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Purpose: This study aimed to investigate the clinical significance of MAP4 in hepatocellular carcinoma (HCC), particularly its
association with metastasis-related early recurrence after curative hepatic resection.

Patients and Methods: We enrolled 172 patients with hepatitis B virus-associated HCC (HBV-HCC) who underwent curative
resection in our cohort. After excluding potential confounders such as vascular invasion and portal vein thrombosis, 101 patients were
selected for MAP4 gene expression analysis by qRT-PCR. Kaplan-Meier and Cox regression analyses were conducted to evaluate its
association with early recurrence and prognostic factors. Our findings were further validated in an independent cohort.

Results: MAP4 expression was upregulated in HCC cell lines and tumor tissues, compared to their corresponding non-tumorous
controls. The clinical analysis showed that high MAP4 overexpression in liver tumor tissues was positively correlated with early (p =
0.042) rather than late recurrence (p = 0.221) in our cohort. Moreover, it was linked to shorter recurrence-free survival (p = 0.023) and
reduced overall survival (p = 0.015). The expression level of serum alpha-fetoprotein (p = 0.001), tumor size (p = 0.012), tumor
number (p = 0.018), satellite tumor (p = 0.001), and MAP4 expression (p = 0.042) were correlated with HCC early recurrence by
univariate analysis. Consistent clinical findings were observed in the validation cohort.

Conclusion: This study demonstrated that MAP4 overexpression in liver tumor tissue was positively correlated with early recurrence
in HBV-HCC patients following curative hepatic resection, providing insights into its clinical significance and potential involvement in
underlying molecular mechanisms, particularly in metastasis-related early recurrence.

Keywords: curative hepatic resection, early recurrence, hepatitis B virus-associated hepatocellular carcinoma, HBV-HCC, metastasis,
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Introduction

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related death worldwide.! Currently, curative
hepatectomy is commonly used to treat HCC patients.” Although the postoperative mortality rate of HCC patients has
improved, the overall mortality rate remains significantly high owing to the sustained risk of tumor recurrence.> The
cumulative recurrence rate was up to 50% in HCC patients after surgery within 2 years, and up to 70% of cases 5 years
after treatment.* Generally, early recurrence is defined as recurrence within 2 years. It is primarily attributed to

intrahepatic metastasis, whereas late recurrence occurs after 2 years and is mostly caused by de novo tumor
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formation.> A more stringent criterion defines early recurrence as occurring within 1 year after surgery. It showed that
recurrence within the first postoperative year had more significant effects on overall mortality than recurrence in
the second year. Moreover, the recurrence pattern was changed after 1 year.

Early recurrence accounts for up to 70% of HCC recurrences and is one of the main causes of high mortality rates.>’
Tumor heterogeneity is a crucial factor contributing to recurrent manifestations and underlies the multifaceted clinical
features and variable therapeutic responses observed in HCC.*® Such heterogeneity substantially complicates therapeutic
strategies and poses a major challenge in the clinical management of HCC. Therefore, assessing the clinical significance
of specific molecules in tumors is critical for identifying potential therapeutic targets and elucidating the mechanisms
driving tumor recurrence.

We previously identified the major splice variant of metastatic tumor antigen 1 (MTA1), termed MTA1dE4 (lacking
exon 4), as a better biomarker for early recurrence than the full-length MTA1 (MTA1-FL) in HBV-HCC patients
following curative hepatic resection.'® To explore the underlying mechanisms of MTA 1dE4-associated early recurrence,
we employed an immunoprecipitation-mass spectrometry (IP-MS) approach and identified microtubule-associated
protein 4 (MAP4) as a specific interacting partner of MTA1dE4, but not MTA1-FL (data not shown). MAP4 primarily

11,12

functions to stabilize microtubules and is essential for proper spindle assembly during mitosis and for coordinating

13:14 3 key feature of metastatic tumor cells.'>'® Dysregulation of MAP4

cytoskeletal remodeling during cell migration,
expression has been documented in several malignancies. For instance, overexpression of MAP4 has been shown to
contribute to cell invasion in esophageal squamous cell carcinoma and promote radioresistance through epithelial—
mesenchymal transition (EMT) in lung adenocarcinoma.'”'® Notably, one study demonstrated that MAP4 is over-
expressed in highly migratory metastatic cancer cells and is associated with poor survival in patients with HCC."
However, the clinicopathological significance of MAP4 in HBV-HCC patients undergoing curative hepatic resection
remains poorly understood. Therefore, the present study aims to clarify the clinical relevance of MAP4 in this patient
population.

