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ABSTRACT Objective: Hyper-progression recurrence (HPR) after hepatectomy is a specific recurrence pattern associated with extremely poor
prognosis in patients with hepatocellular carcinoma (HCC). This study was aimed at investigating the probable risk factors and
establishing comprehensive models for formulating clinical strategies.

Methods: Overall, 16,158 patients with HCC from 8 hospitals were screened, among whom 3,125 patients who underwent RO
resection were included, and divided into development (n = 2,113) and validation (n = 1,012) cohorts. A comprehensive study of
HPR predictive models and biological features was conducted.

Results: Among the 3,125 enrolled patients, 506 (16.19%) developed HPR. The influence of HPR on extremely poor prognosis was
reflected by recurrence features, adverse effects on systemic and liver function, and limited therapeutic options. Nine variables closely
associated with HPR were identified, and incorporated into nomogram and conditional inference tree models, which successfully
achieved pre- and post-operative HPR risk stratification and facilitated clinical decision-making. Multi-dimensional verification
also confirmed the predictive accuracy of model combinations and their reliability in clinical applications. Furthermore, biological
analyses revealed that HCCs with HPR exhibited hyperactive biological processes, inactive metabolism, and immune exhaustion
features, together with high MYCN/HMGA?2 co-expression, thereby enhancing understanding of the molecular events leading to
HPR and providing valuable knowledge for HPR management.

Conclusions: HPR after hepatectomy is associated with extremely poor prognosis and requires substantial attention. We constructed
comprehensive predictive models and propose a clinical strategy for guiding HPR prevention and management.
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Hepatocellular carcinoma (HCC) is the third leading cause of

cancer-related death worldwide!. With improvements in sur-

post-surgical recurrence severely compromises long-term

survival>?. Therefore, the effective control of post-surgi-
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become an important area of focus in the era of precision
medicine.

Meaningful survival can be achieved with appropriate pre-
vention and treatment of recurrence?. Various therapeutics
have been used to manage recurrence, including adjuvant ther-
apeutics for recurrence prevention and anti-recurrence thera-
peutics*!2. However, varied outcomes have been observed in
patients undergoing active anti-recurrence treatment, primar-
ily because of the multiplicity of recurrence patterns. In our
previous study, we proposed a novel four-type classification for
recurrent HCC with potential value for predicting survival and
guiding treatment strategies'>. Notably, type IV recurrence,
also called hyper-progression recurrence (HPR), involves the
sudden simultaneous occurrence of multiple intrahepatic
recurrence nodules (>5 recurrence lesions) in the early post-
operative period!?. Patients experiencing HPR have extremely
poor prognosis, owing to rapid deterioration. Furthermore,
HPR may occur in patients with different HCC stages, includ-
ing early stage. Therefore, improving understanding of the
implications of HPR and developing prevention strategies are
crucial. However, our previous research has not extensively
explored HPR risk factors and preventive strategies. In addi-
tion, to our knowledge, no prior report has focused on HPR.

Given that HPR can occur in patients with various HCC
stages, the commonly used staging systems have limited value
in HPR prediction. Therefore, we conducted a large sample
study of multicenter cohorts to further investigate HPR risk
factors. Subsequently, we established a nomogram and condi-
tional inference tree (CTREE) models based on the identified
risk factors to comprehensively assess HPR risk. Furthermore,
we used a “model layer pass” approach and combined the bio-
logical features of HPR to develop a clinical strategy to guide
HPR prevention and management.

Materials and methods
Patients and follow-up

From January 2010 to March 2021, 16,158 patients with HCC
at 8 hospitals (Guangxi Medical University Cancer Hospital,
First Affiliated Hospital of Guangxi Medical University,
Liuzhou Workers’ Hospital, Chongzuo People’s Hospital,
Chongqing Hospital of Traditional Chinese Medicine,
Wuming Hospital of Guangxi Medical University, Fusui
County People’s Hospital, and Guangxi International Zhuang
Medical Hospital) were screened. Finally, 3,125 patients who
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underwent RO resection (according to the intraoperative cri-
teria in the Guidelines for the Diagnosis and Treatment of
Primary Liver Cancer'?) with a mean age of 45 years (range:
14-83 years) were enrolled. The inclusion criteria were as fol-
lows: 1) treatment with RO resection; 2) definitive pathological
diagnosis of HCC according to World Health Organization
criteria; 3) no prior anticancer treatment; and 4) tumor stage
determined according to the Chinese Liver Cancer staging
system'* and tumor differentiation defined according to the
Edmondson grading system. The baseline data and follow-up
of each center are shown in Table S1.

HPR was defined as the first sudden simultaneous appear-
ance of numerous intrahepatic nodules (>5) without (type A)
or with (type B) macrovascular invasion or extra-hepatic
metastasis in the early postoperative period (within 2 years)!3.
According to the above definition, all patients included in this
study were required to have either definite recurrence or regu-
lar follow-up over 2 years, to better identify patients with HPR.
Therefore, patients with less than 2 years of follow-up and no
definite recurrence at their last assessment were excluded.
The end-point of the follow-up was January 31, 2023. Cohort
information and the study design are shown in the supplemen-

tary information and Figure 1A.
Ethics statement

The ethics committee of each participating center approved
this study’s protocol (approval No. LW2018034). Written
informed consent was obtained from the patients. All proce-
dures were performed according to the ethical standards of the
Helsinki Declaration of 1975, revised in 1983.

