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The prognosis of patients with osteosarcoma who experience recurrence or progres-

In the current study, the clinical data of osteosarcoma patients who experienced R/P

were retrospectively analyzed to verify the reliability of O-6-methylguanine-DNA
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predicting the response to off-label temozolomide (TMZ)-containing chemotherapy.
Of the 30 evaluable patients, 9 (30%) showed no/low MGMT protein expression,
whereas all 16 evaluable patients had unmethylated MGMT promoter irrespective
of MGMT protein expression levels. Twenty-three patients received TMZ-containing
chemotherapy for measurable lesions (n=14) or as adjuvant therapy following resec-
tion of recurrent lesions (n=9). Among 14 patients with radiologically measurable le-
sions, the objective response rate was higher in the MGMT no/low-expression group
(50.0%) than in the MGMT intermediate/high-expression group with borderline sig-

nificance (0%, p=0.066). The 6-month progression-free survival (PFS) rate in patients
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1 | INTRODUCTION

Recently developed advances in multidrug chemotherapy agents
such as high-dose methotrexate, adriamycin, and cisplatin, in com-
bination with orthopedic surgery, have improved the clinical out-
comes of patients with osteosarcoma, resulting in long-term survival
rates greater than 60%.! By contrast, the prognosis of patients with
osteosarcoma who experience recurrence or progression (R/P)
remains poor, with long-term survival rates of <20%.2°4 Salvage
chemotherapies, such as ifosfamide (IFM)+etoposide (ETP) and
gemcitabine (GEM)+docetaxel, or molecular-targeted therapies,
such as sorafenib, regorafenib, and cabozantinib, have shown limited
efficacy.!

Temozolomide (TMZ) is an alkylator that has shown excel-
lent antitumor activity in patients with high-grade glioma,>” as
well as in a subgroup of extracranial solid tumors including os-
teosarcoma.®? The DNA repair enzyme O-6-methylguanine-DNA
methyltransferase (MGMT) inhibits the antitumor activity of al-
kylators.” Because low levels or loss of functional MGMT protein
expression increase the susceptibility to alkylators, MGMT pro-
moter methylation or no/low MGMT protein expression predicts a
favorable clinical outcome in high-grade glioma.””'%! However,
the clinical utility of MGMT as a marker in patients with extracra-
nial solid tumors remains unclear.

Here, we examined the effect of MGMT protein expression
and MGMT promoter methylation on the clinical outcomes of pa-
tients with osteosarcoma who experience R/P, particularly on the
response to off-label TMZ-containing chemotherapy, in a retrospec-

tive multicenter analysis.

2 | MATERIALS AND METHODS

2.1 | Study design and data collection

Clinical information and formalin-fixed paraffin-embedded (FFPE)
samples collected at R/P were obtained from 30 patients diag-
nosed with high-grade osteosarcoma between 2000 and 2020
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with radiologically measurable lesions was significantly higher in the MGMT no/low-
expression group (50.0%) than in the MGMT intermediate/high-expression group (0%,
p=0.036). In the multivariate analysis of the 23 patients receiving TMZ-containing
chemotherapy, MGMT expression and disease status before TMZ-containing chemo-
therapy were significantly associated with PFS. No severe adverse effects were ob-
served during TMZ-containing chemotherapy. MGMT protein expression, but not
MGMT promoter methylation, could predict a favorable outcome in patients receiving

TMZ-containing chemotherapy.

biomarker, O-6-methylguanine DNA methyltransferase, osteosarcoma, recurrence,

who experienced R/P at one of eight institutions. Nine patients
were reported previously.®? The radiological response to chemo-
therapy was evaluated according to the RECIST guidelines (version
1.1).*2 The use of unapproved drugs was approved by the ethical
committee or patient safety unit of each institution, and written
informed consent was obtained from each patient and their family.
Treatment-related adverse events were assessed according to the
NClI's Common Terminology Criteria for Adverse Events, version 5
(http://evs.nci.nih.gov/ftp1/CTCAE).