Our clinical findings provide a novel insight into the significance of MAP4, especially its association with early
recurrence in HBV-HCC patients. These results provide a foundation for future research on its clinical application and

underlying molecular mechanisms.

Materials and Methods

Study Cohorts, Patient Enrollment, and HCC Specimens

In this retrospective study, we analyzed two independent cohorts of HBV-related hepatocellular carcinoma (HBV-HCC)
patients who underwent curative hepatic resection: the NTUH and the Fudan University cohorts. (I) NTUH cohort: This
cohort consisted of 172 HBV-HCC patients who underwent hepatectomy at National Taiwan University Hospital
(NTUH, Taipei, Taiwan) between 1997 and 2000. Patients were excluded if they had portal vein thrombosis, vascular
or lymphatic invasion, residual intrahepatic or extrahepatic tumors, deaths from non-HCC-related causes, or
a postoperative follow-up period of less than 1 year. Curative hepatic resection was defined as complete tumor removal
with a tumor-free margin of >1 cm in the resected hepatic specimen. Additionally, patients with evidence of residual
intrahepatic tumors on contrast-enhanced imaging within 3 months postoperatively were excluded. After applying these
criteria, a total of 101 HBV-HCC patients with available clinical liver specimens were included in the analysis. The
patient selection process for the NTUH cohort is summarized in Figure 1.

Following hepatic resection, patients were routinely monitored at outpatient clinics every 3 months, or more
frequently if clinically indicated. Among the 101 patients in the cohort, only one had received lamivudine therapy for
chronic HBV infection, and none received adjuvant therapy for HCC. All patients underwent liver ultrasonography at
3-month intervals. During each imaging visit, blood biochemical profiles, liver function tests, and serum alpha-
fetoprotein (AFP) levels were assessed. When tumor recurrence was suspected during follow-up, additional diagnostic
imaging with computed tomography (CT) or magnetic resonance imaging (MRI) was performed to confirm the presence
and characteristics of the recurrent tumor. Tumor recurrence was defined based on one of the following criteria: (1)
histological confirmation via tumor biopsy or resected specimens from repeat hepatic resection, or (2) concordant
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Figure | Flowchart of patient enrollment in the NTUH cohort.
Abbreviations: HBV-HCC, Hepatitis B virus-associated hepatocellular carcinoma; HCC, hepatocellular carcinoma; n, number of patients.

findings from at least two non-invasive imaging modalities (eg., CT and MRI) accompanied by elevated serum AFP
levels (>400 ng/mL). The recurrence-free interval was defined as the time from the date of primary hepatic resection to
the date of confirmed tumor recurrence. The follow-up period was defined as the interval from surgery to the earliest
occurrence of tumor recurrence, death, or the last clinical visit. Written informed consent was obtained from all patients,
and the study protocol was approved by the Institutional Review Board of National Taiwan University Hospital.

(II) The Fudan University cohort: This cohort served as an independent validation group in this study. Gene
expression profiles and corresponding clinical data were retrieved from the NCBI Gene Expression Omnibus (accession
number: GSE14520). It included 221 patients with HBV-HCC. All liver specimens were histologically confirmed as
HCC and graded according to Edmondson’s grading system.

Cell Line and Cell Culture

Human hepatoma cell lines Hep3B and SNU-387 were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA), and the HepG2 and HA22T cell lines were obtained from the Bioresource Collection and Research
Center (BCRC, Hsinchu, Taiwan). The HuH-7 cell line, originally established in the 1980s,?’ was kindly provided by
Dr. Jiro Sato (Japan). As the HuH-7 cells were not obtained from a commercial vendor, their experimental use, along
with that of other cell lines used in this study, was reviewed and approved by the Committee of Biological Safety at
National Taiwan University Hospital. The identity of HepG2, Hep3B, HuH-7, Tong, SNU-387, Mahlavu, and HA22T has
been authenticated by Short Tandem Repeat (STR) profiling. The HuS-E/S cell line was verified by assessing the
expression patterns of selected key marker genes reported in the original publication describing this cell line,*' as no
reference STR profile is available for this cell line.

