uM), alone or in combination with pyrrolidine dithiocarbamate (PDTC, 50 uM), a compound with reported
NF-kB inhibitory and antioxidant properties. NCTD suppressed cell viability in a dose- and time-dependent manner,
with 48-h inhibition rates of 24.3%, 51.9%, and 72.1% at the three concentrations. Based on the available MTS
data, the estimated NCTD IC50 was > 40 ug/mL at 24 h and approximately 19.0 pyg/mL at 48 h. Flow cytometry
showed corresponding apoptosis rates of 13.3%, 36.8%, and 43.2%, which increased to 50.2% after PDTC co-treat-
ment. Western blotting showed reduced nuclear NF-kB p65 signal and decreased cytoplasmic IkBa levels, together
with increased phosphorylated JNK (p-JNK), while total JNK remained unchanged. RT-gPCR showed upregulation of
pro-apoptotic Bax, downregulation of anti-apoptotic Bcl-2, and increased c-Jun, TNF-a, and IL-6 transcripts. NCTD
further impaired colony formation, induced GO/G1 arrest, depolarized mitochondrial membrane potential, and in-
creased reactive oxygen species. TCGA-LIHC bulk RNA-seq data were analyzed to provide clinical context. NF-kB
pathway genes were differentially expressed in HCC, and enrichment analyses implicated NF-«kB, apoptosis, TNF,
and MAPK-related pathways. The NF-kB Core activity score showed no significant tumor-normal difference, but im-
mune infiltration analysis revealed associations between NF-kB activity and the HCC immune microenvironment.
These findings indicate that NCTD triggers mitochondrial apoptosis in MHCC97-H cells in association with reduced
nuclear p65 signal, altered IkBa turnover, stress/inflammatory gene induction, and enhanced JNK activation, rather
than demonstrating uniform blockade of the entire NF-kB pathway.
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Introduction duce cell death in hepatocellular carcinoma,

breast cancer, cervical cancer, colorectal can-

Hepatocellular carcinoma (HCC) is among the
most common digestive malignancies and has
a poor prognosis because it often develops
insidiously and progresses rapidly [1]. In China,
where the disease burden is high, there remains
a need to identify effective therapeutic agents
and clarify their mechanisms of action [2].

Norcantharidin (NCTD), a demethylated deriva-
tive of cantharidin, retains anticancer activity
while markedly reducing the bone marrow, gas-
trointestinal, and urinary tract toxicities that
limit clinical use of cantharidin [3]. NCTD has
been reported to inhibit proliferation and in-

cer, and other malignancies [4, 5], and it has
been used clinically in hepatic and esophageal
cancers. Beyond its antitumor activity, NCTD
has also been associated with increased pe-
ripheral leukocyte counts and immunomodula-
tory effects [6].

The transcription factor NF-kB occupies a cen-
tral and context-dependent position in the
molecular context of HCC [7]. Aberrant activa-
tion of NF-kB in liver tumors drives expression
of genes involved in cell survival, proliferation,
and inflammatory responses [8]. Under basal
conditions, NF-kB is retained in the cytoplasm
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by inhibitory IkB proteins, predominantly IkBc.
Upon stimulation by cytokines, viral proteins, or
genotoxic stress, IkKBa undergoes phosphory-
lation and proteasomal degradation, allowing
NF-kB nuclear translocation and target gene
activation [9]. In the chronically inflamed liver,
the background against which most HCC aris-
es, sustained NF-kB activation creates a micro-
environment permissive to malignant transfor-
mation [10].

Because NF-kB signaling is regulated at mul-
tiple levels, including IkBa turnover, p65 nucle-
ar localization, post-translational modification,
and inflammatory transcriptional feedback,
transcriptomic activity scores from bulk tumor
tissue should be interpreted as contextual evi-
dence rather than as a direct surrogate for
nuclear p65 activity in cultured cells.