2.2 | Immunohistochemistry analysis

MGMT protein expression in tumor tissues was analyzed by im-
munohistochemistry (IHC) using an anti-MGMT mAb (clone MT3.1;
Merck Millipore), as reported previously.'° The slides were reviewed
by a pathologist blinded to the clinical information. MGMT immu-
nopositivity was semiquantitatively evaluated using the H-score, as
described previously.13 MGMT immunostaining intensity was scored
using a scale ranging from O to 3: 0, no staining; 1+, weak staining;
2+, intermediate (int) staining; 3+, strong staining. The H-score was
calculated as the percentage of positive cells multiplied by the immu-
nostaining intensity score and defined as a continuous variable rang-
ing from O to 300. According to the value of the 25th percentile (20)
and 75th percentile (175), H-scores <30, >30 and <175, and 2175
were defined as no or low, int, and high MGMT protein expression,
respectively.

2.3 | Methylation data analysis

Genomic DNA was extracted from the FFPE samples using the
QlAamp DNA FFPE Tissue Kit (Qiagen), DNA quality was assessed
using lllumina's Infinium HD FFPE QC assay following lllumina's rec-
ommendations, and samples with ACq value <5 were considered
suitable for restoration with the Infinium HD FFPE DNA Restore Kit
(Hlumina). Selected DNA samples were used for bisulfite conversion
with the EZ DNA methylation kit (Zymo Research) according to the
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manufacturer's instructions. Bisulfite-converted DNA samples were
then used for the DNA restoration process and the methylation as-
says using Infinium MethylationEPIC BeadChips version 2 (Illumina).
MGMT promoter methylation status was predicted with R package
MGMT-STP27 with a default probability cut-off of 0.358, as re-
ported previously.'*

2.4 | Statistical analysis

The characteristics of patients in the two groups were compared
using Fisher's exact test for categorical variables. First relapse-free
interval (RFI) was defined as the time from initial diagnosis to the
first R/P, and a cut-off value of 18 months was set as reported previ-
ously‘SThe probability of overall survival (OS), defined as the duration
of survival between the initiation of TMZ-containing chemotherapy
and either death or the last follow-up, and progression-free survival
(PFS), defined as the duration of survival between the initiation of
TMZ-containing chemotherapy and either disease progression,
death, or the last follow-up, were estimated using the Kaplan-Meier
method. The log-rank test and Cox proportional hazard model were
used for univariate and multivariate analyses, respectively. The fac-
tors included in the analyses were patient age group, sex, first RFI,
primary tumor site, R/P site, salvage chemotherapy after R/P, local
treatment for primary site after R/P, local treatment for metasta-
sis after R/P, disease status before TMZ-containing chemotherapy,
MGMT protein expression, and MGMT promoter methylation.
Factors with p<0.05 in the univariate analysis, and/or MGMT pro-
tein expression were included in the multivariate analysis. All sta-
tistical analyses were carried out using EZR (version 1.32; Saitama
Medical Center, Jichi Medical University), which is a graphical user

interface for R (R Foundation for Statistical Computing).15

3 | RESULTS

3.1 | MGMT protein expression and MGMT
promoter methylation in patients with osteosarcoma
who experience R/P

We first assessed MGMT protein expression and MGMT promoter
methylation status in 30 patients with osteosarcoma who expe-
rienced R/P. Patient characteristics and treatments after initial
diagnosis of the 30 patients (17 male and 13 female) included are pre-
sented in Table 1. The median age at diagnosis was 14 years (range,
6-60years). Three patients had distant metastases (two lung alone,
one lung and bone). All patients received adjuvant and/or neoad-
juvant multidrug chemotherapy. Twenty-eight patients underwent
local treatment (surgery and/or radiotherapy) for primary lesions
whereas none of the patients underwent surgery for metastases.

Representative IHC staining images of MGMT no expres-
sion (H-score: 0) and high expression (H-score: 270) are shown in
Figure 1A,B, respectively.

The H-score ranged from O to 300, and the 25th percentile,
50th percentile (i.e., median), and 75th percentile were 30, 80, and
175, respectively (Figure 1C). MGMT no or low, int, and high MGMT
protein expression were detected in 9 (30.0%), 13 (43.3%), and 8
(26.7%) patients. None of the patient characteristics or treatments
after initial diagnosis were significantly associated with MGMT ex-
pression level (Table 1).