Supplementary information

The supplementary information provides detailed information,
including patients and follow-up, clinicopathological factors,
RNA-seq analysis, data acquisition, immunohistochemical

staining, real-time quantitative PCR, and supplementary figures.
Statistical analysis

All statistical analyses were performed in IBM SPSS statistical
software version 22 for Windows and R version 3.6.1 (IBM,
Armonk, NY, USA). The clinicopathological characteristics of
the development and validation cohorts were evaluated with

A test or Fisher’s exact test. In addition, overall survival (OS)
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Figure 2 Identification of HPR predictors, establishment of a preoperative nomogram prediction model, and predictive performance
evaluation. (A) The nine variables were analyzed with univariate and multivariate analyses, and the coefficient between each variable. (B)
Multicollinearity analysis of the variance inflation factor for each variable. (C) Preoperative nomogram model for HPR prediction based on
six preoperative predictors. (D) Calibration plots for the preoperative nomogram model in the development cohort. (E) ROC curve analyses
indicating good HPR predictive performance of the preoperative nomogram model in the development cohort. (F) DCA and clinical impact
curves of the preoperative nomogram model for predicting HPR in the development cohort.
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and recurrence-free survival (RFS) were estimated with the
Kaplan-Meier method and compared between groups with the
log-rank test. Univariate and multivariate logistic regression
analyses were conducted to identify independent predictors
based on variables in the development cohort. In the univari-
ate logistic regression analysis, potential predictors (P < 0.05)
were further included in subsequent multivariate regression
analysis (using the forward likelihood ratio method, with
P < 0.05 as the entry and removal criteria).

Nomogram models were established according to the
results of multivariable logistic regression analysis. The
“rms” package in R was used to develop the nomograms. In
the nomogram, “points” represents the score of each variable
under different values, whereas “total points” represent the
sum of the individual term points for all variables included
in the model. Concordance statistics was used to measure
the discriminative ability of the nomogram, and a calibration
plot was drawn to reflect the agreement between the observed
outcomes and predicted probabilities. Each patient’s score on
the nomogram was computed. Receiver operating character-
istic (ROC) curve analysis was applied to further evaluate the
predictive performance of the nomogram score and identify
the optimal cut-off based on the maximal Youden index. The
clinical utility of the nomogram was determined through deci-
sion curve analysis (DCA) after calculation of the net benefits
at each risk threshold probability. The clinical impact curve
of the nomogram was also plotted to demonstrate the signifi-
cance of the nomogram.

A CTREE model was used for HPR risk stratification. The
CTREE determines the optimal split of a parent node (a region
in the feature space) with multiple testing procedures at each
stage. According to the Gini criteria, patients were partitioned
into 2 child nodes from the entire feature space, and risk tree
growth and pruning continued until the terminal nodes had
no subsequent splits attaining statistical significance. The
probability of HPR was calculated for each terminal node and
accordingly yielded a risk stratification model. All statistical
assessments were two-tailed, and the threshold for statistical

significance was set at P <0.05.
Results
Characteristics and prognosis of HPR

In this multi-center study, HPR was observed in 16.19%
(506/3,125) of patients: 233 and 273 with types A and B,
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respectively (Figure 1B). Analysis of the time to recurrence
(TTR) of HPR confirmed that all HPR occurred in the early
postoperative period (within 2 years), and the high incidence
period was 2-4 months after hepatectomy (Figure 1C). The
log-rank test indicated that patients with HPR (either type A
or B) after hepatectomy had significantly lower RES and OS
than those without HPR (all P <0.05) (Figure 1D).

During the study, 2,165 of the 3,125 patients experienced
recurrence. The effects on systemic and liver function during
recurrence and treatment after recurrence were analyzed in
2,165 patients with definite recurrence. Higher proportions
of patients with poor Eastern Cooperative Oncology Group
(ECOG) scores (>2) and poor liver function (stage B or C)
were observed in patients with HPR during recurrence than
those without HPR (Figure 1E). In addition, more than half
the patients without HPR (57.3%) underwent curative treat-
ment, including re-resection, liver transplantation, local abla-
tion, or combined potentially curative treatment. In contrast,
all patients with HPR received palliative treatments [e.g., tran-
scatheter arterial chemoembolization (TACE)/hepatic artery
infusion chemotherapy (HAIC), radiotherapy, or systemic
treatment] or supportive care (e.g., Chinese medicine, treat-
ment of liver function, symptomatic treatment, and/or nutri-