The c-Jun N-terminal kinase (JNK) pathway reg-
ulates apoptosis, differentiation, and inflamma-
tion and represents a stress-responsive branch
of the MAPK signaling network [11]. NF-kB and
JNK also interact functionally: in inflammatory
contexts, activated NF-kB can limit excessive
JNK activation and support cell survival, where-
as NF-kB blockade can permit sustained JNK
activation and promote cell death [12]. This
interaction suggests that pharmacologic atten-
uation of NF-kB activity may suppress tumor
cell survival not only through transcriptional
reprogramming but also through reactivation of
pro-apoptotic JNK signaling.

Although NCTD has a documented anticancer
profile, its effects on the NF-kB/JNK signaling
interface in hepatocellular carcinoma remain
incompletely defined. In this study, MHCC97-H
cells were treated with increasing concen-
trations of NCTD, either alone or in combina-
tion with pyrrolidine dithiocarbamate (PDTC), a
pharmacologic modulator with reported NF-kB
inhibitory and antioxidant activities. We evalu-
ated proliferation, apoptosis, NF-kB/JNK-as-
sociated protein changes, apoptosis-related
gene transcription, mitochondrial membrane
potential, and reactive oxygen species produc-
tion. To place the in vitro findings in a broader
clinical context, TCGA-LIHC bulk RNA-seq data
were analyzed for NF-kB pathway gene expres-
sion, enrichment patterns, and immune micro-
environment associations.
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Materials and methods
Cell culture and reagents

The authenticated MHCC97-H human he-
patocellular carcinoma cell line was obtained
from the Cell Bank of the Chinese Academy
of Sciences, Shanghai Institute of Bioche-
mistry and Cell Biology (catalog/serial no.
19375.09.3101HUMSCSP5092; CAS, China).
Cells were authenticated by short tandem
repeat profiling before use, and mycoplasma
contamination was routinely excluded using the
MycoAlert Detection Kit (Lonza, LT07-318).
Cells were maintained at 37°C in a humidi-
fied 5% CO, incubator in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, 11995065)
supplemented with 10% fetal bovine serum
(Thermo Fisher, 16000044), 100 U/mL penicil-
lin, and 100 pg/mL streptomycin (Thermo
Fisher, 15140122).

Norcantharidin (NCTD; N2638; purity > 98%)
was obtained from Sigma-Aldrich and dissolved
in DMSO to prepare stock solutions. Working
concentrations of 5, 20, and 40 ug/mL, corre-
sponding approximately to 29.7, 118.9, and
237.9 uM based on the molecular weight of
NCTD (168.15 g/mol), were freshly prepared
in culture medium before each experiment.
Pyrrolidine dithiocarbamate (PDTC; Sigma-Al-
drich, P8765), a compound reported to modu-
late NF-kB signaling and oxidative-stress re-
sponses, was used at a final concentration of
50 uM. Treatment duration ranged from 12 to
48 h depending on the assay.

Cell proliferation assay

Cell viability was measured using the CellTiter
96 AQueous One Solution MTS assay (Prome-
ga, G3582). MHCC97-H cells were plated at 5 x
108 cells/well in 96-well plates and allowed to
adhere overnight. After 12, 24, 36, or 48 h of
treatment with NCTD, PDTC, or both, MTS
reagent (20 uL/well) was added, and cells were
incubated for an additional 2-4 h at 37°C.
Absorbance was measured at 490 nm using
a BioTek Synergy HTX microplate reader. Pro-
liferation inhibition rates were calculated rela-
tive to untreated controls. Because the avail-
able concentration-response series included
three NCTD concentrations, IC50 values were
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estimated descriptively from the MTS inhibition
data; if 50% inhibition was not reached at the
highest tested concentration, the IC50 was
reported as greater than 40 yg/mL (> 237.9
uM).

Hoechst 33342 nuclear staining

Apoptotic nuclear morphology was assessed
using the Hoechst 33342 Staining Kit (Thermo
Fisher, H3570). Cells cultured on glass cover-
slips were treated as indicated, stained with
Hoechst 33342 (5 yg/mL, 15 min, 37°C), and
observed with a Zeiss Axio Observer fluores-
cence microscope. Nuclear condensation and
fragmentation were identified as characteris-
tic apoptotic features.