Of 23 patients, 7 were excluded from the MGMT promoter
methylation analysis due to insufficient quality of DNA extracted
from FFPE tissue sections. The MGMT promoter was unmethylated
in all 16 evaluable patients with methylation values ranging from
0.00625 to 0.03387. MGMT protein expression levels were no/low
expression in four, int expression in six, and high expression in six

patients.

3.2 | Impact of MGMT protein expression level on
response to TMZ-containing chemotherapy

Next, we examined the association between MGMT protein ex-
pression and clinical outcome in the 23 patients receiving TMZ-
containing chemotherapy. The characteristics of the 23 patients
and the treatments received after R/P are listed in Table 2. Adjuvant
treatment with TMZ-containing chemotherapy was given to patients
who were in remission (n=9) or to those with radiologically measur-
able lesions who were in nonremission (n=14). The median time of
the first RFl was 19 (range, 2-71) months. Seventeen patients had
received salvage chemotherapy, such as GEM+DOC (h=14) and
IFO+ETP (n=6). Four patients had received molecular-targeted
therapy, including pazopanib, regorafenib, sorafenib+ everolimus,
and palbociclib (n=1 each). All patients received TMZ + ETP®Y ex-
cept one patient who received TMZ+irinotecan.’® The median
number of treatment cycles of TMZ-containing chemotherapy was
4 (range, 1-68).

The objective response rate (ORR, complete and partial re-
sponse) was 14.3%, which was observed in 2 of 14 patients with
radiologically measurable lesions. The ORR in the MGMT"®/"¥ group
(50.0%) was higher than that in the MGMT"/"i€" group with border-
line significance (0%, p=0.066; Figure 2).

3.3 | Impact of MGMT protein expression on
clinical outcome

Among the 14 patients with radiologically measurable lesions re-
ceiving TMZ-containing chemotherapy, the 2-year OS rate was
higher in the MGMT"/'®" group (75.0 [95% confidence interval
(Cl), 12.8%-96.1%)) than in the MGMT"/M&" group (23.3% [95%
Cl, 3.6%-52.9%], p=0.258; Figure 3A), although the difference
was not statistically significant. The 6-month PFS rate was sig-
nificantly higher in the MGMT™/'°% group (50.0% [95% Cl, 5.8%-
84.5%]) than in the MGMT """ group (0%, p=0.036; Figure 3B).
Of note, a female patient with low MGMT protein expression
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TABLE 1 Characteristics of 30 patients
with osteosarcoma who experienced
recurrence or progression.

Characteristic

Age at diagnosis, years;

median (range)
0-19
220

Sex
Male
Female

Primary tumor site
Extremity
Axial

H 3397
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Metastasis at initial diagnosis

No

Yes

Local treatment for primary site during initial treatment

Surgery
Radiotherapy

Surgery and
radiotherapy

No

Use of other alkylators during initial treatment

No
Yes

First RFI, months;
median (range)

<18
218

All patients MGMTt/high MGMT"/lew

(n=30) (n=21) (n=9) p value

No. % No. % No. %

14 (6-60) 14 13 0.666
(6-47) (8-60)

22 73.3 16 76.2 6 66.7

8 26.7 5 23.8 3 33.3

17 56.7 12 571 5 55.6 1.000

13 43.3 9 42.9 4 44 .4

26 86.7 17 81.0 9 89.8 0.287

4 13.3 4 19.0 0 10.2

27 90.0 19 90.4 8 88.9 1.000

3 10.0 2 9.6 1 11.1

26 86.7 17 81.0 100.0 1.000

1 3.3 1 4.8 0 0.0

1 3.3 1 4.8 0 0.0

2 6.7 2 9.5 0 0.0

3 10.0 3 14.3 4 44.4 1.000

27 90.0 18 85.7 5 55.6

18 (2-71) 19 (2-71) 16 (4-67) 1.000

15 50.0 10 47.6 5 55.6

15 50.0 11 52.4 4 44.4

Abbreviations: int/high, intermediate/high expression; no/low, no/low expression; MGMT, O-6-
methylguanine-DNA methyltransferase; RFI, relapse-free interval.