Human liver cancer cell lines HepG2, HuH-7, Hep3B, and HA22T were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Corning, USA). SNU-387 was cultured in Roswell Park Memorial Institute (RPMI; Corning, USA)
medium and incubated at 37°C with 5% CO,. Both DMEM and RPMI media contained 10% fetal bovine serum
(Hyclone, Cytiva, USA), MEM Non-essential Amino Acids, HEPES Buffer, and glutagro'™ Supplement (Corning,
USA). The use of these cell lines was approved by the Committee of Biological Safety of the National Taiwan University
Hospital.
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Conventional Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and

Quantitative RT-PCR (RT-gPCR)

Total RNA was extracted from cells using TRIzol (Invitrogen; CA, USA), and 0.5 pg of total RNA was reverse
transcribed into cDNA using the HiScript® IIT All-in-one RT SuperMix (Vazyme; China). Human normal liver tissue
RNA was purchased from OriGene Technologies (Rockville, MD, USA). Conventional RT-PCR was used to amplify
MAP4, using the following primers: “Forward: 5”-ggtgcagaatggctgacctcag-3° and “Reverse: 57-gctctaagggaactgecgttg
-3”. In addition, cDNA derived from the HuS-E/2, Tong, Mahlavu, and HCC36 cell lines was provided by other
researchers. Quantitative real-time RT-PCR was conducted on a Rotor-Gene Q qRT-PCR system (QIAGEN, Germany)
to assess MAP4 mRNA expression levels in liver tissues using the following primers: “Forward: 5’-caaggataaagcactacc
-3’ and “Reverse: 5’-tttctgtttctgggagtt-3°. The thermal cycling conditions consisted of 40 cycles of denaturation at 95°C
for 10 seconds, annealing at 60°C for 10 seconds, and extension at 72°C for 10 seconds. Gene expression levels were
quantified by interpolation from a standard curve generated using plasmids containing the target sequence. Expression of
Dead-box helicase 5 (DDXS5) was used as the internal control.

Statistical Analysis

Graphs were generated using GraphPad Prism 5, and all statistical analyses were performed using SPSS (version 24.0; IBM,
Chicago, IL). The normal distribution of data was assessed using the Shapiro-Wilk test. In the NTUH cohort, MAP4
expression levels did not follow a normal distribution (p < 0.05); therefore, the Wilcoxon signed-rank test was used for
comparisons between tumor and paired non-tumor tissues. Conversely, the validation cohort met the criteria for normal
distribution (p > 0.05), and a paired #-test was employed. Associations between categorical variables were evaluated using the
chi-square test with a 2x2 contingency table Survival differences were assessed using the Kaplan-Meier survival analysis
with the log-rank (Mantel-Cox) test. Multivariate analysis was conducted using the Cox proportional hazards regression
model to identify independent factors significantly associated with early recurrence. Post hoc power analysis was performed
using G*Power (version 3.1) with an alpha level of 0.05. A P value < 0.05 was considered statistically significant.

Use of Al Tools

During the preparation of this manuscript, the authors drafted the original text independently. Artificial intelligence tools
(such as OpenAl’s ChatGPT) were used to improve grammar and clarity. All content was carefully reviewed and verified
by the authors to ensure accuracy and originality.

Results

Baseline Characteristics of Patients

We analyzed patient cohorts from NTUH and Fudan University to investigate the clinical significance of MAP4 in HBV-
HCC. The Fudan cohort was used as an independent validation group in this study. Demographic and baseline
clinicopathological characteristics of the NTUH cohort are summarized in Table 1. The median follow-up duration
was 48.2 months (range, 16.6—150.4), during which 66 patients (65.3%) experienced tumor recurrence. Details regarding
the patient recruitment criteria, demographics, and clinicopathological features of the validation cohort can be found in
the reference.”” The NTUH and Fudan University cohorts included 25 and 60 early recurrence HBV-HCC patients,
respectively (37.8% and 27.1%). In this study, early recurrence was defined as recurrence occurring within 1 year after
surgery, as it represents a more stringent criterion.®

MAP4 Gene Expression Is Upregulated in HCC Cell Lines and Tumor Tissues

Our previous study revealed an interaction between MAP4 and the major MTA1 splice variant MTA 1dE4. Given the role of
MTA1dE4 in the early recurrence of HCC,'® we hypothesized that MAP4 might also contribute to HCC progression. To
investigate the hypothesis, we first analyzed the clinical significance of MAP4 in patients with HBV-HCC. We examined the
expression levels of MAP4 in HCC cell lines and human liver tumor tissues, respectively. The gene expression levels of
MAP4 were upregulated in various types of HCC cell lines compared to human normal liver tissues (Figure 2A). In addition,
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Table | Clinical Characteristics of 101 HBV-HCC Patients in
the NTUH Cohort at the Time of Surgery

