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Background: Gene methylation is deeply involved in epigenetics and affects both the development and
maintenance of homeostasis and carcinogenesis. ALKBH4 is a member of the AlkB homolog (ALKBH)
family that controls demethylation of DNA and RNA.

Methods: This study enrolled 160 patients with non-small cell lung cancer (NSCLC) who underwent
complete resection. The expression of ALKBH4 in cancer tissue was evaluated by immunohistochemistry.
The correlation among the expression of ALKBH4, clinicopathological factors, and prognostic outcome was
evaluated.

Results: In the NSCLC clinical samples, the expression of ALKBH4 was identified not only in cell
membranes but also in the cytoplasm of cancer cells. In 140 of 160 cases, ALKBH4 was more highly
expressed in the cancerous tissue than in the surrounding normal tissue. The proportion of cancer cells
expressing ALKBH4 was higher in adenocarcinoma than in other histological types. In addition, the
expression intensity of ALKBH4 in each cancer cell was also stronger in adenocarcinoma than in squamous
cell carcinoma. The expression of ALKBH4 was not associated with clinicopathological factors, except for
histological type. In adenocarcinoma, the recurrence-free survival (RFS) and overall survival (OS) rates
were significantly lower in the ALKBH4-positive group than in the ALKBH4-negative group (P=0.008,
0.031, respectively). A multivariate logistic regression analysis indicated that the ALKBH4 expression was
an independent prognostic factor for RFS (P=0.003) and OS (P=0.013). The expression of ALKBH4 was
observed in all four patients with adenocarcinoma iz situ.

Conclusions: The ALKBH4 expression may be a useful predictor of the postoperative outcomes of lung
adenocarcinoma (LUAD) patients.
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Introduction

Globally, lung cancer is the second most commonly
diagnosed cancer next to the breast cancer and is the
highest cause of cancer deaths (1). The reasons for the high
mortality of non-small cell lung cancer (NSCLC) are that
patients are diagnosed at an advanced stage and recurrence
is common, even among patients who receive curative
surgery. Although the prognosis of NSCLC patients has
improved with the advent of molecular targeted drugs,
such as tyrosine kinase inhibitors against epidermal growth
factor receptor (EGFR) mutations (2) and echinoderm
microtubule-associated protein-like 4-anaplastic lymphoma
kinase (EML-ALK) fusion gene mutations (3) and immune
checkpoint inhibitors (4), it is difficult to cure NSCLC
with drugs alone. Thus, novel molecular markers for the
diagnosis and prediction of prognosis are required to select
appropriate treatment for patients with NSCLC.

Gene methylation is deeply involved in epigenetics
and affects not only development and maintenance of
homeostasis but also carcinogenesis. Escherichia coli AlkB is
a 2-oxoglutarate and Fe (II)-dependent dioxygenase that
repairs alkylated DNA/RNA nucleotides by catalysing
oxidative demethylation (5-7). In humans, the existence
of nine AlkB homolog (ALKBH) family members
(ALKBH1-9) has been reported (8,9). Some of the ALKBH
molecules recognise various types of substrates, including
methylated single- or double-stranded DNA or RNA
bases (10). Recently, it has been reported that the expression
of ALKBH affects the progression of several cancers. The
high expression of ALKBH3 and ALKBHS5 in NSCLC was
reported to be associated with a poor prognosis (11,12).
ALKBH#4 is one of the ALKBH family proteins. Li ez a/. (13)
demonstrated that dioxygenase ALKBH4-mediated
demethylation of a monomethylated site in actin (K84mel)
regulates actin-myosin interaction and actomyosin-
dependent processes such as cytokinesis and cell migration.
According to our previous experimental study with
NSCLC cells, ALKBH4 was suggested to play a part in cell
proliferation via the upregulation of the expression of the
multifunctional oncogene E2 promoter-binding factor 1
(E2F1) (14). Unfortunately, the role of ALKBH4 in clinical
characters and the prognostic outcome of NSCLC is poorly
understood because the previous study analyzed selected
patients with large adenocarcinoma. In addition, because
the previous study only evaluated the results by a univariate
analysis, the independent predictive value of ALKBH4 in
determining the prognostic outcome remains unclear. In the
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current study, we comprehensively evaluated patients with
NSCLC without any selection criteria regarding tumor
size and histologic subtypes by univariate and multivariate
analyses. We also reviewed previous reports and considered
the role of the ALKBH family expression in various cancers.
We present the following article in accordance with the
REMARK reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-22-39/rc).