Annexin V-FITC/PI flow cytometry

Apoptosis was measured using an apoptosis
detection kit (Thermo Fisher, V13242). Cells
were harvested, washed with PBS, and stained
with Annexin V-FITC and propidium iodide (PI)
according to the manufacturer’s instructions.
Data were collected using a BD FACSCanto Il
flow cytometer and analyzed with FlowJo v10 to
distinguish viable, early apoptotic, late apop-
totic, and necrotic populations.

Caspase-3/7 activity assay

Caspase-3/7 enzymatic activity was measur-
ed using the Caspase-Glo 3/7 Assay Kit (Pro-
mega, G8091). Cells were seeded in white
96-well plates, treated as indicated, and incu-
bated with Caspase-Glo reagent for 1 h at
room temperature. Luminescence was mea-
sured using a BioTek Synergy HTX reader and
normalized to untreated controls.

Mitochondrial membrane potential (A¥Ym) as-
say

The JC-1 probe (Thermo Fisher, T3168) was
used to assess mitochondrial membrane po-
tential. Treated cells were incubated with 2 uM
JC-1 for 30 min at 37°C, washed twice with
PBS, and imaged with a Zeiss Axio Observer
microscope using filters appropriate for JC-1
aggregates (red) and monomers (green). The
red/green fluorescence intensity ratio was cal-
culated with Image) as an indicator of mito-
chondrial depolarization.
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Intracellular ROS detection

Intracellular ROS levels were measured using
CM-H,DCFDA (Thermo Fisher, C6827). After
treatment, cells were incubated with 10 yM
CM-H,DCFDA for 30 min at 37°C in the dark,
washed with PBS, and visualized by fluores-
cence microscopy. Relative fluorescence inten-
sity was quantified with ImageJ.

Western blotting

Total, nuclear, and cytoplasmic protein frac-
tions were prepared from treated cells using
RIPA buffer (Thermo Fisher, 89901) supple-
mented with protease and phosphatase inhibi-
tors (Thermo Fisher, 78442). Nuclear-cytoplas-
mic fractionation was performed with the
NE-PER Kit (Thermo Fisher, 78833). Protein
concentrations were determined by BCA assay
(Thermo Fisher, 23225). Equal amounts of
protein (30 ug) were separated by SDS-PAGE
and transferred to PVDF membranes (Thermo
Fisher, 88518). Membranes were blocked with
5% non-fat milk and incubated overnight at
4°C with primary antibodies against NF-kB
p65 (CST, 8242, 1:1000), IkBa (CST, 4814,
1:1,000), p-JNK (CST, 9251, 1:1,000), total INK
(CST, 9252, 1:1,000), B-actin (Sigma, A5441,
1:5000), Lamin B1 (Abcam, ab16048, 1:1,000),
and GAPDH (Sigma, G9545, 1:5,000). After
incubation with HRP-conjugated secondary an-
tibodies (Thermo Fisher, 31460, 1:5,000), pro-
tein bands were visualized with ECL substrate
(Thermo Fisher, 32106) and quantified using
Imagel.

RNA extraction and RT-qPCR

Total RNA was extracted from MHCC97-H cells
using the RNeasy Mini Kit (Qiagen, 74104).
Complementary DNA was synthesized from 1
ug of total RNA using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher,
4368813). Commercial TagMan Gene Expres-
sion Assays (Thermo Fisher), rather than cus-
tom SYBR Green primer pairs, were used for
Bax (Hs00180269_m1), Bcl-2 (Hs00608023_
m1), c-Jun (Hs01103582_s1), TNF-a (HsO11-
13624_g1), and IL-6 (Hs00985639_m1), with
GAPDH (Hs02758991_g1) as the endogenous
control. Quantitative PCR was performed on a
QuantStudio 6 Flex system, and relative expres-
sion was calculated using the 2-AACt method.
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Colony formation assay

MHCC97-H cells (500 cells/well) were seeded
in 6-well plates and treated with NCTD, PDTC,
or both. Cells were cultured for 10-14 days with
medium replacement every 2-3 days, fixed with
4% paraformaldehyde, and stained with 0.1%
crystal violet (Thermo Fisher, C3886). Colonies
containing more than 50 cells were counted
manually under a light microscope.