Patient Characteristics n=10I

Age (years, mean * SD) (median) 55.48 + 12.3 (57.3)
Gender

Male 87 (86.1%)

Female 14 (13.9%)

Serum level of HBV DNA

(logocopies/mL, mean * SD)

All 71 (4.64 = 1.32, 100%)
<5 44 (3.77 + 0.69, 62%)
>5 27 (6.06 = 0.71, 38%)

Serum AFP level (ng/mL)

<20 47 (47%)
220 ~ <200 20 (20%)
2200 33 (33%)
Serum ALT level (IU/L)

<40 42 (52.5%)
240 38 (47.5%)
Early recurrence (<I year)

With ER 25 (24.7%)
No ER 76 (75.3%)
Cirrhosis

Yes 45 (44.6%)
No 56 (55.4%)

Edmondson grade
| I (1.5%)

1l 44 (65.7%)
1 20 (29.9%)

v 2 (3%)
Tumor number

Single 77 (76.2%)
Multiple 24 (23.8%)
Tumor size, cm

<3 23 (23.2%)
23 76 (76.8%)
Satellite nodule

Absence 84 (83.2%)
Presence 17 (16.8%)

Abbreviations: AFP, alpha-fetoprotein; ALT, alanine aminotransferase; cm, cen-
timeter; ER, early recurrence; HBV, Hepatitis B virus; HBV-HCC, Hepatitis
B virus-associated hepatocellular carcinoma; IU/L, international units per liter;
n, number of patients; NTUH, National Taiwan University Hospital; ng/mL,
nanograms per milliliter; %, plus-minus symbol; SD, standard deviation.

MAP4 expression was significantly upregulated in human liver tumor tissues compared to their matched adjacent non-tumor
liver tissues in HBV-HCC patients in the NTUH cohort (Figure 2B and C). Notably, 91.1% of samples in the NTUH cohort
exhibited MAP4 expression levels in tumor tissues that were more than twice those in adjacent non-tumor tissues. These
findings suggest that MAP4 overexpression in human liver tumors may contribute to HCC progression.
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Figure 2 MAP4 gene expression in HCC cell lines and human liver tissues. (A) MAP4 gene expression in human normal liver tissue, immortalized hepatic cell line, and HCC
cell lines. (B) Comparison of the expression levels of MAP4 in 8 randomly selected pairs of tumor and adjacent non-tumor tissues from HBV-HCC patients in the NTUH
cohort. (C) Comparison of the gene expression levels of MAP4 in 101 paired liver tumor and adjacent non-tumor tissues from HBV-HCC patients using qRT-PCR. The
expression level of MAP4 was normalized to the internal control DDXS5. Results are presented as mean +SD. Statistical significance was determined using the Wilcoxon
signed-rank test (***p < 0.0001).

Abbreviations: bp, base pairs; DDX5, DEAD-box helicase 5; HBV-HCC, Hepatitis B virus-associated hepatocellular carcinoma; HCC, hepatocellular carcinoma; MAP4,
microtubule-associated protein 4, NTUH, National Taiwan University Hospital; n, number of patients; N, adjacent non-tumor liver tissues; %, plus-minus symbol; gRT-PCR,
quantitative reverse transcription polymerase chain reaction; SD, standard deviation; T, tumor liver tissues.

MAP4 Overexpression in Liver Tumor Tissues Correlates with Early Recurrence in
Patients with HBV-HCC

To focus on whether MAP4 overexpression in tumor tissues correlates with early recurrence in patients with HBV-HCC
after hepatic resection, we sought to determine the MAP4 expression threshold in liver tumor tissues that best predicts
early recurrence in the NTUH cohort. Receiver Operating Characteristic (ROC) curve analysis was employed to evaluate
the predictive ability of MAP4 expression levels based on the data from the entire NTUH discovery cohort (n = 101). The
optimal threshold was calculated using the maximum Youden’s index, yielding a cut-off value of 16.1 MAP4 copies per
DDXS5 copy. Based on this cut-off, patients were categorized into high- and low-expression groups for further clinical
association analysis. High MAP4 expression in liver tumor tissues showed a significant positive association with the
presence of multiple tumors (p = 0.042), and a trend toward association with satellite nodules (p = 0.082), and early
recurrence (p = 0.074), although the latter two did not reach statistical significance likely due to limited sample size
(Table 2). We further examined the impact of MAP4 expression on recurrence timing. In the NTUH cohort, the
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Table 2 Association Between MAP4 Overexpression and Clinicopathological Parameters
of 101 Patients with HBV-HCC

