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Background: Nuclear factor (erythroid-derived 2)-like 2 (NRF2) functions decline with age; however, cancer cells can hijack its
pathways to ensure survival and aggressiveness. Yet, the role of NRF2 in hepatocellular carcinoma (HCC) is rarely investigated in an
age-specific manner. This study investigates the expression of NRF2 and its activator (MAPK10) in different age groups of HCC
patients, in addition to the age-specific features of NRF2 and MAPK10 interaction and their clinical significance.

Methods: Tumor and near-tumor tissue samples of 181 HCC patients were used to complete a protein expression analysis of NRF2
and MAPK10. Patients’ survival and clinical data were collected for clinical analysis. Global databases (TCGA, ICGC) were used to
collect MAPK10 genetic mutation and mRNA expression data in patients with HCC, colorectal, stomach, and pancreatic cancers.
Results: Our findings revealed an increase in NRF2 protein expression but only in younger HCC patients, along with a decline in
MAPKI10 ability to activate NRF2 in older patients. We also found an increased MAPK 10 genetic mutation rate and decreased mRNA
expression in older patients. Low MAPK10 and NRF2 expression levels were associated with shorter survival and poorer prognosis
due to positive correlation with microvascular invasion, tumor thrombus, elevated AFP levels, and larger tumor size.

Conclusion: NRF2 expression and oxidative stress mechanism in HCC patients are influenced by age. This magnifies the need to
consider patients’ age in treatment strategies and guidelines and re-evaluates the application of studies’ age-standardized findings in
older patients who are usually excluded from relevant research.
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Introduction

The aging of population is a serious problem faced all over the world. The number of elderly people (>80 years) is
estimated to triple by 2050 (compared to 2019)." Therefore, countries are constantly faced with the challenges and
changes this phenomenon brings to societies. Such changes in age structure directly influenced the incidence of cancer. In
2018, a global estimation reported that 13% of total cancer cases were recorded in elderly patients (=80 years), and
expected the percentage to reach 20.5% by 2050.% To cope with the changes, healthcare systems have to enhance and
customize services to adapt to the new requirements, and should consider additional factors like age-related complica-
tions, comorbidity, and shorter life expectancy.” However, older patients are usually excluded from clinical trials and
related studies. That created a lack of age-specific researches and left the age-specific risks and benefits of certain

treatments widely unknown.?
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In the case of primary liver cancer, a globally common cancer which ranks sixth in incidence and forth in cancer-
mortality,® 60 years is the approximate age of diagnosis.” Within a period of 25 years (1990-2015), the incidence of liver
cancer had a 75% increase, 55% of which was considered age-influenced.®

Cellular aging is known for certain “hallmarks” such as genetic and epigenetic instabilities, decreased ability of
cellular functioning, and compromised cellular interaction.” Many mechanisms were suggested to explain the process of
aging, one of which is the oxidative stress accumulation theory. Normally, cellular processes produce reactive oxygen
species (ROS). Such production is tightly controlled to ensure cellular survival and normal functioning. However, when
the reduction of ROS is compromised, a cellular accumulation starts to occur, which eventually leads to cellular
dysfunction, genomic alterations, and finally cellular apoptosis.® The previous process is strictly controlled by
a complicated cellular antioxidant system, which involves several mechanisms, pathways, and factors such as nuclear
factor (erythroid-derived 2)-like 2 (NRF2).

NRF?2 is a transcription factor that interacts with many genes and affects the transcription of molecules involved in

1”72 In general, NRF2 protects normal

redox regulation, cellular metabolism, genomic repairing, and cellular surviva
cells from carcinogenic changes due to its involvement in antioxidation and immune cellular functions.'>'® The
accumulation of ROS stimulates MAPK10 (Mitogen-activated protein kinase 10) which activates the expression and
translocation of NRF2. Once activated and translocated to the nucleus, NRF2 regulates the expression of antioxidant
response elements (AREs).!” ! However, NRF2 expression and functions decline with age, leading to higher oxidative
stress levels, accumulation of genetic alterations, and compromised cellular functioning.”*** On the other hand, studies
found that cancer cells can hijack NRF2 pathways®* and maintain high activation levels (NRF2 addiction) to ensure
a better survival, stronger therapeutic resistance, and more aggressive behavior.'* Such an activation of NRF2 has been

proposed in many studies'**>%’

as a prognostic factor for cancer patients.