Cell cycle analysis

After treatment, cells were harvested, fixed in
70% ethanol at -20°C overnight, and stained
with PI/RNase Staining Solution (Thermo Fi-
sher, 00-6990-50) for 30 min at 37°C. DNA
content was measured on a BD FACSCanto |l
flow cytometer, and cell-cycle distribution was
analyzed with FlowJo v10.

IF staining

Cells were fixed, permeabilized, and blocked
with 5% BSA. Cells were incubated overnight
at 4°C with primary antibodies against NF-kB
p65 (CST, 8242) and p-JNK (CST, 9251), fol-
lowed by Alexa Fluor-conjugated secondary
antibodies (Thermo Fisher). Nuclei were coun-
terstained with Hoechst 33342. Images were
acquired on a Zeiss Axio Observer fluorescence
microscope.

TCGA bioinformatics analysis

Transcriptomic RNA-seq data (unstranded co-
unts) for the TCGA-LIHC cohort were retrieved
using the TCGAbiolinks R package, comprising
374 HCC tumor specimens and 50 adjacent
normal tissues [13]. Data preprocessing in-
cluded TPM normalization, log2(TPM+1) trans-
formation, removal of duplicate gene symbols
by retaining the highest-expressed record, and
filtering of low-expression genes (row means >
1). For the tumor-normal NF-kB activity score
comparison, 371 primary tumor samples and
50 normal samples with complete annotations
were used.

Differential expression analysis between tumor
and normal groups was performed with the
limma package using a design matrix contrast-
ing Tumor versus Normal, with Benjamini-Ho-
chberg multiple-testing correction [14]. Diffe-
rentially expressed genes (DEGs) were defined
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by |log2FC| > 1 and adjusted P < 0.05. NF-
kKB pathway-related genes, including RELA,
NFKBIA, NFKB1, IKBKB, CHUK, RELB, NFKB2
(core NF-kB), BAX, BCL2, BCL2L1 (apoptosis),
TNF, IL6, IL1B (inflammation), and JUN, MAPKS,
MAPK9 (JNK cascade), were annotated on
volcano plots when significantly differentially
expressed.

GO and KEGG enrichment analyses were con-
ducted with the clusterProfiler package using
Benjamini-Hochberg correction [15]. Immune
cell infiltration was evaluated by single-sample
gene set enrichment analysis (ssGSEA) across
22 immune cell types using the GSVA package
[16]. NF-kB pathway activity scores were com-
puted by ssGSEA/GSVA using the core genes
RELA, NFKBIA, NFKB1, IKBKB, CHUK, RELB,
and NFKB2. Tumor-normal score distributions
were compared using the Wilcoxon rank-sum
test, and Spearman correlation was calculated
between NF-kB activity and immune cell infiltra-
tion scores.

Statistical analysis

All in vitro laboratory experiments were per-
formed independently three times, and results
are presented as mean + SD. Statistical analy-
ses were performed using GraphPad Prism ver-
sion 9. One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used for
laboratory experiments. Pearson correlation
was used for the experimental correlations
between nuclear p65 or p-JNK levels and apop-
tosis rate. For bioinformatic analyses, group
comparisons were performed using the
Wilcoxon rank-sum test, and correlations
between NF-kB activity scores and immune infil-
tration scores were assessed using Spearman’s
rank correlation coefficient. P < 0.05 was con-
sidered statistically significant.