Factor MAP4 Low Expression MAP4 High Expression
(Tumor <16.17) (Tumor 216.17)
Total n (%) n (%) P
Overall 101 72 (71.3%) 29 (28.7%)

Age (years)

<55 44 30 (68.2%) 14 (31.8%) 0.509
>55 57 42 (73.7%) 15 (26.3%)

Gender

Female 14 9 (64.3%) 5 (35.7%) 0.536
Male 87 63 (72.4%) 24 (27.6%)

Serum level of

HBV DNA

(logjocopies/mL)*

<5 44 33 (75.0%) 11 (25.0%) 0.784
>5 27 19 (70.4%) 8 (29.6%)

Cirrhosis

No 56 41 (73.2%) 15 (26.8%) 0.238
Yes 45 31 (68.9%) 14 (31.1%)

Serum AFP level

(ng/mL)*
<200 67 51 (76.1%) 16 (23.9%) 0316
2200 33 21 (63.6%) 12 (26.4%)

Serum ALT level

(IU/L)*

240 38 30 (78.9%) 8 (21.0%) 0.663
<40 42 28 (66.7%) 14 (23.3%)

Edmondson

Grade*

I-1l 45 33 (73.3%) 12 (26.7%) |
-1v 22 17 (77.3%) 5 (22.7%)

Tumor size (cm)*

<3 23 17 (73.9%) 6 (26.1%) |

>3 76 54 (71.1%) 22 (28.9%)

Early recurrence

(<I year)

No ER 76 58 (76.3%) 18 (23.7%) 0.074
With ER 25 14 (56.0%) 11 (44.0%)

Tumor number

Single 77 59 (76.6%) 18 (23.4%) 0.042
Multiple 24 13 (54.2%) 11 (45.8%)

Satellite nodule

Absence 84 63 (75.0%) 21 (25.0%) 0.082
Presence 17 9 (52.9) 8 (47.1%)

Notes: *: The 16.] copies value of MAP4 was considered as an optimal cut-off for early recurrence within | year by
Youden'’s index in the NTUH cohort. *: Data were not available for the following variables: Serum level of HBVY DNA
(n = 30), Serum AFP level (n = I), Serum ALT level (n = 21), Edmonson grade (n = 34), and Tumor size (n = 2).The
p-value printed in bold indicates a statistically significant difference.

Abbreviations: AFP, alpha-fetoprotein; ALT, alanine aminotransferase; cm, centimeter; ER, early recurrence; HBV,
Hepatitis B virus; HBV-HCC, Hepatitis B virus-associated hepatocellular carcinoma; IU/L, international units per liter;
MAP4, microtubule-associated protein 4; n, number of patients; NTUH, National Taiwan University Hospital; ng/mL,
nanograms per milliliter.
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cumulative early recurrence rate in the high-expression group was nearly 40% within the first year after liver resection,
compared to approximately 20% in the low-expression group, indicating a statistically significant difference (HR = 2.53,
95% CI = 1.04-6.19, p = 0.042) (Figure 3A). Furthermore, high MAP4 expression was significantly negatively correlated
with recurrence-free survival (HR = 2.38, 95% CI = 1.12-5.06, p = 0.023) and overall survival (HR = 3.42, 95% CI =
1.27-9.21, p = 0.0152) of patients with HBV-HCC (Figure 3B and C).

To assess whether MAP4 is also associated with late recurrence (occurring after 2 years), we applied the same ROC-
based approach to identify an optimal threshold for predicting late recurrence, which was determined to be 11.6 MAP4
copies per DDX5 copy. However, when applying this threshold, no significant association was found between high
MAP4 expression and late recurrence in the NTUH cohort, although a slight trend toward increased risk was observed
(HR = 1.57, 95% CI = 0.76-3.27, p = 0.221) (Figure 3D).

Taken together, these findings suggest that high MAP4 expression in liver tumor tissues is more closely associated
with metastasis-related early recurrence rather than late recurrence of HCC. Furthermore, elevated MAP4 expression is
correlated with poorer recurrence-free survival and overall survival, indicating its potential prognostic value for the

patient population.