Similarly, NRF2 provides protection in normal liver cells but can also be hijacked by cells of hepatocellular
carcinoma (HCC) (the most common type of liver cancer).”® However, conflicting findings have been reported
regarding the exact role of NRF2 in HCC. Cheng et al*’

by an increased expression of its negative regulator KEAP1 (kelch-like ECH-associated protein 1). On the other hand,

observed a decrease in NRF2 expression in HCC, accompanied

studies, like Zhang et al,*° found NRF2 to be highly expressed in HCC and observed a correlation between its levels
and HCC size, differentiation, and metastasis; therefore, NRF2 high expression was suggested as an indication of poor
prognosis.

Although the role of NRF2 in HCC has been addressed, this topic is rarely investigated in an age-specific manner, and
a huge gap still exists in our knowledge of NRF2 role and mechanisms in elderly HCC patients. In this study, we
investigated the differences in expression levels of NRF2 and its activator (MAPK10) among different age groups of
HCC patients. In addition, we explored the age-specific features of NRF2 and MAPK 10 interaction and evaluated their
clinical significance.

Patients and Methods

Patients
Different sections of this study included different groups of patients:

A total of 181 patients 1) with pathological diagnosis of HCC and 2) who underwent surgical resection (hepatectomy)
between 2009 and 2010 in the department of liver surgery and transplantation, Zhongshan Hospital, Fudan University
were included in the immunohistochemistry (IHC) analysis of NRF2 and MAPK10 protein expression. Tumor tissue and
near-tumor tissue samples (NRF2: 181 and 167 samples, MAPK10: 181 and 166 samples, respectively) were provided by
the department along with patients’ relevant data. Near-tumor tissue samples were collected further than 2cm away from
tumor margin. For patients’ survival analysis, data of 180 (out of 181) patients were available and included. Written
informed consent was obtained from all included patients and the study was approved by the Ethics Committee of
Zhongshan Hospital, Fudan University and completed in accordance with the Helsinki declaration. After the collection of
samples and data, IHC analysis was carried and the expression of the two genes was evaluated.
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For patients included in the analysis of genetic mutation rates, global databases (TCGA (https://www.cancer.gov/
tega), ICGC (https://dcc.icge.org/)*'*?) were used to collect relevant data. For TCGA data collection, cBioPortal*****
platform was used. Collected data included 1025 HCC patients (USA: TCGA PanCancer Atlas /355 patients, China:
LICA-CN (https://dcc.icgc.org/projects/LICA-CN)/163, France: LICA-FR (https://dcc.icgc.org/projects/LICA-FR)
/249, Japan: LIRI-JP (https://dcc.icgc.org/projects/LIRI-JP)/258). To determine the significance of results, HCC
findings were compared to findings of other groups of patients with colorectal cancer (a total of 853: USA:
TCGA PanCancer Atlas /532, China: COCA-CN (https://dcc.icgc.org/projects/COCA-CN) /321), stomach cancer
(a total of 555: USA: TCGA PanCancer Atlas /432, China: GACA-CN (https://dcc.icgc.org/projects/GACA-CN)
/123), and pancreatic cancer (a total of 795: USA: TCGA PanCancer Atlas /179, Australia: PACA-AU (https://dcc.
icgc.org/projects/PACA-AU) /383, Canada: PACA-CA (https://dcc.icgc.org/projects/PACA-CA) /233). All used data
and projects are available online with no embargo or limitation of use (https://docs.icgc.org/portal/publication)

(https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga/using-tcga/citing-tcga).
35,36

For the analysis of mRNA expression patterns, TCGA database and human protein atlas were used to obtain

relevant data. In total, 362 HCC patients were included.