tional support) alone (Figure 1F).
Risk factors for HPR identification

Subsequently, we explored the risk factors for HPR. First,
the 3,125 patients were randomly divided into development
(n = 2,113) and validation (n = 1,012) cohorts in an approxi-
mately 2:1 ratio. The patients’ clinicopathological features were
similar between cohorts (Table $2). In the development cohort,
both univariate and multivariate analysis revealed that HPR
was associated with young age (<45 years), high alpha-fetopro-
tein (AFP) level (2400 ng/mL), tumor size >10 cm, >3 tumor
nodes, portal vein/hepatic vein tumor thrombosis (PVTT/
HVTT), microvascular invasion (MVI), high Ki67 index
(230%), incomplete tumor capsule, and postoperative compli-
cations (all P <0.05) (Table 1). Therefore, these 9 variables (age,
AFP level, tumor size, tumor nodes, PVTT/HVTT, MVI, Ki67
index, tumor capsule, and postoperative complications) were
identified as independent predictors of HPR. The absolute
value of the coefficient between each variable did not exceed
0.42 (Figure 2A). Multicollinearity analysis revealed that each
variable’s variance inflation factor did not exceed 2, thus indi-

cating no collinearity among these 9 predictors (Figure 2B).
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obtained for the validation cohort (Figure S1A). In addi-
tion, ROC curve analysis revealed that the area under the
curve values of the preoperative nomogram was 0.940 [95%
confidence interval (CI): 92.8%-95.3%] and 0.929 (95% CI:
91.0%-94.8%) in the development and validation cohort,
respectively (Figure 2E; Figure S1B). According to DCA
and clinical impact curves, the preoperative nomogram
had good predictive efficiency and remarkable predictive
power in both cohorts, and a high-risk threshold of 0-0.95
was most beneficial in predicting HPR (Figure 2F; Figure
S1C, D).
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Figure 3 Preoperative HPR risk stratification prediction based on the combination of the preoperative nomogram model with the CTREE
model. (A) Identification of the optimal cutoff values for very low and very high HPR risk, predicted with the preoperative nomogram model
in both cohorts. (B) Conditional inference tree of HPR risk stratification for patients with scores of 134-420. The 12 terminal nodes show the
proportion of HPR. (C, D) Comparison of RFS and OS between patients with high to very high HPR risk vs. very low to moderate HPR risk in
both cohorts; (E) Comparison of OS in patients with high to very high HPR risk between the palliative treatment group and surgical group..
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Figure 4 Postoperative nomogram prediction model of HPR establishment and predictive performance evaluation. (A) Postoperative nom-

ogram model for HPR prediction based on the nine total predictors. (B) Calibration plots of the postoperative nomogram model in the

development cohort. (C) ROC curve analyses indicating good HPR predictive performance of the postoperative nomogram model in the

development cohort. (D) DCA and clinical impact curves of the postoperative nomogram model for predicting HPR in the development cohort.
(E) Comparison of HPR rates according to the postoperative nomogram cutoff score (205.6) in the development cohort. (F) Comparison of RFS
and OS according to the postoperative nomogram cutoff score (205.6) in the development cohort.
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Combination of the preoperative nomogram
and CTREE model for preoperative HPR risk
assessment

According to the preoperative nomogram, when the cutoff
value of predicted HPR incidence was set at 5%, the corre-
sponding total nomogram score was 134, and the negative
predictive value (98.98% and 98.13% in the development and
validation cohorts, respectively) and sensitivity (95.82% and
94.65% in the development and validation cohorts, respec-
tively) were extremely high at this score (Figure 3A). When
the cutoff value of predicted HPR incidence was set at 95%, the
corresponding total nomogram score was 420, and the positive
predictive value (97.50% and 100% in the development and
validation cohorts, respectively) and specificity (99.99% and
100% in the development and validation cohorts, respectively)
were extremely high at this score (Figure 3A). Furthermore,
similar very low (or very high) predicted incidence and
actual incidence corresponded to these 2 score points in both
cohorts. Therefore, the preoperative nomogram indicated that
patients with total scores of <134 or >420 had very low risk or
very high risk of HPR, respectively.

However, when the patient score was 134-420, prediction
errors were observed. Table S3 shows similar scores between
patients 1 and 2; 3 and 4; 5 and 6; 7 and 8; and 9 and 10.
However, their actual outcomes differed. Therefore, patients
with scores of 134-420 were considered to be at potential risk
of HPR, and HPR risk stratification could not be performed
on the basis of the nomogram score alone. Consequently, we
constructed a CTREE model to further aid in risk stratification
and clinical decision-making for the 1,027 patients with scores
of 134-420 (Figure 3B). Overall, 12 terminal nodes represent-
ing different risk hierarchies were identified with the CTREE
model. Patients in nodes 1, 2, 3, and 6 were considered to have
high HPR risk (> 60%), whereas those in nodes 4, 7, 8, and 9
were considered to have moderate risk (20%-60%), and those
in nodes and 5, 10, 11, and 12 were considered to have low
risk (< 20%) (Figure 3B). As presented in Table S3, 4 patients
(in nodes 3, 5, 7, and 9) among the 5 patients with HPR were
ultimately assigned to the high-risk group, thus reflecting the
rationality of the CTREE model.