Results
NCTD inhibits MHCC97-H cell proliferation

Exposure of MHCC97-H cells to NCTD produc-
ed a dose- and time-dependent reduction in
cell viability. At 5 pg/mL (29.7 uM), inhibition
remained below 25% across all time points.
Higher concentrations of 20 and 40 pg/mL
(118.9 and 237.9 uM, respectively) progres-
sively suppressed proliferation over the 48-h
observation period, with curves diverging from
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Figure 1. NCTD inhibits MHCC97-H cell proliferation. A. MTS proliferation
curves of cells treated with NCTD (5, 20, and 40 pg/mL; approximately 29.7,
118.9, and 237.9 uM), PDTC (50 uM), or NCTD 40 ug/mL + PDTC over 12-48
h. B. Proliferation inhibition rates at 48 h. Based on the available MTS data,
the estimated NCTD IC50 was > 40 pg/mL (> 237.9 uyM) at 24 h and approxi-
mately 19.0 pg/mL (approximately 113.0 uM) at 48 h. Data are mean + SD,
n=3.*P <0.05, **P < 0.01 vs. control; ##P < 0.01 vs. NCTD 40 ug/mL.

the control as early as 12 h (Figure 1A). At 24 h,
the 50% inhibition threshold was not reached
even at 40 pg/mL, so the estimated 24-h IC50
was > 40 yg/mL (> 237.9 uyM). At 48 h, prolif-
eration inhibition rates were 24.3 + 2.1%, 51.9
+ 3.0%, and 72.1 + 4.2% in the 5, 20, and 40
ug/mL groups, respectively (Figure 1B), giving
an interpolated 48-h IC50 of approximately
19.0 yg/mL (approximately 113.0 uyM). PDTC
alone (50 yM) inhibited proliferation by 39.8 +
2.5%, whereas NCTD 40 ug/mL combined with
PDTC produced the strongest inhibition (85.3 +
3.6%; P < 0.01 vs. NCTD 40 ug/mL alone).

NCTD induces apoptosis in MHCC97-H cells

Hoechst 33342 staining of cells treated with
40 pg/mL NCTD revealed time-dependent in-
creases in apoptotic nuclear features, including
chromatin condensation and nuclear fragmen-
tation. Quantification of apoptotic nuclei yield-
ed rates of 11.2 + 0.2%, 19.8 + 0.8%, 28.0 +
1.0%, and 34.1 + 1.0% at 12, 24, 36, and
48 h, respectively (P < 0.05 for each time point
vs. control; Figure 2A, 2B).

Annexin V-FITC/PI flow cytometry showed
that after 48 h of treatment, total apoptosis
rates (early + late apoptosis) were 13.3 + 1.2%,
36.8+2.7%,and 43.2 £ 3.1% for 5, 20, and 40
ug/mL NCTD, respectively (Figure 2C, 2D).
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quantified decreases to 0.80
+ 0.05-fold, 0.67 + 0.04-fold,
and 0.45 + 0.03-fold at 5,
20, and 40 pg/mL, respec-
tively (P < 0.01; Figure 3A,
3B). Cytoplasmic IkBa levels
also decreased (0.78 + 0.04-
fold, 0.63 = 0.03-fold, and
0.42 + 0.03-fold; P < 0.01; Figure 3A, 3C), indi-
cating altered IkBa turnover rather than simple
evidence of uniform NF-kB pathway inhibition.
NCTD 40 pg/mL combined with PDTC further
reduced nuclear p65 to 0.32 + 0.02-fold and
IkBax to 0.30 + 0.02-fold (P < 0.001 vs.
control).

Total JNK protein remained unchanged across
all treatment conditions (P > 0.05; Figure 3A,
3D), whereas p-JNK increased in a dose-depen-
dent manner, reaching 2.7 £ 0.2-fold at 40 pg/
mL NCTD and 3.6 + 0.3-fold in the combination
group (P < 0.001; Figure 3A, 3E) [17].

NCTD alters apoptosis-related and inflamma-
tory gene transcription

RT-gPCR was performed to measure five target
genes: Bax, Bcl-2, c-Jun, TNF-a, and IL-6.