Analysis of Patients’ Survival and Clinical Characteristics

For the analysis of patients’ survival, overall survival (OS) and disease-free survival (DFS) data of 180 patients were
obtained and included. OS was defined as the time between surgery and date of death or last follow-up while DFS was
defined as the time between surgery and date of recurrence or last follow-up. Five-year and two-year survival rates were
calculated to represent long-term and short-term survival rates, respectively.

As for the clinical feature analysis, data of 181 patients were included (unless specified otherwise). Characteristics such
as patients’ gender, liver cirrhosis status, tumor differentiation and encapsulation, number and size of lesions, presence of
microvascular invasion (MVI), tumor thrombus, BCLC grade, and levels of HBsAg (+:>1.0 COI), AFP (+:>20 ng/mL),
CEA (+:>5ng/mL), CA19-9 (+:>36 U/mL), ALT (+: >40 U/L), AST (+: >35 U/L), ALP (+:>135 U/L), GGT (+: >45 U/L),
TB (+: >20.4 pmol/L), and DB (+:>6.8 pmol/L) were included.

Immunohistochemistry (IHC)

All obtained tissue samples were embedded in paraffin; thus, descending ethanol gradient was used to deparaffinize and
rehydrate samples. Hydrogen peroxide (3%) was then used for 10 minutes to block peroxidase activities. Antigen epitope
retrieval was induced by placing samples in 0.1 M citrate buffer and heating them in a microwave for 8 minutes. Then,
samples were treated with 10% goat serum and incubated (at 4°C temperature) with primary antibody overnight. Samples
were then incubated with secondary antibody (at room temperature) for 30 minutes. Afterwards, 3,3’-diaminobenzidine
was used to complete the staining of samples and visualize the outcome. Staining assessment was completed separately
by two different doctors based on the extent (using a scale from 0 to 4 (0%, 1-5%, 6-25%, 26-75%, 76—-100%)) and
intensity (using a scale from 0 to 2 (0: negative, 1: weak, 2: strong)). Nuclear staining was considered for NRF2, while
cytoplasmic staining was considered for MAPK10. Final scores (extent x intensity) ranged from 0 to 8 and were divided
into low expression group (0-4) and high expression group (6-8).%’

MAPK10 Genetic Mutation Rates and mRNA Expression Patterns
Mutation rates (%) of MAPK 10 were calculated in all four cancers, then calculated based on age groups in each cancer
(19 y, 20-39 y, 40-59 y, 69-79 y, >80 y). Significant differences at the age of 60y were then separately calculated in
each cancer. Afterwards, results from colorectal cancer, stomach cancer, and pancreatic cancer groups were combined to
form one compare group. The significance of mutation rates was then determined by comparing rates in HCC age groups
(<60y vs >60y) and rates in older patients (>60y) (HCC vs compare group).

As mentioned, TCGA database and human protein atlas were used for MAPK10 mRNA expression analysis. First,
significant expression cut-off (FPKM) was determined based on patients’ survival data. After that, patients were divided
into two age groups (<59 y, N=165 vs >60 y, N=197) and each group was divided (according to expression cut-off) into
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high and low expression subgroups. Relation between mRNA expression and age was then evaluated based on expression
rates in each subgroup.

Statistical Analysis

SPSS software (21.0, IBM Corp.) and STATA software (13.0, College Station, Texas 77845, USA) were used to complete
the statistical analysis of this study. Continuous variables and categorical variables were presented as means + standard
deviations (SD) and frequencies (%), respectively. Chi square test (X?) was used to complete groups and subgroups
comparisons (categorical variables). Kaplan-Meier’s (K-M) method, the Log rank test, and COX regression analysis
were used to analyze OS and DFS. P values less than 0.05 were considered statistically significant.

