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Abstract: Background: The current use of adjuvant radiotherapy in thymoma (THYM) following radical surgery is
primarily based on clinical factors and is a subject of ongoing debate. Methods: We developed a new biomarker, pro-
motor methylation burden of Deoxyribonucleic acid repair genes (RPMB), to identify patients who may benefit from
adjuvant radiotherapy after complete resection in THYM. RPMB quantitatively measures the promoter methylation
level of Deoxyribonucleic acid (DNA) repair genes. Results: The methylation profile of 124 patients and correspond-
ing clinical data were retrieved from The Cancer Genome Atlas (TCGA) database. The methylation level of DNA repair
genes (DRGs) was found to be significantly hypomethylated juxtaposed to other genes across the whole human
genome (all P < 0.001). THYM patients with higher RPMB tended to be female (P = 1.114x10*?) and have a more
advanced Masaoka stage (P = 0.034). Kaplan-Meier analysis showed that high RPMB could significantly predict a
poor disease-free survival (DFS) in THYM patients who received adjuvant radiotherapy after complete resection (HR
=5.750, 95% Cl: 1.213-27.251, P = 0.013). Furthermore, Cox regression analysis indicated that RPMB was the only
prognostic factor significantly associated with DFS after adjuvant radiotherapy (P = 0.028). Conclusions: Low RPMB
may be a potential indicator to identify suitable patients who can benefit from adjuvant radiotherapy in THYM, spar-
ing others from treatment toxicity.
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Introduction Radical surgery is the standard of care for all
the resectable patients [12, 13], but the evi-
dence for adjuvant radiotherapy is ambiguous
and controversial. Due to its low morbidity, and
prolonged disease course, extended follow-up
is essential for THYM studies. Currently, no pro-
spective studies have been reported for THYM
adjuvant radiotherapy after complete resec-
tion, and most recommendations come from
retrospective studies with limited patient num-
bers and considerable selection bias, which
weakens the conclusions [14, 15]. The com-
monly accepted view is that adjuvant radiother-

Thymoma (THYM) is the most common primary
tumor originating from the anterior mediasti-
num, despite its rarity (1.5 cases per million)
[1-3]. While some patients are asymptomatic, a
significant proportion present with symptoms
such as chest pain, hoarseness, cough, or dys-
pnea. Additionally, approximately 30%-50% of
patients suffer from myasthenia [4]. THYM can
be locally invasive, for example, to the lung and
pleura, but it rarely spreads to regional lymph
nodes or extra-thoracic sites [5, 6]. Conse-
quently, THYM is typically at a higher risk for

local recurrence rather than distant relapse
after radical resection [7, 8]. World Health
Organization (WHO) histology and the Masaoka
staging system are considered the best pre-
dictors of recurrence for THYM patients after
radical resection, providing clinical guidance
for adjuvant treatment modalities [9-11].

apy does not show additional benefit in Ma-
saoka Stage | patients after radical resection
[16, 17]. However, the role of adjuvant radio-
therapy for locally invasive but nonmetastatic
(Stages Il and lll) THYM is still controversial [16,
18, 19]. Some studies have reported that adju-
vant radiotherapy could significantly decrease
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the recurrence risk and potentially increase the
5-year overall survival (0S) [20, 21]. Conversely,
other studies have failed to indicate a signifi-
cant benefit in recurrence or survival for resect-
ed locally invasive THYM, especially for Stage I
patients [16, 22, 23]. A recent meta-analysis of
five studies reported that adjuvant radiothera-
py of stage IlI/Ill THYM was significantly associ-
ated with an improvement in OS, but not in dis-
ease-free survival (DFS) [24]. However, this
study excluded all reports published before
2013, and the majority of the included patients
(n = 2,373) were not specifically staged as
Masaoka stage Il or Il according to available
data. Therefore, due to the incomplete poor-
quality data, this study didn’'t provide more or
better information than the previously pub-
lished data [25].

The contradictory conclusions from different
studies with poor quality indicate that the clini-
cal pathological characteristics, like Masaoka
stage and histology, alone might not be suffi-
cient to guide the implementation of adjuvant
radiotherapy. Unfortunately, so far, no molecu-
lar biomarker has been found in this clinical
setting. Additionally, the therapeutic effects
often vary drastically between patients, and
the toxicity is a considerable issue for some
patients who received adjuvant radiotherapy.
In this study, we established a new biomar-
ker, promotor methylation burden of Deoxyri-
bonucleic acid repair genes (RPMB), to identify
a specific patient group for whom adjuvant
radiotherapy might confer a disease-free sur-
vival advantage.