Pro-apoptotic Bax mRNA increased in a con-
centration-dependent manner, reaching 1.6 +
0.1-, 2.2 £ 0.2-, and 3.0 £ 0.3-fold at 5, 20, and
40 pg/mL NCTD, respectively, whereas anti-
apoptotic Bcl-2 was reciprocally suppressed to
0.8 + 0.05-, 0.6 + 0.04-, and 0.5 + 0.03-fold
(P < 0.01; Figure 4A, 4B). The Bax/Bcl-2 ratio
increased from approximately 1.0 in control
cells to approximately 6.0 at the highest NCTD
concentration, consistent with a shift toward
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Figure 2. NCTD induces apoptosis in MHCC97-H cells. A. Representative Annexin V-FITC/PI flow cytometry dot plots
of MHCC97-H cells treated with NCTD at 5, 20, or 40 ug/mL, PDTC at 50 uM, or their combination for 48 h. B. Quan-
tification of total apoptosis rates, including early and late apoptosis. Data are presented as mean + SD, n = 3. *P <
0.05, P < 0.01 versus the control group; ##P < 0.01 versus the NCTD 40 pg/mL group.

mitochondrial apoptotic priming. c-Jun was
induced across all treatment groups (Figure
4C). The stress- and inflammation-related tran-
scripts of TNF-a and IL-6 were also upregulat-
ed by NCTD (Figure 4D, 4E), indicating that
NCTD did not produce uniform transcriptional
silencing of all NF-kB-responsive inflammatory
genes. Under combination treatment, all five
genes showed the greatest deviation from con-
trol levels (Figure 4F).

Reduced nuclear p65 signal is associated with
enhanced JNK activation and apoptosis

Immunofluorescence staining visualized p65
and p-JNK at single-cell resolution. In untreat-
ed cells, nuclear p65 fluorescence was diffuse-
ly distributed with moderate intensity, where-
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as p-JNK signal was uniformly low (Figure 5A).
With increasing NCTD concentration, nuclear
p65 intensity progressively decreased; in cells
receiving both NCTD 40 ug/mL and PDTC, p65
nuclear signal was barely detectable (Figure
5B). p-JNK fluorescence showed the opposite
pattern, with minimal signal in control cells,
moderate elevation after NCTD alone, and
strong intensification under combination treat-
ment (Figure 5C, 5D). The corresponding time-
course Western blot and densitometric results
are presented in Figure 5E and 5F.

Caspase-3/7 activity increased to 2.55 + 0.15-
fold after NCTD 40 pg/mL alone and to 3.10 *
0.20-fold after PDTC co-treatment (P < 0.01;
Figure 5G). Pearson correlation analysis ac-
ross all seven treatment groups showed a ne-
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Figure 3. NCTD modulates NF-kB/IkBa and JNK signaling. A. Representative Western blots of nuclear NF-kB p65,
cytoplasmic IkBa, total JNK, and p-JNK. B-actin, Lamin B1, and GAPDH served as fraction-specific loading controls.
B-E. Densitometric quantification of nuclear p65, IkBa, total JNK, and p-JNK. NCTD reduced nuclear p65 signal,
decreased cytoplasmic IkBa, and increased p-JNK in a dose-dependent manner; these effects were potentiated by
PDTC. Data are mean + SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; ###P < 0.001 vs. NCTD 40

pug/mL; ns, not significant.

gative association between nuclear p65 levels
and apoptosis (r = -0.94, P < 0.001; Figure
5H) and a strong positive association between
p-JNK levels and apoptosis (r = 0.96, P < 0.001;
Figure 5I).

NCTD impairs long-term proliferative capacity,
induces cell cycle arrest, and triggers mito-
chondrial dysfunction

The colony formation assay showed a dose-
dependent impairment of clonogenic survival.
Colony counts were reduced to 18 + 2% of con-
trol under combination treatment (P < 0.001;
Figure 6A, 6B).

Cell-cycle analysis by flow cytometry showed
GO/G1 phase accumulation in NCTD-treated
cells, with the GO/G1 fraction most strongly
elevated in the combination group (Figure 6C,
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6D). The sub-G1 population also increased
substantially under combination treatment.

JC-1 staining showed a treatment-related de-
crease in the red/green fluorescence ratio, in-
dicating mitochondrial membrane depolariza-
tion, with the strongest effect observed in the
combination group (Figure 6E, 6F).