Results
NRF2 and MAPKI0 Protein Expression

The first section of this study aimed to analyze NRF2 expression levels in HCC patients (using IHC) and investigate
differences among age groups (<59 y vs >60 y). In total, 181 patients were included in this analysis (181 cancer tissue
and 167 near-tumor tissue samples). All samples were divided into high and low expression groups based on IHC
assessment. Figure 1 shows representative samples of IHC staining of nucleus and cytoplasm. When comparing HCC to
near-tumor tissues, we found that 29.83% of all HCC samples had high NRF2 expression, compared to only 11.38% in
near-tumor samples (P<0.001). A further age-based analysis showed similar results in younger patients (<59 y). In HCC
group, 35.2% of samples showed high NRF2 expression, compared to 12.07% in near-tumor samples (P<0.001). On the
other hand, no statistically significant results were found in older patients (=60 y) (P=0.231), and high expression rates
were 17.86% and 9.8% in HCC and near-tumor groups, respectively.

Based on the previous results, we further analyzed the expression levels of MAPK10. Similar to NRF2 analysis, 181
patients were included (181 cancer samples and 166 near-tumor samples). Differences between age groups (<59 y vs >60 y)
were also investigated. Our finding showed that only 16.57% of all HCC samples had high MAPK 10 expression, compared
to 56.63% in near-tumor samples (P<0.001). Similar statistically significant results were found in both age groups. In
younger patients (<59 y), only 16% of HCC samples had high MAPK10 expression compared to 53.91% in near-tumor

500 pm

Figure | Representative samples of immunohistochemical staining of nucleus (A) weak staining; (B) strong staining) and cytoplasm (C) weak staining; (D) strong staining).

740 htps: International Journal of General Medicine 2022:15
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Atyah et al

samples (P<0.001). As for older patients (>60 y), the rates were 17.86% of HCC samples and 62.74% of near-tumor
samples (P<0.001).

We also analyzed the relation between NRF2 and MAPK 10 expression, findings showed 50% of high MAPK10 HCC
samples had high NRF2 expression, compared to only 25.83% in low MAPK10 HCC samples (P=0.008). Similar results
were found in the two age groups; however, only results from younger age group were statistically significant. In HCC
samples of younger patients (<59 y), high NRF2 expression was found in 60% of high MAPK 10 expression group and
30.48% of low MAPK10 expression group (P=0.011), while the rates in older patients’ group (=60 y) were 30.00% and
15.22% respectively (P=0.515).

Results of near-tumor samples showed no significant differences (all patients: high MAPK10 12.77% vs low
MAPK10 9.72% (P=0.542); <59 y: high MAPKI10 12.90% vs low MAPKI10 11.32% (P=0.796); >60 y: high
MAPK10 12.50% vs low MAPK10 5.26% (P=0.639)).

To analyze from a different angle, we compared results of patients with high MAPK10 expression. Our findings
showed that 50% of HCC samples had high NRF2 expression, while the percentage dropped to only 12.77% in near-
tumor samples (P<0.001). As for the two age groups, significant results (P<0.001) were found only in younger patients
(high NRF2 expression in 60% of HCC samples vs 12.9% of near-tumor samples), while older patients’ group had no
significant value (P=0.418) (30% and 12.5%, respectively).

MAPK10 Genetic Mutation Rates and mRNA Expression Patterns

As mentioned, MAPK 10 genetic mutation analysis was carried in four cancers and five age groups. Our results showed
higher mutation rates in pancreatic cancer and HCC groups (28.43% and 25.37%, respectively) compared to stomach
cancer (15.86%) and colorectal cancer (5.86%) groups. A gradual increase in mutation rates with age was only observed
in HCC group and an increase of 21.23% was observed between HCC patients younger than 60y compared to older
patients (=60y) (group rates were 12.94% and 34.17%, respectively) (P<0.001). On the other hand, a gradual decrease
with age was observed in colorectal cancer group. Patients younger than 40y had a mutation rate of 19.51% compared to
5.17% in older patients (P=0.001). Rates from colorectal cancer, stomach cancer, and pancreatic cancer groups were then
combined to form one compare group. The results in this group showed that patients younger than 60y had a 16.81%
mutation rate compared to 16.39% in older patients (>60y) (P=0.803). When comparing results in older patients (>60y),
we found that mutation rates were higher in HCC patients than in compare group with a difference of 17.78% (P<0.001).
Detailed mutation rates in all four cancers and five age groups are presented in Table 1.