Clinical Factors Associated with Early Recurrence in HBV-HCC Patients After

Curative Hepatic Resection

The Log rank test was used to identify clinicopathological factors significantly associated with tumor early
recurrence within 1 year, including MAP4 expression in liver tumor tissues. Univariate analysis showed that
elevated AFP, large tumor size, multiple tumor numbers, presence of satellite nodules, and high expression of
MAP4 in the tumor (=16.1 MAP4 copies per DDXS5 copy) were significantly associated with early recurrence (p =
0.001, 0.012, 0.018, 0.001, and 0.042, respectively; Table 3). While subsequently multivariate analysis incorporating
these five factors identified high serum AFP levels (HR = 2.924, 95% CI = 1.27-6.75, p = 0.012) and larger tumor
size (HR = 9.404, 95% CI = 1.27-69.77, p = 0.028) as independent risk factors for early recurrence, high MAP4
expression did not reach statistical significance in this analysis, possibly due to the small sample size. However, the
observed trend suggests that MAP4 may play a role in early recurrence and warrants further investigation,
particularly in larger cohorts.

Independent Cohort Confirms MAP4-Associated Clinical Outcomes Observed in the
NTUH Cohort

To support the generalization of the MAP4 clinical findings observed in the NTUH cohort, we utilized an independent
study cohort as an external validation dataset. We obtained the gene expression profile of liver tissues (NCBI GEO
accession number: GSE14520) and clinical data from HBV-HCC patients who underwent hepatic resection were obtained
from Fudan University, Shanghai. The same analytical strategy used for the NTUH cohort was applied to this dataset.
Consistent with the NTUH findings, MAP4 expression was significantly upregulated in liver tumor tissues compared to
paired adjacent non-tumor tissues in the validation cohort (Figure 4A). Patients were stratified into high- and low-MAP4
expression groups based on an optimal cut-off value for early recurrence determined using Youden’s index. This
threshold differed from that of the NTUH cohort due to the use of different quantification platforms, RT-qPCR in the
NTUH cohort and microarray analysis in the Fudan cohort. In alignment with the NTUH results, high expression of
MAP4 in tumor tissues was significantly correlated with a higher cumulative rate of early recurrence within 1 year (HR =
2.88, 95% CI =1.69-4.89, p < 0.0001) (Figure 4B), as well as with reduced recurrence-free survival (HR = 1.70, 95% CI
= 1.13-2.55, p = 0.0105) and overall survival (HR = 1.66, 95% CI = 1.06-2.59, p = 0.0273) (Figure 4C and D).
Moreover, similar to the NTUH cohort, high MAP4 expression did not show a significant association with late recurrence
(HR = 1.84, 95% CI = 0.77-4.38, p = 0.1667) (Figure 4E).

Collectively, these results independently validate the association between elevated MAP4 expression with early, but
not late, recurrence and poor survival outcomes in HBV-HCC patients following curative hepatic resection.

8 https: Journal of Hepatocellular Carcinoma 2026:13



Su et al

(A)®

40+

Early recurrence (< 1 year)

ol n=11/29
p=0.042

—— High MAP4
— Low MAP4

n=14/72

c T T T T

Cumulative recurrence rate (%)
3

Time after surgery (months)

(B)®

Recurrence-free survival

L
0 2 4 6 8 10 12

= 100-
St —— High MAP4
S g0 —— Low MAP4
>
5
g
¢ 15/29
- n=
% 404 p=0.023
2
2 204
5
o
& c T T T T 1
0 12 24 36 48 60
Time (months)
(C)® i
Overall survival
= High MAP4
X — Low MAP4
s
s 601 n=10/29
3 =0.0152
2 404 F
s
g 20
o 1 Ll 1 U 1
0 12 24 36 48 60
Time (months)
(D¥
= Late recurrence (2 2 years)
< 40
e _ — High MAP4
S = L33 — Low MAP4
8 301
§ |p=02214 ; )
5 20- n=12/48
8
2 10
s
=3
E o
- T T )
O 24 36 48 60

Time after surgery (months)