From the preoperative nomogram combined with the
CTREE model, 424 patients (299 and 125 in the development
and validation cohorts, respectively) were classified as having
high to very high HPR risk. The actual HPR incidence in these
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patients was 73.6% (220/299) and 76.0% (95/125) in the devel-
opment and validation cohorts, respectively. Survival analysis
indicated that patients with high to very high HPR risk had
significantly shorter RFS and OS than those with very low to
moderate risk in both cohorts (Figure 3C, D). In addition, we
retrospectively collected a control cohort of patients (from
Guangxi Medical University Cancer Hospital, First Affiliated
Hospital of Guangxi Medical University, and Wuming Hospital
of Guangxi Medical University) with high to very high HPR
risk, who underwent only palliative treatment (e.g., TACE/
HIAC, radiotherapy, or systemic treatment). Details of the
cohort are shown in Table S4. The surgical group displayed
a significantly shorter OS than the palliative treatment group
(Figure 3E). Therefore, for patients with preoperatively pre-
dicted high to very high HPR risk, surgery can be considered

not to provide benefits.

Postoperative predictive nomogram model
establishment and values

Except for the 424 patients with high to very high HPR risk,
the remaining 2,701 patients had very low to moderate HPR
risk. For such patients, surgical recommendations should be
specific to the situation. If all patients with very low to mod-
erate HPR risk were to undergo surgery, HPR would still
occur at some rate. Consequently, we constructed a postoper-
ative nomogram for HPR prediction based on all 9 predictors
(Figure 4A). The C-index of the postoperative nomogram was
0.944 and 0.942 in the development and validation cohorts,
respectively (Figure 4B; Figure S2A). Multi-dimensional ver-
ification, including ROC analysis, DCA, and clinical impact
curves, also confirmed the predictive accuracy and reliability
of the postoperative nomogram in both cohorts (Figure 4C, D;
Figure S2B-D).

Furthermore, according to maximization of the Youden
index, the best cutoff score was 205.6, and the sensitivity and
specificity were 87.3% and 89.0%, respectively, in the devel-
opment cohort and 75.1% and 89.8%, respectively, in the
validation cohort. Therefore, with a threshold score of 205.6
post-surgery, patients with high scores (>205.6) had signifi-
cantly higher HPR rates, and lower RES and OS, than those
with low scores (<205.6) (Figure 4E, F). Similar results were
obtained in the validation cohort based on the same cutoff
score in the development cohort (Figure S3A-C).

In addition, postoperative adjuvant (PA)-TACE/HAIC is

a common adjuvant therapy for recurrence prevention of
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HCC after hepatectomy. Notably, among patients with high
scores (>205.6), those who received PA-TACE/HAIC in the
early period after surgery displayed lower HPR rates, and
significantly longer RFS and OS, than those without PA-TACE/
HAIC, in both the development (Figure S4A-C) and valida-
tion cohorts (Figure S4D-F). These findings indicated that
early post-operative adjuvant therapies decrease the incidence

of HPR and improve prognosis.

Biological function profiles of HCCs with
HPR

To better explore the molecular characteristics underlying
HPR, we performed whole-transcriptome expression profil-
ing based on RNA sequencing for 119 HCCs (in 31 patients
with HPR and 88 patients without HPR, respectively). First,
gene set enrichment analysis (GSEA) demonstrated that many
cancer-related process clusters were enriched in patients with
HPR, including cancer development-related, cellular pro-
cess-related, metabolism-related, and immune-related clus-
ters (Figure 5A; Table S5). With the non-HPR group as a
reference, we identified 4,986 differentially expressed genes
(DEGs) (log,FC >0, P <0.05) (Figure 5B). Weighted gene
co-expression network analysis (WGCNA) was used to con-
struct the co-expression network for these 4,986 DEGs, with
a soft threshold power () value of 5 and a scale-free network
(Figure S5A, B). The co-expression modules were generated
with dynamic tree cutting, and 23 modules were determined
(Figure 5C). Module cluster analysis revealed that several
modules had similar expression profiles. For instance, in
modules ME7-13, the DEGs clustered in cellular processes
and cancer-related pathways, whereas in modules ME16-19
and ME14-15, most DEGs were enriched in metabolism-re-
lated pathways and immune-related pathways, respectively
(Figure 5D). Module trait relationships revealed that mod-
ules ME9 and MEI11 were positively correlated with HPR, as
well as several malignancy-related clinicopathologic factors
(e.g., high AFP level, large tumor size, high Ki67, and PVTT/
HVTT), whereas modules ME15 and ME19 were negatively
correlated with HPR (Figure 5D). GO and KEGG pathway
analyses of DEGs in these modules are illustrated in Figure
5E. The hub genes of these modules, according to cytoHubba
analysis, are illustrated in Figure 5F. In addition, with ssGSEA
based on immune-related gene sets from the Broad Institute
gene-set enrichment database, HCCs with HPR were charac-

terized primarily by immunodeficient or immunosuppressive
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signatures (Figure S6A). Details of each immune infiltrate
status “enrichment score” are illustrated in Figure S6B. The
findings were consistent with the GSEA and WGCNA results

described above.