The analysis of MAPK10 mRNA expression was based on data obtained from TCGA database and human protein
atlas. HCC data showed that MAPKI10 expression higher than 0.09 FPKM was beneficial for patients’ survival
(P=0.046). Therefore, this expression value was chosen as a cut-off for high and low expression subgroups of each
age group (<59 y, N=165 vs >60 y, N=197). Our age group comparison showed that 67.27% of younger patients (<59)
had high mRNA expression compared to 51.78% in older patients (=60 y) (P=0.003).

Table | Detailed MAPKI0 Genetic Mutation Rates in Different Cancers (HCC, Colorectal Cancer, Stomach Cancer, and Pancreatic
Cancer) and Age Groups

Cancer Group <19y | Group 20-39y | Group 40-59 y | Group 60-79y | Group >80y | All Patients
(n/N)* (%) (n/N)* (%) (n/N)* (%) (n/N)* (%) (n/N)* (%) (n/N) * (%)
HCC (0/3) (0) (9/69) (13.04) | (46/353) (13.03) | (184/555) (33.15) | (21/45) (46.67) | (260/1025) (25.37)
Colorectal cancer (0/0) (0) ©/41) (19.51) | (22/276) (7.97) | (16/434) (3.69) | (4/102) (3.92) | (50/853) (5.86)
Stomach cancer (0/0) (0) (119) (11.11) | (38/178) (21.35) | (43/330) (13.03) | (6/38) (15.79) | (88/555) (15.86)
Pancreatic cancer (0/0) (0) (2/8) (25) (50/208) (24.04) | (156/518) (30.12) | (18/61) (29.51) | (226/795) (28.43)

Note: *n=number of cases with mutations, N=total number of cases.
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MAPK 10 and NRF2 Influence on Survival and Clinical Characteristics

We started this section of the study by analyzing the influence of MAPK10 and NRF2 on long-term (5y) OS and DFS.
Our findings showed that high MAPK10 expression was beneficial for both long-term OS (HR=0.425; 95% CI, 0.214—
0.845) (P=0.015) and DFS (HR=0.573; 95% CI, 0.339-0.969) (P=0.038). NRF2 influence on long-term survival was
statistically insignificant (OS P=0.598, DFS P=0.843).

K-M analysis showed that high MAPK 10 expression prolonged patients’ OS (P=0.011) and DFS (P=0.035) for 10 months
(high expression group: 0S:49.244 £3.53, DFS: 40.537+3.969, low expression group OS: 38.735+1.856, DFS: 30.525+1.861)
(Figure 2A and B). The influence of NRF2 on short-term survival (2y) was also investigated. K-M analysis showed that high
NRF?2 expression prolonged short-term OS for 2 months (high expression group: 21.469+0.738, low expression group: 19.233
+0.658, P=0.047). The influence on short-term DFS was statistically insignificant (high expression group: 18.306+1.041, low
expression group: 17.102+0.775, P=0.712) (Figure 2C and D). A further K-M analysis also showed that patients with high
expression of both MAPK 10 and NRF2 had prolonged long-term OS (13 months) compared to low expression group (high
MAPKI10 and NRF2 group: 51.597+4.338, low MAPK10 and NRF2 group: 38.397+2.222) (P=0.037) (Figure 2E). No
significant difference was found between patients with high NRF2 expression alone (39.74+3.385) and those with low
MAPK10 and NRF2 expression (38.397+2.222) (P=0.69).