Methods
Data collection and organization

Methylation profile and clinical data of THYM
patients were obtained from the Bioconduc-
tor package “RTCGA” and “TCGAbiolinks” in
December, 2021, allowing for access to meth-
ylation profiles and corresponding clinical data
of 124 THYM patients. The methylation data
was generated using the lllumina Human-
Methylation450 chips system. 3 values, rang-
ing from O to 1, represents the methylation
level of CpG sites across the human genome.
We defined the genomic region of a specific
gene, in line with most studies, as the area
between 1,000 base pair (bp) upstream of the
transcription start site and 300 bp downstream
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of the promoter region of a particular gene [26].
If a single CpG site was located in the promoter
region of a given gene, its B value was assigned
as the methylation level of this gene. If multiple
CpG sites were present in a promoter region,
the mean of their B values was used as the
methylation level of the given gene. This app-
roach resulted in the methylation profile of 124
THYM tumors, comprising the methylation val-
ues of 20,275 genes [26]. For the clinical data,
111 THYM patients met the following criteria
for further analysis: (@) no neo-adjuvant treat-
ments of any type; (b) complete surgical resec-
tion; and (c) explicit DFS information.

Comparing methylation level of Deoxyribo-
nucleic acid repair genes (DRGs) with that of
the others

The gene set of Deoxyribonucleic acid (DNA)
repair (n = 552) was retrieved from Gene
ontology (GO, http://www.geneontology.org)
term “G0:0006281", with 531 DRGs found in
the THYM methylation profile. The methyla-
tion level of DRGs was compared with that of
the others. First, we randomly selected 531
genes (excluding 552 DRGs) for 1,000 times,
and compared the methylation level of these
random genes with that of the 531 DRGs
using an unpaired t test. Second, we re-
trieved 10 gene sets from other GO terms,
including secretion (G0:0046903), apoptotic
process (GO:0006915), immune response
(GO:0006955), cell development (GO:0048-
468), cell death (GO:0008219), angiogenesis
(G0O:0001525), morphogenesis (GO:0000902),
cell proliferation (GO:0008283), cell adhesion
(GO:0007155), and cell migration (GO:00164-
77). We compared their methylation levels with
that of DRGs using an unpaired t test. The
methylation values of different gene pools were
calculated using the same method adopted by
RPMB as mentioned below.

Calculating RPMB values

We binarized the methylation value of the 531
DRGs using a threshold of B value of 0.15.
DRGs were classified as methylated if B the
value was > 0.15, and as unmethylated if the
value was < 0.15. RPMB was defined as the
ratio of methylated DRGs to the total number of
all DRGs (n = 531).

Statistical analysis
All statistical analyses were performed using R

programming software (Version 3.6.1). Gene
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retrieval within different GO terms was conduct-
ed with the Bioconductor (Version 3.9) annota-
tion package “org.Hs.eg.db” [27]. Propensity
score matching was performed using the R
package “Matchlt” to balance the included
covariates. Kaplan-Meier survival analysis and
log-rank test were used to confirm the survival
difference between two patient groups.

Results

DRGs exhibit significant hypomethylation com-
pared to other genes

The methylation level of 531 DRGs was com-
pared to that of other randomly selected genes,
using an unpaired t test, repeated 1,000 times.
Figure 1A reveals that the median methylation
value of DRGs was 0.195, significantly lower
than all other random gene sets (10 random
gene sets are presented in the boxplots, all
with P < 0.001). Furthermore, the methylation
values of DRGs were also compared with genes
associated with 10 other GO terms, which play
crucial roles in carcinogenesis. The results indi-
cated that DRGs are significantly hypomethyl-
ated compared to genes involved in other bio-
logical processes (all P < 0.001, Figure 1B).

Baseline characteristics of THYM patients

Table 1 presents the demographics and base-
line characteristics of 111 THYM patients.
Patients were divided into two subgroups (low
RPMB vs. high RPMB) based on the median
RPMB value. We then investigated the correla-
tions between RPMB and various baseline
characteristics, including age (< 60 vs. > 60
years), gender, ethnicity, histology (A/AB/B1 vs.
B2/B3/C), Masaoka stage, and myasthenia
gravis.

The x? and Fisher’s exact tests revealed signifi-
cant correlations between RPMB value, gender
and Masaoka stage (Table 1). High RPMB was
significantly associated with females (x*> =
50.633, P = 1.114x10?2), and patients with
more aggressive Masaoka stage (x? = 6.737, P
=0.034). Other baseline characteristics, includ-
ing age, ethnicity, histology, and myasthenia
gravis, were balanced between the two RPMB-
assigned subgroups (Table 1).