The MYCN/HMGAZ2 co-expression phenotype
enables identification of HCC and its
malignant biological characteristics

Two hub genes in modules ME9 and ME11, MYCN and
HMGA?2, interacted with many DEGs in these 2 modules
(Figure 6A). Heatmaps of DEGs revealed that most of these
DEGs were up-regulated in patients with rather than without
HPR (Figure 6A). GO and KEGG pathway analyses of these
DEGs revealed that they were enriched primarily in cellular
processes and embryonic stem cell development-related pro-
cesses, and participated in multiple proto-oncogene-related
and EMT-related pathways (e.g., PI3K-AKT, P53, Hedgehog,
Wnt, and Hippo signaling pathways) (Figure 6B). In addition,
high frequency co-expression of MYCN/HMGA?2 was found in
patients with HPR, according to RNA-sequencing data of 119
HCCs (Figure 6C). Immunofluorescence analysis of MYCN/
HMGA2 co-expression was also performed in HCC tissues
to provide validation (Figure 6D). Log-rank tests among 119
patients indicated that patients with MYCN/HMGA2-double
high expression (both log FPMK+1 of MYCN and HMGA2 >
median) had the lowest RFS and OS among sub-types, par-
ticularly with respect to MYCN/HMGA2-double negative
patients (Figure 6E).

To better display the molecular characteristics of MYCN/
HMGA2 co-expression cell subsets in HCC, we performed
single-cell RNA sequencing analysis on 27,999 single cells
derived from 4 HCCs (MYCN/HMGA2-double high expres-
sion HCC; only MYCN high expression HCC; only HMGA?2
high expression HCC; and MYCN/HMGA2-double negative
HCC) and 2 adjacent tissues. Nine distinct cell types, includ-
ing epithelial, endothelial, immune (T cell, B cell, NK cell,
etc.), and stromal cells, were assigned known marker genes
(Figure 6F i), and the proportion of each cell type mark-
edly varied by sample (Figure 6F ii). On the basis of copy
number variation analysis, 8 main malignant sub-clusters
were identified in the epithelial cells (Figure 6F iii). MYCN
expression was concentrated in sub-clusters 1, 3, and 5;
whereas HMGA?2 expression was concentrated in sub-clus-
ters 0, 1, 3, and 6. Sub-clusters 1 and 3 were the MYCN/
HMGA2 co-expression sub-clusters (Figure 6F iv). Notably,
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several mesenchymal markers (CDH, VIM, and IGF2BPI)
and stem cell markers (EpCAM, C-MYC, and CD44) had
high expression in these 2 sub-clusters (1 and 3), thus

indicating the EMT characteristics and CSC phenotype of
the MYCN/HMGA2 co-expression sub-clusters (Figure S7).

Sub-cluster 3 was also characterized by high expression of
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Figure 5 Differential gene expression and biological function profiles of HCCs with HPR. (A) GSEA indicating enrichment of many cancer-re-
lated process clusters in patients with HPR. (B) Volcano plot of expression profiles of 4,986 DEGs in HCC between HPR and non-HPR groups.
(C) Identification of co-expressed gene modules for 4,986 DEGs in weighted gene co-expression network analysis. (D) Heatmap plot of the
adjacencies of modules and association with three cancer-related pathway clusters, and heatmap of the correlations of module eigengenes
with HPR and nine clinicopathologic factors. (E) Detailed information on the GO and KEGG pathways enriched in DEGs in modules ME9 and
ME11, and ME15 and ME19. (F) PPI networks of hub genes in modules ME9 and ME11, and ME15 and ME19.
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proliferation-associated genes (CCNBI, CCNB2, and MKI67)
(Figure S7). In addition, gene set variation analysis revealed
the signature heterogeneity among 8 sub-clusters (Figure 6F
v). The 2 MYCN/HMGA2 co-expression sub-clusters shared
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common activated signatures, such as Wnt and TGF-f sig-
nals, alongside unique signatures such as E2E target, MYC
target, and cell cycle (G2M) checkpoint signals in only
sub-cluster 3 (Figure 6F v).



Cancer Biol Med Vol 22, No 8 August 2025

C
o)
100% 97%
g 80% . 421%
3 19.3%
T 60%
o8 19.1%
©
c 40% 61.3%
S 17.2%
(U]
& 20%
21.6%
0% =T T I
HPR Non-HPR
MYCN high/HMGAZ2 high
MYCN high/HMGA2 low
MYCN low/HMGA2 high
MYCN low/HMGA2 low
E
10 ~IMYCEN high'HMGA2 high
—IMYCN low/HMGA2 high
— —IIMYCN highHMGA2 low
2 o8 ~TIMYCN lowHMGA2 low
s —Censored
2 ~+censored
o ~+Censored
f{ 06 +censored
$
C
£ 04
§ ' Log-rank:
4 P < 0.001
0.2
0.0~
0 12 24 36 48 60 72

Follow-up time (months)
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Treatment patterns and efficacy analysis in
patients after HPR

As described previously, among the 506 patients with HPR,
271 (53.6%) received palliative treatment, and 235 (46.4%)
received only supportive care. Post-recurrence survival
(PFS) analysis was conducted to assess the efficacy of various
treatment modalities after HPR. Patients who received pal-
liative treatments had a longer median PFS (6 months) than
patients who received only supportive care (3 months) (P
<0.001) (Figure S8A). Among palliative treatment patterns,
the combination therapy modalities achieved the longest PFS
in both HPR type A and type B (P <0.001) (Figure S8B, C).