achieved partial remission of multiple recurrences to the liver by
long-term TMZ +ETP treatment, and was alive and disease-free
approximately 2years after curative surgery, as reported previ-
ously.9 Among the nine patients receiving TMZ-containing chemo-
therapy in remission, the 2-year OS and 6-month PFS rates in the
MGMT™MEN oroup (n=7) were 85.7% (95% Cl, 33.4%-97.9% and
57.1% (95% Cl, 17.2%-83.7%), respectively, while the remaining
two patients in the MGMT™/'®" group were alive and free from dis-
ease for 5 and 86 months, respectively. Collectively, among all 23
patients, the 2-year OS rate was higher in the MGMT"/'*Y group
(83.3% [95% Cl. 27.3%-97.5%]) than in the MGMT"/Meh groyp
(50.7% [95% Cl, 25.1%-71.6%], p=0.356; Figure 3C), although the
difference was not statistically significant. Multivariate analysis
identified disease status before TMZ-containing chemotherapy as
the sole independent factor associated with OS (Table 3). The 6-
month PFS rate was significantly higher in the MGMT""®" group
(66.7% [95% Cl, 19.5%-90.4%]) than in the MGMT"/Meh groyp
(23.5% [95% Cl, 7.3%-44.9%], p=0.022; Figure 3D]. Multivariate

analysis indicated that MGMT protein expression and disease sta-
tus before TMZ-containing chemotherapy were significantly asso-
ciated with PFS (Table 3).

Grade 3 or higher hematological toxicities included grade 3 neu-
tropenia (n=4), grade 3 lymphopenia (n=2), grade 3 anemia (n=3),
and grade 3 thrombopenia (n=1). None of the patients developed
severe neutropenic infection. Grade 3 diarrhea was observed in one

patient as nonhematological toxicity.

4 | DISCUSSION

The current study showed that TMZ-containing chemotherapy
exerts powerful and long-lasting antitumor effects in a certain
percentage of patients with osteosarcoma who experience R/P.
Despite receiving multiple lines of chemotherapy prior to this

Tno/low

study, two of the four patients in the MGM group achieved

an objective response in radiologically measurable lesions.
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FIGURE 1 O-6-methylguanine-DNA methyltransferase (MGMT) protein expression in patients with osteosarcoma who experienced
recurrence or progression. (A) Patients with osteosarcoma with no MGMT expression (H-score: 0) and high MGMT expression (H-score:

270) (magnification, x200). (C) MGMT protein expression in the 30 patients analyzed.

TABLE 2 Characteristics of 23 patients with osteosarcoma treated with temozolomide (TMZ)-containing chemotherapy after recurrence

or progression (R/P).

Characteristic

Age at TMZ-containing chemotherapy, years; median (range)
0-19
220
Sex
Male
Female
First RFI, months; median (range)
<18
218
Primary tumor site
Extremity
Axial
R/P site
Lung alone
Local
Others
Salvage chemotherapy after R/P
No
Yes
Use of other alkylators before TMZ-containing chemotherapy
No
Yes
Local treatment for primary site after R/P
No
Yes
Local treatment for metastasis after R/P
No

Yes

All patients MGMT"/Migh

(n=23) (n=17) MGMT"/*% (n = 6)
No. % No. % No. %

17 (11-48) 19 (11-48) 16 (13-47)

17 739 12 70.6 5 83.3
6 261 5 29.4 1 16.7
12 522 10 58.8 2 33.3
11 478 7 41.2 4 66.7
19 (2-71) 19 (2-71) 22 (4-67)

11 478 8 471 3 50.0
12 522 9 52.9 3 50.0
20 870 14 82.4 100.0
3 130 3 17.6 0 0.0

9 39.1 41.2 2 33.3
1 4.4 0 0 1 16.7
13 56.5 10 58.8 3 50.0
6 261 6 35.3 0.0
17 739 11 64.7 100.0
3 130 3 17.6 0.0
20 870 14 82.4 100.0
20 870 14 82.4 100.0
3 13.0 3 17.6 0.0

4 174 3 17.6 1 16.7
19 82.6 14 82.4 5 83.3

p value

1.000

0.371

1.000

0.539

0.392

0.144

0.539

0.539

1.000
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TABLE 2 (Continued)

Characteristic

Disease status before TMZ-containing chemotherapy
Nonremission
Remission

No. of treatment cycles with TMZ-containing chemotherapy

Follow-up after initiation of TMZ-containing chemotherapy;
months, median (range)

H 3399
Cancer Science Auiian

All patients MGMT"t/high

(n=23) (n=17) MGMT"/*¥ (n = 6) p value
No. % No. % No. %

14 609 10 58.8 4 66.7 1.000
9 391 7 41.2 2 33.3

4 (1-68) 4 (1-17) 7 (1-68)

23 (1-87) 23 (3-68) 25 (1-87)

Abbreviations: int/high, intermediate/high expression; MGMT, O-6-methylguanine-DNA methyltransferase; no/low, no/low expression; RFI, relapse-

free interval; TMZ, temozolomide.