The influence of expression levels on clinical characteristics was also investigated. Our findings revealed that low
MAPK10 expression was significantly associated with higher rates of MVI (P=0.005), elevated AFP levels (P=0.003),
and presence of tumor thrombus (P=0.025) (Table 2), while low NRF2 expression was associated with larger tumor size
(P=0.022) (Table 3). A further investigation also showed that elevated AFP levels directly influenced long-term OS
(HR=1.595; 95% CI, 0.997-2.551, P=0.051) and DFS (HR=1.495; 95% CI, 1.007-2.221, P=0.046). Presence of tumor
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Figure 2 Survival curves of HCC patients based on MAPK 0 and NRF2 expression levels. (A) long-term overall survival curves of high and low MAPK 10 expression groups.
(B) long-term disease-free survival curves of high and low MAPK 0 expression groups. (C) short-term overall survival curves of high and low NRF2 expression groups. (D)

short-term disease-free survival curves of high and low NRF2 expression groups. (E) long-term overall survival curves of high and low MAPKI0 and NRF2 expression
groups.
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Table 2 Clinical Characteristics of MAPK|0 Protein Expression Groups (181 Patients)

N (%) (181)(100) High Expression 30 (16.57) | Low Expression 151 (83.43) P

Gender (M/F) 25/5 134/17 0.602
HBsAg (£) 26/4 126/25 0.867
Cirrhosis (%) 24/6 128/23 0.706
MVI (£) 6/24 72179 0.005
BCLC (0+A/B+C) 19/11 70/81 0.089
Tumor differentiation (I+II/III+1V) 21/9 92/59 0.349
AFP (Normal/Elevated) 18/12 48/103 0.003
CEA (Normal/Elevated) 29/1 138/13 0.539
CAI19-9 (Normal/ Elevated) 25/5 114/37 0.353
Number of lesions (single/multiple) 2317 128/23 0.412
Tumor size (£5 cm/>5 cm) 14/16 73/78 0.867
Encapsulation (yes/no) 19/11 81/70 0.33
Tumor thrombus *(180) (yes/no) 0/30 27/123 0.025
ALT (Normal/Elevated) 17/13 88/63 0.87
AST * (168) (Normal/Elevated) 18/9 92/49 0.887
ALP * (164) (Normal/Elevated) 24/2 120/18 0.661
GGT * (164) (Normal/ Elevated) 719 46/92 0.521
TB * (174) (Normal/ Elevated) 28/0 136/10 0.325
DB * (175) (Normal/Elevated) 28/1 130/16 0.366

Note: *Total available number of patients data.

Abbreviations: HBsAg, hepatitis B surface antigen; MVI, microvascular invasion; BCLC, Barcelona clinic liver cancer staging; AFP, alpha-fetoprotein; CEA,
carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase;
GGT, gamma-glutamyltransferase; TB, total bilirubin; DB, direct bilirubin.

thrombus was associated with similar results (OS: HR=2.843; 95% CI, 1.733—4.665, P<0.001, DFS: HR=2.644; 95% CI,
1.662—4.205, P<0.001). Findings also showed that patients with smaller tumor lesions (<5cm) had prolonged OS (12
months) (<5cm:46.99+2.138 vs >5cm: 34.387+2.421, P<0.001).

Discussion
The phenomenon of aging has always been a favorable topic in medical research. The rapid aging of worldwide
populations' and its influence on cancer incidence®® magnified the need to explore relevant mechanisms. However, the
lack of age-specific research in cancer patients prevents relevant guidelines from considering the age as a factor when
suggesting treatment strategies. Currently, a little is known about how well-known aging theories might be affected by
the presence of cancer. For example, NRF2 functions, an oxidative stress regulator, decrease with age; however, studies
found that NRF2 pathways can be hijacked by cancer cells to ensure survival and aggressiveness.®'>**** Yet, the
influence of age on NRF2 expression and related mechanisms in cancer patients is rarely addressed. Thus, this study’s
aim was to analyze the influence of age on NRF2 and MAPK10 (NRF2 activator) expression in HCC patients, investigate
the age-specific features of NRF2 and MAPK10 interaction, and evaluate the clinical significance of relevant findings.
We started this study by investigating NRF2 expression in HCC and near-tumor samples and analyzing potential
differences between age groups (<59 y vs >60 y). Samples from 2009-2010 were included to insure the availability of
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Table 3 Clinical Characteristics of NRF2 Protein Expression Groups (181 Patients)