Overall survival
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In addition, for HPR type A, locoregional therapies achieved
better PFS than systemic therapies; for HPR type B, systemic
therapies performed slightly better than locoregional therapies
(Figure S8B, C).

In addition, MYCN and HMGA2 mRNA levels were ana-
lyzed with qRT-PCR in 159 patients with HPR. According to
the expression level (~AACT) in tumor tissues, 159 patients
were further subdivided into a MYCN/HMGA2-double high
expression group (both mRNA level > mean level, n = 54),
a MYCN or HMGA?2 high expression group (n = 52), and a
MYCN/HMGA2-double low expression group (both mRNA
level < mean level, n = 53). PFS was significantly longer in
patients with MYCN/HMGA2-double low expression who



980 Qi et al. Comprehensive strategies for HPR

(i) Cell type identification by classical marker genes (i) (iii)

ye 100 Tumor Adjacent tissue
2 2z
o LS L2 tf
k. q !

Seurat_clusters

! | Bpwessien () 75, Celltype
wul I epithetal cell

i | |
. — g
0.25- .
.00 I - =
T1 T2 T3 T4 P2

-2.5 :"

T1: MYCN high/HMGA2 high
T2: MYCN low/HMGA2 high
T3: MYCN high/HMGA2 low
T4: MYCN low/HMGA2 low _10

I
Neutrophil

P4

Figure 6 The MYCN/HMGA?2 co-expression phenotype for HCC identification and analysis of its malignant biological characteristics. (A)
Interaction network of DEGs interacting with MYCN and HMGAZ2 in modules ME9 and ME11, and heatmap of DEGs interacting with MYCN
and HMGA?2 in patients with vs. without HPR. (B) GO and KEGG pathway analyses of these DEGs, indicating enrichment primarily in cellular
processes and embryonic stem cell development-related processes, and participation in multiple proto-oncogene-related and EMT-related
pathways. (C) Comparison of the percentages of each subtype according to MYCN/HMGAZ expression (log FPMK+1) between HPR and non-
HPR groups in 119 patients. (D) Representative immunofluorescence MYCN/HMGA2 co-expression patterns in HCC tissue. (E) Comparison of
RFS and OS among the four subtypes, according to MYCN/HMGA?Z expression in 119 patients. (F) Molecular characteristics of MYCN/HMGA2-
positive cell subsets in HCC: (i) tSNE plots for the eight cell types identified from four HCCs and two adjacent tissues, and heatmap showing
21 marker genes for eight distinct cell types. (ii) Bar plots showing the proportions of cell types in each sample. (iii) tSNE plots for eight main
malignant sub-clusters from the re-clustering of the epithelial cells. (iv) UMAP plots showing the major sub-clusters of MYCN and HMGA2
in eight distinct malignant sub-clusters. (v) Differences in pathway activity (scored per cell by GSVA) in eight distinct malignant sub-clusters.

received palliative treatments than in patients receiving only (Figure 7). Specifically, the pre-operative nomogram model

supportive care (P = 0.028), although this finding was not sta- may be used to identify patients not suitable for surgery

tistically significant in the MYCN/HMGA2 double-high-ex-
pression group (P = 0.250) and the MYCN or HMGA2 high
expression group (P = 0.077) (Figure S8D-F). Therefore, high
expression of MYCN/HMGA2 might compromise therapeutic
efficacy in patients with HPR.

Summary of clinical strategies for HPR
prevention and management

On the basis of our results, we tentatively proposed a com-
prehensive clinical strategy to guide HPR management

from pre-operative decision-making to treatment after HPR

(patients with very high HPR risk) and those suitable for sur-
gery (patients with very low HPR risk). Patients with a preop-
erative nomogram score of 134-420 were considered to have
potential HPR risk and were further assessed with the CTREE
model, which classified them into high-, moderate-, or low-
HPR risk categories to optimize surgical decision-making.
The postoperative nomogram model could then be used to
further assess HPR risk for postoperative patients, to guide
early postoperative adjuvant therapies for recurrence preven-
tion. Furthermore, the biological insights into HPR advance
knowledge of the molecular factors associated with HPR and

may guide treatment choice after HPR.



Cancer Biol Med Vol 22, No 8 August 2025

Clinical strategies for pre-surgery patients
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Clinical strategies for post-surgery patients
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Discussion

We previously identified a highly specific pattern of early
recurrence called HPR!3. This study further evaluated the
characteristics of HPR and its effects on survival in a suffi-
ciently large sample of multicenter data, to capture a consist-
ent and clinically significant fraction of patients. Although the
incidence of HPR in the present study was only 16.19%, its
influence on patients’ poor prognosis was highly significant.
Notably, under standardized periodic follow-up after surgery,
all HPR cases occur in very early postoperative stages, which
is one of the major reasons for extremely poor prognosis.
However, unlike most common pattern of early recurrences,
HPR exhibits a key feature of sudden simultaneous occurrence
of a high recurrence-nodule burden. We observed relatively
high ECOG scores (>2) and poor liver function in patients with
HPR during recurrence, thus suggesting that the high recur-
rence-nodule burden adversely influences patients’ systemic
and liver function, thereby leading to poor OS. Additionally,
the limited treatment options for HPR might also contribute
to the extremely poor prognosis of HPR.