Methods
Patients and specimens

This retrospective cohort study enrolled 160 NSCLC
patients who were completely resected at Kagoshima
University Hospital from January 2001 to December 2007
(1able 1). The patients received lobectomy in 154 cases, bi-
lobectomy in 4 cases, and pneumonectomy in 2 cases with
mediastinal lymphadenectomy. In this study, cases receiving
induction therapy before operation were not included.
The average age of 160 NSCLC patients (102 males and
58 females) who were enrolled in this study was 69 years
(range, 26-84 years). Based on the results of pathological
examination using surgical specimens, the histological
type was lung adenocarcinoma (LUAD) (n=112), lung
squamous cell carcinoma (LUSC) (n=40) or other (n=8)
including large cell carcinoma, adenosquamous carcinoma,
mucoepidermoid carcinoma, pleomorphic carcinoma.
According to the Association for the Study of Lung
Cancer TNM (tumor-node-metastasis) classification, 7th
edition (15), progression level of NSCLC was classified
into stages IA (n=50), IB (n=52), IIA (n=16), IIB (n=15), and
IITA (n=27). This study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by the Institutional Review Committee of
Kagoshima University Hospital (registration number 351)
and informed consent was taken from all the patients.

Immunobistochemistry of ALKBH4 in NSCLC

After the surgery, the specimens were fixed with
formalin and embedded in paraffin. Then, they were
cut into 3 pm thick sections and mounted on a glass
slide for immunohistochemistry. Next, the samples were
deparaffinized with xylene and gradually dehydrated with an
ethanol series. The slides were immersed in a 0.3% hydrogen
peroxide solution in methanol for 30 minutes at room
temperature to block the endogenous peroxidase activity.
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Table 1 Baseline characteristics

Characteristics Value
Sex

Male 102

Female 58
Age

Mean, years [range] 69+9 [26-84]
Operation

Pneumonectomy 2

Bilobectomy 4

Lobectomy 154
Stage

IA 50

B 52

A 16

B 15

A 27
Histology

LUAD 112

LUSC 40

Others 8

LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma.

Sections were washed 3 times with phosphate buffered saline
(PBS) for 5 minutes each and then treated with 1% bovine
serum albumin for 30 minutes at room temperature to block
non-specific reactions. The blocked sections were incubated
with the rabbit polyclonal antibody against human ALKBH4
(1:200; Novus Biologicals, Littleton, CO, USA, NBP2-
14737) and left overnight at 4 °C, followed by staining with
a streptavidin-biotin peroxidase kit (Vector Laboratories,
Inc., Burlingame, CA, USA). The sections were washed in
PBS for 5 minutes three times and the immune complex
was visualized by incubating sections with diaminobenzidine
tetrahydrochloride. The sections were rinsed briefly in
water, counterstained with hematoxylin, and mounted.
Noncancerous colon samples were used as positive controls
for ALKBH4. The ALKBH4 expression was determined by
counting the number of cancer cells in which the cytoplasm
was stained with antd-ALKBH4 antibodies. Two investigators
independently evaluated the ALKBH4 expression via
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immunohistochemistry within each tumor by assessing a
total of 1,000 cancer cells in 10 selected fields (100 cells/field)
using high-power (x200) microscopy. The average labeling
index of ALKBH4 was assessed according to the proportion
of positive cells in each field. The ALKBH4 expression was
graded as ALKBH4-positive if >20% of cancer cells were
stained or as ALKBH4-negative if <20% of cancer cells were
stained.