DFS analyses in overall cohort and subgroups

DFS analysis was conducted in 111 THYM
patients after complete resection, and treat-
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ment effects within each subgroup of clinical
factors were evaluated separately. The co-
rrelation between RPMB value and DFS was
extensively explored across different variables,
with results presented as forest plots in Figure
2.

In the DFS subgroup analysis, THYM patients
within each factor were divided into two gr-
oups according to the median RPMB value. Cox
regression analyses were performed to estab-
lish the association between RPMB and DFS in
THYM. Hazard ratios (HR) and 95% confidence
intervals (Cl) were calculated and are illustrat-
ed in Figure 2. The HR for the overall cohort
was 1.668 (95% Cl: 0.677-4.106, P = 0.266).
Nearly all subgroups favored lower RPMB,
except for three subgroups: female (HR =
0.762, 95% CI: 0.202-2.877, P = 0.688), favor-
able histology (HR = 0.743, 95% Cl: 0.136-
4.061, P = 0.731), and patients without adju-
vant radiotherapy (HR = 0.512, 95% CI:
0.132-1.986, P = 0.333). All subgroups app-
eared non-significant in Cox analyses, except
for adjuvant radiotherapy. High RPMB was sig-
nificantly associated with poor DFS in patients
who received adjuvant radiotherapy (HR =
5.750,95% Cl: 1.213-27.251, P = 0.028, Figure
2).

Difference in patient characteristics between
patients with and without adjuvant radiother-

apy

Figure 3 illustrates the differences in THYM
pathological characteristics between patients
with and without adjuvant radiotherapy. One
hundred and ten patients were analyzed fur-
ther, with detailed information on all the four
clinical factors, including age (< 60 vs. > 60
years), gender, histology (A/AB/B1 vs. B2/
B3/C), and Masaoka stage (I vs. ll-IVa). The
distribution of these four characteristics is
shown in Figure 3A; x? and Fisher’s exact tests
were conducted for these four factors (Figure
3B-E). As typically observed in clinical practice,
patients who received adjuvant radiotherapy
tended to have more aggressive Masaoka stag-
es (x2=27.168, P=1.865x107, Figure 3D) and
histology (x?> = 8.470, P = 0.004, Figure 3E).
However, no significant differences were found
between patients of different ages (Figure 3B)
or genders (Figure 3C).
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Figure 1. Comparisons of methylation level between Deoxyribonucleic acid repair genes (DRGs). A. Comparison between DRGs with other 10 groups of randomly
selected genes. B. Comparison between DRGs with those within other 10 Gene ontology (GO) terms.
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Table 1. Patient baseline characteristics

Low High

Characteristics RPMB RPMB 2 p
Age years (n = 111)
<60 29 27 0 1
>60 29 26
Gender (n = 111)
Male 49 8 50.633 1.114x107*2
Female 9 45
Ethnicity (n = 109)
Asian 6 4 0.850 0.654
Black 4 2
White 47 46
Histology (n = 111)
A/AB/B1 34 27 0.386 0.535
B2/B3/C 24 26
Masaoka stage (n = 111)
I 22 15 6.737 0.034
Il 32 25
I/IVa 4 13
Myasthenia Gravis (n = 109)
Yes 16 17 0 1
No 36 40

Abbreviations: RPMB, promotor methylation burden of Deoxyribonucleic acid
repair genes.

Characteristics Patients Hazard ratio 95% ClI

All 1 1668 0.677-4.106 —&%——
Age, years

<60 55 1.548 0.430-5.576

260 56 1.847 0.506-6.742

Gender

Male 57 2.084 0.420-10.330

Female 54 0.762 0.202-2.877 —@—
Histology

A/AB/B1 61 0.743 0.136-4.061 —#—
B2/B3/C 50 2.453 0.752-8.008

Masaoka stage

| 37 1.334 0.187-9.547

11-1Va 74 1610 0.597-4339 —&%——
Myasthenia gravis

Yes 33 2.293 0.236-22.316

No 76 1.298 0.464-3.629 —®&——
Adjuvant chemotherapy
No 106 1.407 0.571-3.472 —&%——

Adjuvant radiotherapy

Yes 38 5.750 1.213-27.251

No 72 0512 0.132-1.986 l——

r T T T T T
o 1 2 3 4 5

Favor high RPMB Favor low RPMB

Figure 2. Forest plots of disease-free survival (DFS) in overall cohort and

different subgroups.