Intracellular ROS levels, measured by CM-
H,DCFDA oxidation, increased in a dose-depen-
dent manner after NCTD treatment and peak-
ed under combination treatment (P < 0.01;
Figure 6G, 6H). A schematic of the proposed
signaling pathway is shown in Figure 6l.

TCGA analysis provides clinical context for NF-
kB pathway dysregulation in HCC

RNA-seq data from the TCGA-LIHC cohort (374
HCC tumors and 50 normal liver tissues) were
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analyzed. Differential expression analysis iden-
tified substantial transcriptional divergence be-
tween tumor and normal tissues, with NF-kB
pathway components prominently represented
among the dysregulated genes (Figure 7A).
Core NF-kB subunits RELA, NFKBIA, and NFKB1
were significantly altered, as were BAX, BCL2,
JUN, and MAPKS.

GO enrichment analysis identified biological
process terms related to immune response, in-
flammatory signaling, leukocyte activation, and
apoptotic regulation among the most signifi-
cantly enriched categories (Figure 7B). KEGG
pathway analysis identified NF-kB signaling,
apoptosis, TNF signaling, and MAPK signaling
among the most significantly enriched path-
ways (Figure 7C).

NF-kB activity correlates with immune micro-
environment features in HCC

ssGSEA-based deconvolution of 22 immune
cell types revealed significant compositional
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shifts between tumor and normal tissues
(Figure 8A). Resting memory CD4+ T cells, MO
macrophages, and resting dendritic cells were
enriched in tumor samples, whereas activated
NK cells, M1 macrophages, and activated mast
cells were relatively depleted. The per-sample
immune composition is shown as a stacked bar
plot in Figure 8B.

The ssGSEA-derived NF-kB Core activity score,
calculated from RELA, NFKBIA, NFKB1, IKBKB,
CHUK, RELB, and NFKB2, showed overlapping
distributions between tumor and normal tis-
sues, and the difference was not statistically
significant (Wilcoxon P = 0.2304819; Figure
8C). This result indicates that the selected bulk
RNA-seq core-gene score did not show a global
tumor-normal shift, and does not exclude con-
text-specific NF-kB activation at the protein,
subcellular, or microenvironmental level. Spear-
man correlation analysis showed positive asso-
ciations between NF-kB activity and several
immune cell infiltration scores, including acti-
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vated dendritic cells, MDSCs, CD4+ T cells,
dendritic cells, eosinophils, and M1 macro-
phages, whereas NK cell scores were not sig-
nificantly correlated (Figure 8D).
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Discussion

The molecular pathogenesis of HCC involves
multiple signaling pathways that promote un-
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controlled proliferation and resistance to regu-
lated cell death. NCTD remains of interest
because of its anticancer activity and reduced
toxicity profile compared with cantharidin. In
the present study, NCTD reduced MHCC97-H
cell viability and promoted apoptosis-related
phenotypes in association with reduced nucle-
ar p65 signal and increased JNK phosphory-
lation.

These results support previous observations
in HCC models [18] by showing that NCTD
inhibits MHCC97-H cell growth and promotes
apoptosis-related pathways in a dose- and
time-dependent manner. Hoechst staining re-
vealed chromatin condensation, nuclear frag-
mentation, and apoptotic bodies, while Anne-
xin V/PI flow cytometry quantified apoptosis
across the concentration range. The present
study extends earlier work by examining the
interaction between NF-kB and JNK signaling
under NCTD treatment with PDTC as a pathway-
directed pharmacologic tool.