Statistical analysis

Group differences were compared using the chi-squared
test. Factors associated with overall survival (OS) and
recurrence-free survival (RFS) were assessed by univariate
and multivariate logistic regression analyses. Clinical factors
included age, sex, tumor size, pl, pm, pT, pN, ALKBH4.
Because of the relatively limited number of ALKBH4
positive cases, we used propensity score adjustment for
each of the above risk factors for multivariable modeling.
Propensity score adjustment preserved statistical power
by reducing covariates into a single variable. For example,
when the adjusted effect of ALKBH4 for survival was
evaluated, the propensity score was created through a binary
logistic regression providing the predicted probability of
having ALKBH4 as a function of the other candidate risk
factors (age, sex, tumor size, pl, pm and pN for RFS, and
tumor size, pm and pN for OS). Propensity scores were
computed separately for each candidate risk factor and then
used as a covariate in the model adjusted for the effect of
each factor. P values of <0.05 were considered statistically
significant. Data were analyzed using the Statistical Package
for the Social Sciences (SPSS version 26.0).

Results

The ALKBH4 expression and clinicopathological factors

In the NSCLC clinical samples, the expression of was
identified not only in cell membranes but also in the
cytoplasm of cancer cells (Figure I). In 140 of 160 cases,
ALKBH4 was more highly expressed in the cancerous
tissue than in the surrounding normal tissue. The average
expression rate of ALKBH4 in all cases was 16.3%.
According to the immunohistochemical evaluation of the
samples, the patients were classified into an ALKBH4-
positive group (n=58, 36%) and an ALKBH4-negative group
(n=102). Table 2 shows the expression of ALKBH4 and the
correlation with clinicopathological factors. Regarding
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Figure 1 The expression of ALKBH4 protein in clinical samples. Immunohistochemical staining of ALKBH4: examples of noncancerous

colon tissue (A), normal lung tissue (B), adenocarcinoma iz situ (C). The expression of ALKBH4 in LUAD is listed in order of intensity, as
follows: of strong (D), moderate (E), low (F), and none (G). The expression of ALKBH4 in LUSC is listed in order of intensity, as follows:
strong (H), moderate (I), low (J), and none (K). Staining is detected in both cell membranes and the cytoplasm. Scale bar: 200 pm. ALKBH,

AIkB homolog; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

histological type, ALKBH4 was more highly expressed
in LUAD than in other types (P=0.011). Moreover, we
classified the intensity of the ALKBH4 expression in each
cancer cell of LUAD and LUSC as strong, moderate,
weak, or none (Figure 1D-1K). The expression intensity of
ALKBH#4 in each cancer cell was also stronger in LUAD
than in LUSC (Table 3). Furthermore, we investigated the
association between ALKBH4 and clinical factors in LUAD,
but found no significant association with any of the factors.
In this study, there were four cases of adenocarcinoma
in situ, and the moderate expression of ALKBH4 was
observed in two cases, while the weak expression ALKBH4
was observed in the remaining two cases (Figure 1C).

Univariate and multivariate logistic regression analyses of
survival

During the median follow-up of 70 months (range, 1-
218 months), 86 relapse and 64 deaths occurred. According
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to a survival analysis using clinical NSCLC samples, the REFS
in the ALKBH4-positive group tended to be poorer than
that in the ALKBH4-negaive group (P=0.091; Figure 24),
although OS was not correlated with the expression of
ALKBH4 (P=0.141; Figure 2B). When the analysis was
restricted to LUAD patients, both RFS and OS rates were
significantly lower in the ALKBH4-positive group than in
the negative-group (RFS: P=0.008, Figure 2C; OS: P=0.031,
Figure 2D). ‘lubles 4,5 show the results of univariate and
multivariate logistic regression analyses of factors related
to RFS (Table 4) and OS (Tiable 5) of LUAD. The univariate
analysis showed that age (P=0.030), sex (P=0.019), tumor
size (P=0.010), pl (P=0.042), pm (P=0.005), p-T factor
(P=0.038), p-N factor (P<0.001) and the expression of
ALKBH4 (P=0.008) were significantly related to RFS. The
multivariate analysis indicated that the ALKBH4 expression
[odds ratio (OR) =2.234; 95% confidence interval (CI):
1.303-3.832; P=0.003] and p-N factor (OR =3.067; 95% CI:
1.689-5.556; P<0.001) were independent prognostic factors
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Table 2 Correlation between the ALKBH4 expression and
clinicopathological factors of NSCLC
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Table 3 Relationship between the ALKBH4 expression intensity
and histological type

Expression of ALKBH4

Clinical factors Positive Negative P value
(n=58, 36%) (n=102, 64%)