Survival analysis of THYM
patients after adjuvant radio-
therapy

Among the 110 patients who
underwent complete resec-
tion, 38 received adjuvant ra-
diotherapy, while 72 did not.
DFS analysis revealed no si-
gnificant difference between
these two groups (HR = 1.179,
n =110, P = 0.72, Figure 4A).
To reduce the potential imbal-
ance, propensity score match-
ing with a 1:1 ratio (Figures 5
and 6) was conducted using
four clinical factors: age (< 60
vs. = 60 years), gender, histol-
ogy (A/AB/B1 vs. B2/B3/C),
and Masaoka stage (I vs. lI-
IVa). Even after matching, no
significance difference in DFS
was observed between the two
groups (HR = 1.115,n =76, P
= 0.83, Figure 4B). However,
among the 38 patients who
received adjuvant radiothera-
py after complete resection,
high RPMB was significantly
associated with poor DFS (HR
= 5.750, n = 38, P = 0.013,
Figure 4C).

Furthermore, Cox analysis,
considering RPMB and the af-
orementioned four clinical fac-
tors, was conducted among
patients who received adju-
vant radiotherapy, and RPMB
and aforementioned four clini-
cal factors were taken into
consideration. Univariate Cox
analysis indicated that RPMB
was the only significant prog-
nostic factor for THYM patients
who received adjuvant radio-
therapy after complete resec-
tion (HR: 5.750, 95% Cl: 1.213-
27.251, P =0.028, Table 2).

Discussion

While radical resection is con-
sidered as the primary treat-
ment modality for thymoma
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Figure 3. Difference in patient characteristics between patients with and without adjuvant radiotherapy. A. The distribution of these four clinical factors, including
age (< 60 vs. > 60 years old), gender, histology (A/AB/B1 vs. B2/B3/C), and Masaoka stage (I vs. Il-IVa). B. x? and Fisher’s exact tests between whether adjuvant
radiotherapy was used and age. C. x? and Fisher’s exact tests between whether adjuvant radiotherapy was used and gender. D. x? and Fisher’s exact tests between
whether adjuvant radiotherapy was used and Masaoka stage. E. x? and Fisher’s exact tests between whether adjuvant radiotherapy was used and histology.
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Distribution of Propensity Scores

rence in advanced-stage TH-
YMs [29]. However, the role of

Unmatched Treated Units
Matched Treated Units
Matched Control Units

Unmatched Control Units

adjuvant radiotherapy in THYM
has been mired in controversy
due to small-sized and poor-
quality retrospective studies.
Currently, the Masaoka stage
is undoubtedly the most cru-
cial factor considered for adju-
'.- vant radiotherapy in THYMs
[30-32]. However, conflicting
results make it challenging
to draw definitive conclusions
about the clinical benefits of
adjuvant radiation in patients
with locally invasive disease
[33, 34]. The limited perfor-
mance of clinic-pathological
factors suggests a pressing
need for a molecular biomark-
er to guide clinical decision-
making in adjuvant radiothe-

T T T
0.0 0.2 0.4
Propensity Score

Figure 5. Jitter plot for distance values before and after matching. Individ-
ual’s values for matched and unmatched treatment and control units ar-

ranged horizontally by their propensity scores.

(THYM), its effectiveness diminishes with ad-
vancing Masaoka stages. The disease-free sur-
vival (DFS) rate is nearly 100% in patients with
Masaoka stage |, where the tumors does not
invade beyond the capsule [28]. However, the
risk of recurrence is relatively high in patients
at advanced stages, even after complete re-
section. Consequently, adjuvant radiotherapy
is theoretically suggested to reduce local recur-
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rapy for THYM patients after

0.6 complete resection. Unfortu-

nately, no such biomarker with
predictive ability for the prog-
nostic benefit of adjuvant ra-
diotherapy has been discov-
ered to date.

The essential functions of DNA methylation
have been extensively studied in embryo devel-
opment [35], aging [36], and most importan-
tly, cancer [37-40]. Dysregulation of promoter
methylation, which disrupts chromatin and DNA
bio-structures [41], plays a significant role in
carcinogenesis, leading to the discovery of
numerous methylation-related biomarkers in
other cancer types [42-45]. Our consideration
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Figure 6. Empirical quantile-quantile (eQQ) plots for each covariate before and after matching. Interpolating points
in the smaller group based on the weighted quantiles of the other group. When points are approximately on the
45-degree line, the distributions in the treatment and control groups are approximately equal. A. eQQ plots for age.
B. eQQ plots for female. C. eQQ plots for male. D. eQQ plots for stage I. E. eQQ plots for stage Il-IVa. F. eQQ plots for
histology A/AB/B1. G. eQQ plots for histology B2/B3/C.