Figure 3 The correlation between MAP4 expression in liver tumor tissues and (A) cumulative early recurrence, (B) recurrence-free survival, (C) overall survival, and (D)
late recurrence of HBV-HCC following curative hepatic resection in the NTUH cohort. The optimal MAP4 cut-off values for dividing high and low expression groups were
determined separately for predicting early recurrence () and late recurrence (#) using Youden’s index in the NTUH cohort. The Log rank test was performed to calculate

the p-value.
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Table 3 Univariate and Multivariate Analysis of Factors Possibly Associated with Early Recurrence in Patients with HBV-HCC After
Tumor Resection

Variable I-Year Univariate Analysis Multivariate Analysis
Recurrence Rate
Log-Rank y*-Test p HR (95% CI) p
Age (years)
<55 31.82% 2.929 0.087
>55 19.29%
Gender
Female 20.57% 0.14 0.708
Male 24.14%
Serum level of HBV DNA (log|ocopies/mL)
<5 29.54% 1.824 0.177
>5 14.81%
Cirrhosis
No 19.64% 1.308 0.253
Yes 20.00%
Serum AFP level (ng/mL)
<200 14.93% 11.675 0.001 | 0.012
2200 45.45% 2.924 (1.27-6.75)
Serum ALT level (IU/L)
240 21.05% 0.252 0.615
<40 26.19%
Edmondson grade
-l 19.57% I.161 0.281
-iv 31.82%
Tumor size (cm)
<3 4.35% 6.369 0.012 | 0.028
>3 31.58% 9.404 (1.27-69.77)
Tumor number
Single 19.48% 5.558 0.018 | 0.544
Multiple 41.67% 0.530 (0.074.11)
Satellite nodule
Absence 19.05% 10.268 0.001 | 0.136
Presence 52.94% 4.903 (0.61-39.55)
Tumor total MAP4 (copies)®
<lé.1 19.44% 4.142 0.042 | 0.117
216.1 37.93% 1.926 (0.85-4.37)

Note: *: MAP4 cut-off value (16.1 copies) was determined by Youden’s index for early recurrence analysis in the NTUH cohort.

Abbreviations: AFP, alpha-fetoprotein; ALT, alanine aminotransferase; xz, chi-square; cm, centimeter; Cl, confidence interval; HR, hazard ratio; HBV, Hepatitis B virus;
HBV-HCC, Hepatitis B virus-associated hepatocellular carcinoma; IU/L, international units per liter; MAP4, microtubule-associated protein 4; NTUH, National Taiwan
University Hospital; ng/mL, nanograms per milliliter.

Discussion

HCC patients often experience recurrence after surgery, which contributes to poor prognosis, with early recurrence being
a major factor affecting postoperative survival.”> Understanding tumor molecular characteristics and identifying critical
factors contributing to early recurrence enables improved risk stratification, earlier intervention, more frequent surveil-

lance, deeper insight into underlying molecular mechanisms, and enhanced management of HCC.>** In this
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Figure 4 (A) MAP4 gene expression in liver tumor tissues and its correlation with (B) cumulative early recurrence, (C) recurrence-free survival, (D) overall survival, and
(E) late recurrence in the validation cohort of HBV-HCC patients from Fudan University, Shanghai. The optimal MAP4 cut-off values for classifying high and low expression
groups were determined separately for predicting early recurrence () and late recurrence (#) using Youden’s index in the Fudan University cohort.

Abbreviations: HBV-HCC, Hepatitis B virus-associated hepatocellular carcinoma; MAP4, microtubule-associated protein 4; n, number of patients.

retrospective study, we found that MAP4 is frequently overexpressed in tumor tissues and is significantly associated with
early recurrence within 1 year and poor prognosis after surgery in patients with HBV-HCC. In practice, assessing MAP4
expression in resected tumors may help clinicians to identify patients at high risk for early recurrence, who would benefit
from more intensive postoperative surveillance during the critical first year. Furthermore, such patients might be
prioritized for clinical trials evaluating adjuvant therapies aimed at reducing recurrence risk.”® These clinical manage-
ment strategies may improve the survival outcomes associated with early recurrence, as MAP4 expression in tumors
provides important insights into aggressiveness and recurrence risk.