Age, years 0.513
<70 24 (33%) 48 (67 %)
>70 34 (39%) 54 (61%)

Sex 0.123
Male 32 (31%) 70 (69%)
Female 26 (45%) 32 (55%)

Tumor size, mm >0.999
<30 29 (37%) 50 (63%)
=30 29 (36%) 52 (64%)

pl 0.736
Yes 22 (38%) 36 (62%)
No 36 (35%) 66 (65%)

pm 0.800
Yes 7 (39%) 11 (61%)
No 51 (36%) 91 (64%)

pT >0.999
T 20 (36%) 35 (64%)
>T2 38 (36%) 67 (64%)

pN >0.999
Yes 13 (36%) 23 (64%)
No 45 (36%) 79 (64%)

Stage 0.864
| 38 (37%) 64 (63%)
>l 20 (34%) 38 (66%)

Histology 0.011
LUAD 48 (43%) 64 (57%)
Others 10 (21%) 38 (79%)

ALKBH, AlkB homolog; NSCLC, non-small cell lung cancer;
LUAD, lung adenocarcinoma.

of RFS. Moreover, the univariate analysis showed that tumor
size (P=0.009), pm (P=0.008), p-N factor (P<0.001) and the
expression of ALKBH4 (P=0.031) were significantly related
to OS. A multivariate analysis indicated that the expression
of ALKBH4 (OR =2.324; 95% CI: 1.192-4.530; P=0.013)
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ALKBH4 intensity LUAD LUSC P value
Strong 23 (20.5%) 2 (5%)
Middle 32 (28.6%) 8 (20%)

0.036
Weak 44 (39.3%) 24 (60%)
None 13 (11.6%) 6 (15%)

ALKBH, AlkB homolog; LUAD, lung adenocarcinoma; LUSC,
lung squamous cell carcinoma.

and the p-N factor (OR =3.236; 95% CI: 1.664-6.289;
P=0.001) were independent prognostic factors for OS.

Discussion

Our previous experimental study showed the
preliminary results of the ALKBH4 expression in an
immunohistochemical study of selected patients with large
LUAD. Therefore, the relationship among tumor size and
histologic subtype (LUAD wvs. LUSC), the expression of
ALKBH4 protein, and the prognostic outcome remained
unclear (14). In the current study, we comprehensively
evaluated the ALKBH4 expression in NSCLC with a
multivariate analysis without any selection criteria. As a
result, the ALKBH4 expression was not associated with
tumor size, but was associated with histological type.
According to a stratification analysis, the expression of
ALKBH#4 was significantly associated with a worse prognosis
in patients with LUAD, but not in patients with LUSC.
These results may suggest that ALKBH4 plays an important
role in the development and progression of LUAD.

The expression status of ALKBH family mRNA or
protein in various cancers is summarized in 7able 6. The
expression of the ALKBH family was upregulated in most
cancers (11,12,16-20,23,25-27), but the expression of
ALKBHI protein in gastric cancer (16), ALKBHS5 and
9 mRNA in clear cell renal cell cancer (RCC) (22), and
ALKBHS mRNA in colon cancer (24) were downregulated.
Interestingly, it has been reported that the ALKBH1 mRNA
and protein expression levels differ in gastric cancer (16).
According to our previous study, the ALKBH4 mRNA and
protein expression levels were higher in LUAD and LUSC
than in normal tissues (14). The current study revealed
that the expression of ALKBH4 protein was also higher
in NSCLC than in normal tissues. With regard to the
expression rate and intensity of ALKBH4, the proportion
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Figure 2 Kaplan-Meier survival curves of patients according to the expression of ALKBH4 in NSCLC and LUAD. RFS tended to be
poorer in the ALKBH4-positive group than in the ALKBH-negative group (Log-rank test; P=0.091, A), although OS was not correlated
with the expression of ALKBH4 (P=0.141, B). Furthermore, in LUAD patients, not only RES but also OS was significantly poorer in the
ALKBH4-positive group than in the negative-group (RFS: P=0.008, C; OS: P=0.031, D). ALKBH, AlkB homolog; NSCLC, non-small cell
lung cancer; LUAD, lung adenocarcinoma; RES, recurrence-free survival; OS, overall survival.