N (%) (181) (100) High Expression 54 (29.83) | Low Expression 127 (70.17) P

Gender (M/F) 45/9 114/13 0.226
HBsAg (%) 44/10 108/19 0.550
Cirrhosis (%) 4717 105/22 0.464
MVI (£) 25/29 53/74 0.571
BCLC (0+A/B+C) 24/30 65/62 0.407
Tumor differentiation (I+I/111+1V) 32/22 81/46 0.566
AFP (Normal/ Elevated) 14/40 52/75 0.055
CEA (Normal/ Elevated) 49/5 118/9 0.844
CA19-9 (Normal/ Elevated) 46/8 93/34 0.081
Number of lesions (single/multiple) 43/11 108/19 0.371
Tumor size (£5/>5) 33721 54/73 0.022
Encapsulation (yes/no) 27/27 73/54 0.354
Tumor thrombus *(180) (yes/no) 7147 20/106 0.616
ALT (Normal/Elevated) 28/26 77/50 0.274
AST * (168) (Normal/ Elevated) 30/20 80/38 0.331
ALP * (164) (Normal/ Elevated) 44/4 100/16 0.331
GGT * (164) (Normal/ Elevated) 14/34 39/77 0.579
TB * (174) (Normal/ Elevated) 48/3 116/7 |

DB * (175) (Normal/ Elevated) 44/8 114/9 0.100

Note: *The total available number of patients data.

Abbreviations: HBsAg, hepatitis B surface antigen; MVI, microvascular invasion; BCLC, Barcelona clinic liver cancer staging; AFP, alpha-fetoprotein; CEA,
carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase;
GGT, gamma-glutamyltransferase; TB, total bilirubin; DB, direct bilirubin.

long-term follow-up data. Initially, we wanted to choose 80y as a cut-off for age groups, considering the continuous
change in life expectancy and relevant cut-off in age-specific researches.””** However, we had to lower the cut-off to 60y
to address the limited number of elderly patients. Our findings showed that high NRF2 expression was more common in
HCC group (29.83%) compared to near-tumor group (11.38%) (P<0.001) which indicates the correlation between HCC
and NRF2 expression and falls in line with findings of other studies.*® However, similar results were only found in <59y
group. That indicates that the strong influence of age on NRF2 expression should not be neglected as it can directly affect
the significance of findings, and raises the question whether studies’ age-standardized findings are applicable in elderly
patients who are usually excluded from relevant research.

In MAPK10 analysis, findings showed lower rates of expression in HCC samples in both age groups and no age-
specific differences were found. However, age-specific patterns were observed when analyzing the relation between
MAPK10 and NRF2 expression. Our finding showed that higher MAPK10 expression significantly correlated with high
NRF2 expression in <59y group (P=0.011) but not in >60y group (P=0.515). Such findings in younger patients fall in line
with MAPK 10 known role of activating NRF2 expression'” 2'; however, they also show how the ability of MAPK10 to
activate NRF2 expression declines with age and how findings of age-standard studies may not explain the specific
mechanisms in elderly patients. Such differences between age groups can also explain our previous results of why NRF2

expression was significantly higher in younger patients and not the elderly group.
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The following section of our study investigated genetic mutations and mRNA expression patterns of MAPK10 in
order to explain the previously mentioned IHC results. In this section, we used global databases such as TCGA and
ICGC?'*? in order to 1) include sufficient number of patients, 2) include as many elderly patients as possible, 3) and
include worldwide patients. Results from HCC patients were compared to results from patients with colorectal cancer,
stomach cancer, and pancreatic cancer. The choice of the three types of cancer (colorectal, stomach, and pancreatic
cancer) was based on the availability of data and the number of patients. Our results showed higher mutation rates in
pancreatic cancer (28.43%) and HCC (25.37%) groups. Such results emphasize the importance of understanding the
role of MAPK10 in both cancers. HCC was the only cancer showing a gradual increase in mutation rates with age. In
addition, an increase of 21.23% was observed between younger (<60y) and older (>60y) HCC patients (P<0.001).
Therefore, the influence of age on mutation rates is apparent. The results can be explained by the well-known
accumulation of genetic mutations with age. Yet, the significant difference between older patients (>60y) in HCC
group and compare group (17.78% (P<0.001)) suggests that HCC patients are more susceptible to such age-dependent
mutagenesis. That magnifies the importance of considering the age of patients in the screening and treatment
strategies for HCC patients. Our findings also showed that only colorectal cancer group had a gradual decrease
with age. These results can explain the current changes in colorectal cancer incidence since an increase is found in
younger patients (<50y) while the incidence in elderly patients keeps on declining.*' The early-age mutagenesis can
be explained by the unhealthy lifestyle habits in younger generations. For example, studies have linked red and
processed meat consumption (more common in the diet of younger generations) to increased mutagenesis and
microbiome alterations which can translate into inflammatory and carcinogenic changes that cause early-onset
colorectal cancer.*” *® Findings of mRNA analysis revealed lower expression rates in older patients (P=0.003).
Such results indicate a poorer survival in elderly patients since high MAPK10 expression is beneficial for survival.