In this study, we identified 9 clinicopathological factors
associated with HPR, which provide an enhanced explana-
tion of HPR occurrence in 3 dimensions. Five factors (large
tumor, multi-tumor nodes, incomplete tumor capsule, MVI,
and PVTT/HVTT) have been recognized as tumor-related
factors reflecting primary tumor invasion features'>-1%. These
factors constitute the first-dimensional element of HPR and
indicate that wide intrahepatic/extra-hepatic dissemination
has occurred preoperatively. Second, high AFP level and Ki67
index may reflect strong primary tumor embryonic-like plas-
ticity and strong proliferation potential'®-2l. These factors may
confer a rapidly adaptive and robust proliferative function on
metastatic cells, thereby forming a second dimension poten-
tially explaining the “latency-free” nature of HPR. Third, we
noted that post-operative complications were the only sur-
gery-related factors for HPR. Postoperative complications can
alter the immune microenvironment, thus enabling immune
escape and rapid growth of metastatic tumors. Importantly,
post-operative complications were the only controllable factor
among the 9 identified risk factors. Therefore, greater atten-
tion should be paid to improving perioperative management
to decrease HPR risk by controlling the incidence of postoper-
ative complications.

Younger patients with HCC tend to have poorer progno-

22,23

sis than older patients****, in agreement with our findings
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indicating younger age (<45 years) as a risk factor. The exact
reasons for this phenomenon remain unclear but might be
partly attributable to younger patients presenting with more
advanced stages of HCC at diagnosis, because of limited early
screening and follow-up?*?°. Therefore, regular screening for
liver tumors in young adults at high risk of developing HCC,
such as those with hepatitis B or C virus (HBV/HCV) infec-
tion, is imperative. However, younger patients might also
have better liver functional reserves and stronger tolerance
than older individuals. Therefore, whenever feasible, resec-
tion surgery remains recommended for young patients, par-
ticularly those with early-stage HCC with favorable systemic
conditions.

A nomogram integrating diverse clinicopathologic factors
and gene expression data can generate the individual probabil-
ity of tumor recurrence or survival in patients with HCC?6-%,
In contrast to previous studies, this study focused on HPR
and used an innovative design in which HPR risk factors were
identified, and a “model layer pass” method was used to pre-
dict and stratify for HPR risk. Specifically, we first established
a pre-operative nomogram for HPR prediction based on the 6
variables available pre-operatively. Because of the large sample
size of this study, the pre-operative nomogram demonstrated
satisfactory predictive power. However, we also considered the
limitations of the nomogram, in that it could only weigh the
score of each risk factor for each patient but did not account
for the effects of different combinations of risk factor stratifi-
cation on outcome events. Therefore, we further established
CTREE model, which offers straightforward visualization of
the HPR risk stratification of patients with different combi-
nations of risk factors and provides a decision-making pro-
cedure to assign patients. PVTT/HVTT status was identified
as the first discriminator among all examined variables, thus
suggesting PVTT/HVTT had more pronounced effects than
other variables on HPR risk. Notably, with the CTREE model,
PVTT/HVTT positive patients were successfully assigned to
sub-groups according to high (nodes 1, 2, and 3), moderate
(node 4), or low (node 5) HPR risk, thereby providing a basis
for deciding on the appropriateness of surgery in patients
with advanced stage HCC. Furthermore, the actual HPR inci-
dence in patients with high HPR risk predicted according to
the combination of the preoperative nomogram and CTREE
model was >70% in both cohorts, thereby reflecting the high
efficiency of this preoperative model combination. Survival
analysis also confirmed the reliability of the preoperative

model combinations in clinical applications.
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For patients with high to very high HPR risk, surgery did not
result in better OS than other palliative treatments yet exposed
patients to surgical trauma. Therefore, concluding that surgery
does not benefit patients with high to very high risk of HPR
is reasonable, and less invasive and traumatic palliative ther-
apies might be preferred. Recently, encouraging progress has
been made in conversion surgery following the combination
of multiple preoperative locoregional and systemic therapies
for advanced HCC?*-*2. Consequently, the conversion therapy
strategy might be a potential option for patients with high risk
of HPR; however, further validation is necessary in future pro-
spective research. Very low to low-risk patients may achieve
the most surgical benefits. However, surgery should be cau-
tiously recommended for moderate-risk patients after multi-
ple considerations (e.g., surgical risk and patient tolerance).
Despite hierarchical decision-making through preoperative
model combinations, some patients will still experience post-
operative HPR, possibly because of pathological risk factors
(e.g., MVI and Ki67) that cannot be included in the preop-
erative model combinations. Consequently, we established a
postoperative nomogram for postoperative HPR prediction,
which also showed excellent performance. This nomogram
enabled further stratification of postoperative patients and
may facilitate decision-making regarding early postoperative
adjuvant therapy.