of RPMB as a predictor of adjuvant radiothera-
py in THYM, was inspired by the intimate inter-
action between genomic instability and DNA
repair. Defects in the DNA repair system, a
fundamental characteristics of cancer, cause
large-scale genomic instability [46]. Conversely,
molecular events related to DNA damage repair
might provide opportunities for biomarker dis-
covery and potential clinical interventions [47,
48]. Genomic instability can accelerate sponta-
neous mutation, leading to aggressive biologi-
cal phenotypes of cancer cells [49, 50]. There-
fore, we hypothesized that the hypermethyl-
ation of DNA repair genes (DRGs) might pro-
mote large-scale genomic instability, leading to
aggressive phenotypes of THYM cells, thereby
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counteracting the therapeutic efficacy of adju-
vant radiotherapy. Consistent with our hypoth-
esis, our study demonstrated that high RPMB
was significantly associated with poor DFS in
THYM patients who received adjuvant radio-
therapy, suggesting RPMB might be a potential
biomarker to identify patients who can benefit
from adjuvant radiotherapy.

Interestingly, the methylation pattern in THYM
aligns closely with our previous study on gastric
adenocarcinoma [51]. Primarily, DRGs were sig-
nificantly hypomethylated compared to other
genes across the entire human genome. This
low methylation level of DRGs could be a pro-
tective mechanism to keep the DNA repair sys-

Am J Transl Res 2023;15(8):5457-5468
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Table 2. Univariate analysis of disease-free
survival (DFS) after adjuvant radiotherapy

Univariate Cox regression

Factors
HR (95% CI) p

Age (years)

<60 Reference -

>60 1.757 (0.494-6.244) 0.384
Gender

Female Reference

Male 0.330 (0.085-1.285) 0.110
Histology

A/AB/B1 Reference

B2/B3/C 1.298 (0.273-6.178) 0.743
Masaoka stage

Il Reference -

I-IVa 2.573(0.709-9.339) 0.151
RPMB

Lower Reference -

Higher 5.750 (1.213-27.251) 0.028

Significant p values are in bold (P < 0.05). Abbreviations:
HR, hazard ratio; Cl, confidence interval.

tem vigilant against potential genomic damage,
and to redirect transformed tumor cells back
towards a normal state. Furthermore, our base-
line characteristic analysis revealed that DRGs
were significantly more hypermethylated in
females than in males in both cancers (Table
1). Although gender disparity in clinical out-
comes has not been established in THYM adju-
vant radiotherapy, the difference in DRG meth-
ylation might offer a potential explanation for
the observed variations in molecular character-
istics and therapeutic responses between the
two genders. Certainly, further research on
RPMB in other cancer types is required to con-
firm that this pattern of DRG methylation is not
merely coincidental.

As mentioned earlier, the only consensus is
that adjuvant radiotherapy should not be used
in Masaoka stage | disease after radical sur-
gery. Figure 3 illustrates the four clinical fac-
tors considered by radiation oncologists when
deciding on adjuvant radiotherapy. Among the
110 patients who underwent complete resec-
tion, none at Masaoka stage | received adju-
vant radiotherapy (Figure 3D), consistent with
standard clinical protocol. Chi-square and Fi-
sher’s exact tests indicated that only Masao-
ka stage and WHO histology were significantly
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associated with the clinical use of adjuvant
radiotherapy. Radiation oncologists tended to
use adjuvant radiotherapy in patients with
more advanced Masaoka stages and more
aggressive histology (Figure 3). Thus, survival
analysis demonstrated that with the interven-
tion of adjuvant radiotherapy, no significant
DFS difference was observed between the two
groups of patients with different treatment
modalities, implying that adjuvant radiotherapy
can bring survival advantage for patients with
unfavorable clinic-pathologic factors (Figure
4A, 4B). RPMB was proven significantly asso-
ciated with DFS after adjuvant radiotherapy by
both survival (Figure 4C) and Cox analysis
(Table 2), outperforming all other clinical fac-
tors available in The Cancer Genome Atlas
(TCGA) data. In the Cox analysis, gender was
not significantly associated with DFS after adju-
vant radiotherapy, thereby eliminating potential
gender bias (Table 2). To date, no molecular
biomarker has been discovered to predict the
efficacy of adjuvant radiotherapy in THYM.

Conclusions

Low RPMB may be a potential indicator to iden-
tify suitable patients who can benefit from adju-
vant radiotherapy in THYM, sparing others from
the toxic effects caused during treatment.
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