To investigate the clinical significance of MAPK10 and NRF2 protein expression, we analyzed the influence of
their expression levels on survival rates and clinical features. Long-term and short-term survivals were represented by
S-year and 2-year survival rates, respectively. The selection was based on clinical significance and cut-off values
reported in other researches and guidelines.*’>° Our findings showed that high MAPK 10 expression was significantly
beneficial for long-term OS and DFS and prolonged patients’ survival for 10 months. Such clinical significance
emphasizes the importance of MAPK 10 in HCC patients and shows how lower expression levels in HCC (as found in
our THC analysis) play a role in the poor prognosis of this cancer. Our analysis of clinical characteristics also
supported these results, as low MAPK10 expression was significantly associated with higher rate of MVI (P=0.005),
elevated AFP levels (P=0.003), and presence of tumor thrombus (P=0.025). These clinical features directly affected
OS and DFS of HCC patients. We also found that NRF2 high expression prolonged short-term OS for 2 months
(P=0.047), While low NRF2 expression was associated with larger tumor size (P=0.022). Therefore, our previous
findings of lower NRF2 expression rates in older patients are also very important when predicting patients’ prognosis.
The importance of MAPK10 expression and ability to stimulate NRF2 expression was also present in our findings,
since high expression of both MAPK10 and NRF2 prolonged long-term OS for 13 months. In addition, patients with
low MAPK10 expression showed no significant difference in survival based on NRF2 expression alone. Thus, the
decrease in such ability with age is also clinically significant and should be addressed.

Challenges such as the retrospectivity and limited number of elderly patients included in some sections of the study
forced certain limitations during the completion of this research. It mainly affected the selection of age groups cut-off.
Nonetheless, our study presented important findings that demonstrated how the process of aging should not be neglected
in HCC research and how excluding elderly patients from relevant researches compromised the application of general
findings in these patients. Since our study focused on HCC patients and based our conclusion on clinical findings, further
experimental investigation can help supporting our results, expand our knowledge regarding this topic, and explore
relevant mechanisms on a cellular level.

This study presents age-specific differences in NRF2 expression patterns in HCC patients. It shows a significant decrease
in expression with age, and links it to a potential decline in MAPK10 ability to activate NRF2 in older patients. Furthermore,

our findings clarify the influence of such expression patterns on patients’ survival and clinical characteristics. Therefore, we
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believe our findings help explaining the poor prognosis of HCC in elderly patients and form an important base to develop
a health care system that considers the age of patients in its screening, diagnosis, and treatment plans.

Conclusion

NRF2 expression in HCC patients is influenced by age. Lower levels of expression are observed in older age groups due
to a potential decline in MAPK10 ability to activate NRF2 in older patients. Such a decline in MAPKI10 ability,
suggested by our clinical findings, is accompanied with increased genetic mutation rates and decreased mRNA expres-
sion of this gene. MAPK10 and NRF2 expression levels influence the survival of patients as lower expression is
associated with shorter survival and poorer prognosis due to positive correlation with microvascular invasion, tumor
thrombus, elevated AFP levels, and larger tumor size.
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