Table 4 A univariable and multivariable logistic regression analysis of the factors associated with RFS in LUAD

Clinical factors Univariate P Adjusted OR 95% Cl P value
Age 0.030 1.527 0.883-2.640 0.13
Sex 0.019 1.247 0.685-2.273 0.47
Tumor size 0.010 1.325 0.764-2.297 0.317
pl 0.042 1.388 0.750-2.570 0.297
pm 0.005 1.425 0.685-2.967 0.343
pT 0.038 - - -
pN <0.001 3.067 1.689-5.556 <0.001
ALKBH4 0.008 2.234 1.303-3.832 0.003

RFS, recurrence-free survival; LUAD, lung adenocarcinoma; OR, odds ratio; Cl, confidence interval; ALKBH, AlkB homolog.

of ALKBH4-positive cells was higher in LUAD than in
other types. Likewise, the expression intensity of ALKBH4
protein in each tumor cell was stronger in LUAD than
in LUSC. According to these findings, together with the
prognostic outcome, the expression of ALKBH4 protein is
considered to have more important implications in LUAD
in comparison to LUSC.

The expression of ALKBH4 was observed in all four
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cases of adenocarcinoma i situ. It has been reported that
expression of ALKBH3 was also observed in 50% of lesions
of carcinoma in situ of prostate cancer (28). ALKBH3
was reported to be a candidate gene associated with the
risk of papillary thyroid cancer (29). Furthermore, Li
et al. (30) demonstrated that ALKBH9 plays an oncogenic
role in acute myeloid leukemia. In contrast, Calvo er a/. (31)
demonstrated that ALKBH2 and ALKBH3 modestly
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Table 5 A univariable and multivariable logistic regression analysis of the factors associated with OS in LUAD

Clinical factors Univariate P Adjusted OR 95% ClI P value
Age 0.149 - - -
Sex 0.153 - - -
Tumor size 0.009 2.068 1.068-4.005 0.031
pl 0.713 - - -
pm 0.008 1.969 0.894-4.329 0.093
pT 0.585 - - -
pN <0.001 3.236 1.664-6.289 0.001
ALKBH4 0.031 2.324 1.192-4.530 0.013
OS, overall survival; LUAD, lung adenocarcinoma; OR, odds ratio; Cl, confidence interval; ALKBH, AIkB homolog.
Table 6 The correlation between the ALKBH family expression and clinical outcomes
ALKBH Target Expression of Correlation with clinical . I
subtype Cancer factor cancer tissue factors Cause of poor prognosis Citation
ALKBH1 Gastric cancer mRNA Upregulation Not mentioned Upregulation (OS) (16)
Protein Downregulation ~ Tumor size, stage Not correlated
ALKBH3 RCC Protein Upregulation T, M factor, stage Upregulation (OS) (17)
Bladder cancer (pTa/T1) Protein Upregulation T factor Upregulation (time to (18)
recurrence)
Pancreas cancer Protein Upregulation T factor, stage Upregulation (RFS) (19)
NSCLC Protein Upregulation Not mentioned Upregulation (RFS: LUAD)  (11)
Hepatocellular cancer  Protein Upregulation Differentiation, M factor, Upregulation (OS, RFS) (20)
stage
ALKBH5 Pancreas cancer mRNA Not mentioned Not mentioned Upregulation (OS) (21)
Clear cell RCC mRNA Downregulation M factor Downregulation (OS, CSS) (22)
Esophageal cancer Protein Upregulation Not correlated Upregulation (OS) (23)
Colon cancer Protein Downregulation M factor, stage Downregulation (OS, RFS) (24)
NSCLC mRNA Upregulation Differentiation Upregulation (OS) (12)
ALKBH9 Gastric cancer Protein Upregulation Differentiation, N factor, Upregulation (OS) (25)
stage
Endometrial cancer Protein Upregulation Not correlated Upregulation (OS, RFS) (26,27)
Clear cell RCC mRNA Downregulation M factor Downregulation (OS, CSS) (22)
ALKBH4 NSCLC Protein Upregulation Not correlated Upregulation (OS, RFS: This study

LUAD)

ALKBH, AlkB homolog; OS, overall survival; RCC, renal cell cancer; RFS, recurrence-free survival; LUAD, lung adenocarcinoma; NSCLC,
non-small cell lung cancer; CSS, cancer specific survival.
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protect against inflammation-mediated colon carcinogenesis
and that their effects are at least additive in the Alkbh2/
Alkbh3 double-knockout mice. These facts suggest that the
ALKBH family is involved in carcinogenesis or early stage
of cancer progression. In fact, in this study, the expression
of ALKBH4 was not associated with clinicopathological
factors that indicate the progression of cancer.