Previous studies have shown that metastasis-related early recurrence is primarily driven by intrahepatic dissemination
of the primary tumor, whereas late recurrence is often the result of de novo tumor formation associated with underlying
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chronic liver disease.?” In this context, our findings that MAP4 overexpression is significantly associated with early, but
not late, recurrence in patients with HBV-HCC suggest a potential mechanistic role in promoting intrahepatic metastasis.
Supporting this notion, in vitro experimental studies have demonstrated that MAP4 knockdown suppresses the migratory
and invasive capacities of HCC cell lines via the inhibition of the epithelial-mesenchymal transition (EMT) markers.'? In
addition, MAP4 mainly regulates microtubule dynamics through its post-transcriptional and post-translational modifica-
tions, and further has an impact on cell migration and invasion.'®**° Microtubule reorganization facilitates cancer
progression by supporting processes like mitosis and migration, which contribute to tumor growth and metastasis,
respectively.®'** Together, these findings provide mechanistic support for the clinical observation that MAP4 over-
expression is associated with metastasis-related early recurrence in HBV-HCC patients, likely through its regulatory role
in microtubule dynamics and promotion of metastatic potential.

Our previous study demonstrated that expression of the MTA1dE4 splice variant is correlated with more aggressive
tumor behavior, including enhanced migratory and invasive abilities, compared to MTA1-FL.'"® A specific interaction
between MTA1dE4 and MAP4, which may mediate microtubule remodeling, could potentially facilitate to the
MTA1dE4-mediated increased aggressiveness by promoting tumor cell motility and invasion. Further mechanistic studies
are needed to elucidate the functional relevance of this interaction. In particular, it will be important to determine whether
the MTA1dE4- MAP4 interaction plays a crucial role in promoting HCC progression and recurrence, and whether these
two proteins reciprocally regulate each other’s expression or activity.

Despite the promising clinical implications, there are several limitations to this study. Firstly, the retrospective design
and relatively small sample size. Although our clinical findings were validated using an external independent cohort with
robust statistical power (power = 0.967) compared to the NTUH cohort (power = 0.427), a prospective study would
provide stronger evidence of the clinical significance of MAP4 in HBV-HCC and its utility in predicting early recurrence.
Additionally, while the positive association between MAP4 overexpression and early recurrence was validated in two
independent cohorts, the use of different platforms (RT-qPCR vs. microarray) yielded distinct optimal cut-off values for
MAP4 expression. As a result, the RT-qPCR-derived cut-off value of 11.6 MAP4 copies per DDXS5, identified in the
NTUH cohort, may not be universally transferable to other HBV-HCC patient populations for predicting early recurrence
following surgery. This limitation is particularly evident when comparing results across different quantification plat-
forms, where varying sensitivities and normalization methods can lead to inconsistent thresholds. To address this, future
efforts should focus on translating these mRNA-based findings into a standardized immunohistochemistry (IHC) scoring
system. Unlike transcript-based assays, protein-level IHC is more readily integrated into routine pathology workflows
and offers better potential for cross-center standardization. Consequently, validating such IHC-based assays in larger,
multi-center cohorts will be critical to establishing a broadly applicable clinical threshold for MAP4. Finally, although
our data support a mechanistic role of MAP4 in promoting metastasis-related early recurrence, additional research is
required to delineate its interactions with other cellular pathways and to fully elucidate its contribution to HCC
progression. Beyond its involvement in regulating EMT markers and enhancing cell migration and invasion,"
MAP4 has also been shown to influence endothelial cell migration and proliferation through post-translational
modifications,'’ suggesting a broader role in cancer metastasis. However, the exact mechanisms by which MAP4
HCC progression remains elusive and represents an important area for future investigation.

Conclusions

In summary, our research demonstrated that MAP4 overexpression in liver tumor tissues is significantly correlated with
early recurrence and poorer survival outcomes in patients with HBV-HCC following curative hepatic resection. These
findings suggest that assessment of MAP4 expression may serve as a useful biological indicator for risk stratification to
identify patients who may benefit from more intensive post-operative surveillance, particularly during the first year after
surgery. Further studies are warranted to validate its clinical utility and to elucidate underlying molecular mechanisms.

Abbreviations
AFP, alpha-fetoprotein; CT, computed tomography; DDXS5, dead-box helicase 5; EMT, epithelial-mesenchymal transi-
tion; HBV-HCC, hepatitis B virus-associated hepatocellular carcinoma; IP-MS, immunoprecipitation-mass spectrometry;
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MAP4, microtubule-associated protein 4; MTA1, metastatic tumor antigen 1; MRI, magnetic resonance imaging; NTUH,
National Taiwan University Hospital; RT-qPCR, quantitative reverse transcription-polymerase chain reaction; ROC,
receiver operating characteristic.
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