NF-kB has a context-dependent role in liver
biology: it supports hepatocyte survival during
injury, but persistent activation in chronically
damaged liver tissue can promote malignant
transformation and therapeutic resistance. In
the canonical activation cascade, phosphoryla-
tion and degradation of IkBa allow p65 nuclear
translocation and target gene activation [19]. In
our experiments, both nuclear p65 signal and
cytoplasmic IkBa decreased after NCTD treat-
ment. Therefore, the IkBa result should not be
interpreted as direct evidence of simple canoni-
cal NF-kB pathway blockade. Rather, the data
indicate reduced nuclear p65-associated sig-
nal together with altered IkBa turnover under
drug-induced stress and apoptosis [20]. The
observed increase in p-JNK, with unchanged
total JNK, suggests phosphorylation-depen-
dent JNK activation. These changes were en-
hanced by PDTC, suggesting that modulation of
nuclear p65-associated signaling and oxida-
tive-stress responses may be linked to, but
does not by itself prove direct causation of, JINK
activation.

The transcriptional data further support an
apoptosis- and stress-associated response.
Bax and Bcl-2 were reciprocally regulated, in-
creasing the Bax/Bcl-2 ratio in a direction con-
sistent with mitochondrial apoptotic priming.
c-Jun induction supports functional engage-

7417

ment of the JNK pathway. The upregulation of
TNF-oc and IL-6 should not be treated as direct
evidence of NF-kB inhibition; instead, it may
reflect stress-associated inflammatory tran-
scription involving JNK/AP-1 signaling and re-
sidual or context-dependent NF-kB-related ac-
tivity during drug-induced apoptosis.

These functional assays extended the molecu-
lar findings to phenotypic endpoints relevant to
tumor biology. Reduced colony formation indi-
cates impaired long-term reproductive capacity
rather than a transient stress response. GO/G1
accumulation and the increased sub-G1 frac-
tion were consistent with cell-cycle blockade
and apoptotic DNA loss. JC-1 and CM-H,DCFDA
staining further showed mitochondrial depo-
larization and ROS accumulation, supporting
involvement of the mitochondrial apoptosis
pathway. The stronger effects observed with
PDTC co-treatment may reflect combined mo-
dulation of nuclear p65-associated signaling
and oxidative-stress responses, although addi-
tional mechanistic experiments are required to
define the direct pathway relationships.

The TCGA analysis provides cohort-level con-
text for the in vitro findings. Differential expres-
sion of NF-kB pathway genes in HCC tumors
and enrichment of NF-kB-, apoptosis-, TNF-,
and MAPK-related pathways suggest that this
signaling network is relevant to clinical HCC
[241]. Associations between NF-kB activity pro-
files and tumor-infiltrating immune cell patterns
further support a relationship between NF-kB-
related transcriptional programs and the tumor
microenvironment [22]. These bioinformatic
findings are correlative and should be interpret-
ed as supportive clinical-context evidence rath-
er than experimental validation [23].

Several limitations in this work should be
acknowledged. All in vitro experiments were
performed in a single HCC cell line, and valida-
tion in additional HCC cell lines and normal
hepatocytes will be required to assess general-
izability and the therapeutic window. Because
MHCC97-H is a highly metastatic HCC cell line,
signaling events such as JNK activation may
also influence motility-related phenotypes; mi-
gration and invasion assays were not per-
formed in this study and should be addressed
in future work. The data show concurrent re-
duction in nuclear p65 signal and activation of
JNK phosphorylation during NCTD treatment,
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but the direct molecular relationship between
these events remains uncertain and will re-
quire co-immunoprecipitation, kinase inhibitor
screening, or genetic loss-of-function studies.
In vivo models were not included, and future
studies should evaluate pharmacodynamic mo-
dulation of NF-kB/JNK signaling in tumor tis-
sue. Finally, the TCGA analysis is correlative
and should be interpreted as supportive clini-
cal-context evidence rather than experimental
validation.

In conclusion, this study indicates that NCTD
induces apoptosis in MHCC97-H HCC cells
in association with attenuation of nuclear
p65-related NF-kB signaling and enhancement
of JNK phosphorylation during mitochondrial
apoptosis [6]. The TCGA-LIHC analysis provides
supportive clinical-context evidence for the rel-
evance of this signaling network and its asso-
ciation with the HCC immune microenviron-
ment. These findings support further investiga-
tion of NCTD-related therapeutic strategies and
the NF-kB/JNK signaling interface in HCC.
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