According to previous reports on NSCLC, the high
expression of ALKBH3 protein in LUAD and high
expression of ALKBHS mRNA are associated with a poor
prognosis (11,12), which may support our current study
results. In order to further validate our study, we reviewed
the online database Gene Expression Profiling Interactive
Analysis 2 (GEPIA2) (32), which is based on The Cancer
Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEXx) data, containing the gene expression data and
survival information of many cancer types. When analysis
was performed in 477 patients with LUAD, the OS rate in
patients with higher ALKBH4 mRNA expression (n=239)
was comparable to that in patients with lower ALKBH4
mRNA expression (n=238) (Log-rank test; P=0.57, hazard
ratio =0.92 for high ALKBH4 expression). This discordant
result may be due to the difference between the TCGA
database and the current study with regard to the criteria
for ALKBH4 expression status, oncological profile, patient
demographic characters, and the anticancer treatment.

According to the relevant literature, the ALKBH family
in various cancers regulates the cell cycle progression,
senescence or apoptosis, and is involved in cancer
progression (11,17,19,20,23,33,34). The ALKBH family
has also been reported to be involved in cancer progression
through the control of angiogenesis (18,19,34). Fujii
et al. (35) demonstrated that ALKBH?2 is an upstream
molecule of the oncoprotein, MUCI, and regulates
the cell cycle and epithelial to mesenchymal transition,
resulting in the progression of urothelial carcinomas.
Chao et 4l. (36) demonstrated that the m6A demethylase
ALKBHS affects the proliferation and invasion of LUAD
cells under intermittent hypoxia by downregulating m6A
modification on Forkhead box M1 (FOXM1) mRNA and
by promoting the expression of FOXM1. Moreover, Zhu
et al. (26) investigated whether estrogen enhances the
nuclear localization of ALKBH9 and promotes endometrial
cancer cell growth via the mTOR signaling pathway.
Furthermore, it is reported that ALKBH2 and ALKBH3
are associated with cisplatin sensitivity (20,37). In addition,
Zhou et al. (38) reported that ALKBHY9 enhances the
chemo-radiotherapy resistance of cervical squamous cell
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carcinoma both 7z vitro and in vive through the regulation
of the P-catenin expression by reducing mo6A levels in its
mRNA transcripts. In contrast, Yang et /. (24) established
that the overexpression of ALKBHS5 inhibited colon cancer
cells invasion i vitro and metastasis iz vivo. To date, few
reports have examined the role of ALKBH4 in cancer cells.
Pilzys er al. (39) reported that the silencing of ALKBH4
markedly decreased HeLa cancer cell survival. We have
previously shown that ALKBH4 promotes the progression
of lung cancer via E2F1 (14), which plays an important role
in cell cycle progression, senescence and apoptosis (40-42).
As mentioned above, the ALKBH family is associated
with the progression of various cancers by playing a
multifunctional role. Therefore, further research is needed
to elucidate the mechanism through which ALKBH4 is
involved in lung cancer progression.

There are some limitations in this study. First, we
retrospectively analyzed relatively small number of
patients with resectable lung cancers. Thus, the clinical
impact of ALKBH4 in advanced stage lung cancer still
remains unknown. Second, in the current study, we did
not investigate whether expression status of ALKBH4 was
associated with the response to chemotherapy, which could
impact on postoperative prognosis. Finally, the current
study did not clarify the relationship among ALKBH4 and
other ALKBH family.

In conclusion, the expression of ALKBH4 was
significantly associated with a poorer prognosis in
patients with LUAD, but not in patients with LUSC. The
expression of ALKBH4 may be involved in the development
and progression of LUAD. Further study on the role of the
ALKBH family in the mechanisms of carcinogenesis and
therapeutic biomarkers is warranted.
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