Opverall, our “model layer pass” method has potential value
in clinical decision-making before and after surgery. The
preoperative model combinations may enable accurate iden-
tification of patients truly suitable for hepatectomy, thereby
increasing surgical effectiveness; whereas the post-operative
prediction model may guide the design of postoperative pro-
tocols (e.g., postoperative monitoring and early adjuvant ther-
apy). Notably, the 9 variables incorporated into our models are
frequently available clinical indicators, thus supporting the
feasibility of easy and broad application of our “model layer
pass” in clinical practice.

Genomic analysis of primary tumors in patients with HPR
may enhance knowledge of the molecular events relevant to
HPR. For instance, in this study, HCCs with HPR were char-
acterized by frequent activation of cellular processes and
numerous enriched DEGs involved in many cancer invasion/
proliferation signaling pathways, including the Wht, PI3K-
AKT, TGF-, MYC, and Hedgehog signaling pathways. The
hyperactivity of biological processes and the wide activation
of multiple cancer proliferation/metastasis-related pathways

may partly explain the “latency-free” and “hyper-progression”
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nature of HPR. Additionally, module trait relationships
revealed that modules (ME9 and ME11) containing many can-
cer invasion/proliferation DEGs were significantly positively
correlated with HPR as well as several malignant-related clin-
icopathologic factors (e.g., high AFP level, large tumor size,
high Ki67, and PVTT/HVTT). These findings are consistent
with our multivariate analysis results, which indicated that
patients with HPR presented 9 related clinicopathologic fac-
tors, thus reflecting the rationality of using the 9 factors in our
model combinations above.

The MYCN/HMGA?2 co-expression pattern was highly fre-
quent in patients with HPR. MYCN encodes an important
transcription factor that mediates epigenetic reprogramming
and drives lineage plasticity in many cancers®***. HMGA2
encodes a non-histone architectural transcription factor that
modulates the transcription of genes by binding AT-rich
sequences, thereby altering chromatin structure (chromatin
remodeling) and influencing biological processes*. Herein,
we observed that MYCN and HMGA?2 interacted with numer-
ous cellular process and embryonic stem cell development-
related DEGs. Moreover, scRNA-seq analysis revealed the high
malignancy potential, including the EMT characteristics, high
proliferation, and CSC phenotype, of MYCN/HMGA2 co-
expression cell sub-clusters in HCC. These findings suggested
the importance of the MYCN/HMGA2 co-expression pattern
in the development of HPR, and suggested its close associa-
tion with hyperactive biological processes and widely activated
cancer-related pathways in HPR, although the specific mecha-
nism remains unclear.

Compared with supportive care alone, palliative treatment
prolonged PES in patients with HPR. Notably, combination
therapy modalities achieved the longest PFS in both HPR
type A and type B. Therefore, combination therapy modalities
might be preferred for patients with HPR, regardless of type.
Nevertheless, the efficacy of traditional treatments for HPR is
limited, possibly because of the high frequency co-expression
pattern of MYCN/HMGA2. However, preclinical studies have
shown that HMGAZ2 inhibitors inhibit the growth of cancer cells
and prevent tumor transformation®. Additionally, MYCN posi-
tive HCC is highly sensitive to trans-retinoic acid, because of the
high expression of stem markers such as EPCAM?¥. We suggest
that the detection of MYCN/HMGAZ2 might become a routine
procedure in HCC profiling, and targeting of MYCN/HMGA2
might provide a promising approach for HPR treatment.

This study has several limitations that should be acknowl-

edged. The primary limitation was the difference in sample
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sizes between center 1 and other centers, which might have
introduced potential bias in the analysis. Furthermore, the
study population was recruited exclusively from China and
had predominant representation of HBV-related HCC cases,
thus limiting the generalizability of our findings to other HCC
etiologies. To address these limitations, future research should
incorporate 1) prospective collection of balanced sample sizes
across multiple centers to enhance statistical power and rep-
resentation and 2) inclusion of an external validation cohort
comprising non-HBV-related HCC (e.g., HCV-related HCC),
to verify the robustness of our findings across diverse etiologi-
cal backgrounds. Additionally, further dimensional molecular
research (e.g., proteomics and metabolomics, scATAC-seq,
and spatial multi-omics analysis) of HPR should be conducted
to provide more precise information regarding the personal-
ized treatment for HPR.

Conclusions

In conclusion, HPR after hepatectomy has extremely poor
prognosis, mainly because of its short TTR, large tumor bur-
den, adverse effects on systemic and liver function, and limited
therapeutic options. Multivariate analyses revealed 9 clinico-
pathological factors associated with HPR. Subsequently, com-
prehensive models for HPR prediction and risk stratification
were established, which displayed excellent predictive perfor-
mance and applicability to formulating pre- and postopera-
tive strategies. Multi-dimensional verification also confirmed
the predictive accuracy of the model combinations and their
reliability in clinical applications. Biological analyses revealed
that HCCs with HPR exhibited hyperactive biological pro-
cesses, inactive metabolism, and immune exhaustion features,
together with high frequency of MYCN/HMGA2 co-expres-
sion, thus enhancing understanding of the molecular events
leading to HPR and providing valuable knowledge for guiding
HPR therapy. Overall, in this study, we explored the clinico-
pathological factors and biological features associated with
HPR, and propose a comprehensive clinical strategy for guid-

ing HPR prevention and management.
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