12

10 p =0.066

8

6

4

2

: H
MGMT-int/high MGMT-no/low

OCR+PR mSD+PD

FIGURE 2 Response to temozolomide-containing
chemotherapy in patients with osteosarcoma who experienced
recurrence or progression, grouped by O-6-methylguanine-DNA
methyltransferase (MGMT) protein expression. CR, complete
response; int/high, intermediate/high expression; no/low, no/
low expression; PD, progressive disease; PR, partial response; SD,
stable disease.

Furthermore, TMZ-containing chemotherapy significantly con-
tributed to increased survival benefit in patients with radiologi-
cally measurable lesions and no/low MGMT protein expression.
Of note, 6-month PFS of the patients in the MGMT"/'*% group was
comparable to that in the clinical trials of regorafenib and cabo-
zantinib (approximately 35%).17*® None of the patients showed
severe nonhematological adverse effects or infection during
treatment, which supports the incorporation of TMZ to salvage
chemotherapy.

Unlike the finding in high-grade glioma,s’n(Ml MGMT protein
expression, but not MGMT promoter methylation, was identified
as a reliable predictor of the effect of TMZ-containing chemo-
therapy in R/P osteosarcoma. MGMT promoter methylation and
no/low MGMT protein expression are observed in 33%-66% and
48%-61% of patients with high-grade glioma, respectively, show-

5-7,10,11 and

ing very high concordance and a significant correlation
suggesting that MGMT promoter methylation is a primary cause

of loss or reduction of MGMT protein expression. By contrast,

the current study showed a relatively lower rate (30.0%) of pa-
tients with no/low MGMT protein expression in osteosarcoma,
as reported previously.!”?° Furthermore, the MGMT promoter
was unmethylated in all 16 evaluable patients, which is inconsis-
tent with a previous study in which MGMT promoter methylation
was detected in 23.5% of patients.’” The discordance between
MGMT protein expression and MGMT promoter methylation
rates might be partially due to differences in the detection method
and/or cut-off level between the two studies. Alternatively, the
frequency of MGMT promoter methylation, but not that of no/
low MGMT protein expression, might decrease after R/P com-
pared with that at initial diagnosis, as observed in high-grade
glioma.11 Nonetheless, the discordance between MGMT protein
expression and MGMT promoter methylation rates indicates that
methylation-independent mechanisms, such as enhancer activa-
tion and microRNAs, might be involved in the repression of MGMT
protein expression.21'22

Because TMZ-containing chemotherapy provides a thera-
peutic benefit in a minority of patients with osteosarcoma, new
therapeutic strategies for decreasing MGMT protein expression
need to be developed to maximize the antitumor effect of TMZ.
Bromodomain and extraterminal (BET) inhibitor, which downreg-
ulates MGMT mRNA expression by reducing BRD4 occupancy at

the MGMT promoter in high-grade glioma,?%2*

might be useful to
expand the therapeutic targets to patients with MGMT int or high
expression.

The current study had several limitations. First, it was a retro-
spective study with a small group of patients who experienced R/P.
Second, the attending physicians' decision-making biases could have
affected the clinical outcome. Third, the histological response to
chemotherapy could not be assessed because of a lack of data in
most patients. Finally, the follow-up period was too short to eval-
uate the final clinical outcomes, including late adverse effects such
as secondary malignancies and infertility. Nonetheless, the present
data identify targets for promising salvage therapy in a subgroup of
patients with osteosarcoma who experience R/P. Further prospec-
tive clinical trials are required to verify the clinical significance of
TMZ-containing salvage chemotherapy according to MGMT protein

expression level.
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(MGMT) protein expression. int/high, intermediate/high expression; no/low, no/low expression.
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