Received: 16 May 2021 Revised: 30 August 2021 Accepted: 8 September 2021

DOI: 10.1111/cas.15141

Lomustine and nimustine exert efficient antitumor effects
against glioblastoma models with acquired temozolomide
resistance

Shun Yamamuro®? | Masamichi Takahashil® @ | Kaishi Satomi’* | Nobuyoshi Sasaki'” |

Tatsuya Kobayashi'® | Eita Uchida!’ | Daisuke Kawauchi'® | Tomoyuki Nakano®?°® |

Takashi Fujii®'®'? | Yoshitaka Narita® | Akihide Kondo'? | Kojiro Wada'! |

1,10 1,10,11

Atsuo Yoshino? | Koichi Ichimura | Arata Tomiyama

Division of Brain Tumor Translational Research, National Cancer Center Research Institute, Chuo-ku, Japan
2Department of Neurological Surgery, Nihon University School of Medicine, Itabashi-ku, Japan

3Department of Neurosurgery and Neuro-Oncology, National Cancer Center Hospital, Chuo-ku, Japan
“Department of Diagnostic Pathology, National Cancer Center Hospital, Chuo-ku, Japan

SDepartment of Neurosurgery, Faculty of Medicine, Kyorin University, Mitaka, Japan

%Department of Neurosurgery, Tokyo Women's Medical University, Shinjuku-ku, Japan

’Department of Neuro-Oncology/Neurosurgery, Saitama Medical University International Medical Center, Hidaka-City, Japan
8Department of Neurological Surgery, Chiba University Graduate School of Medicine, Chiba-shi, Japan
9Department of Neurosurgery, Tokyo Medical and Dental University, Bunkyo-ku, Japan

ODepartment of Brain Disease Translational Research, Faculty of Medicine, Juntendo University, Bunkyo-ku, Japan
"Department of Neurosurgery, National Defense Medical College, Tokorozawa, Japan

2Department of Neurosurgery, Juntendo University School of Medicine, Bunkyo-ku, Japan

Correspondence

Arata Tomiyama, Department of Abstract

Neurosurgery, National Defense Medical Glioblastomas (GBM) often acquire resistance against temozolomide (TMZ) after
College, 3-2 Namiki, Tokorozawa, Saitama . . .
359-8513, Japan. continuous treatment and recur as TMZ-resistant GBM (TMZ-R-GBM). Lomustine
Email: atomiyam@outlook.jp (CCNU) and nimustine (ACNU), which were previously used as standard therapeu-

Funding information tic agents against GBM before TMZ, have occasionally been used for the salvage

Grants-in-Aid for Scientific Research (C), therapy of TMZ-R-GBM; however, their efficacy has not yet been thoroughly exam-
Ministry of Education, Culture, Sports, . . . . .
Science, and Technology of Japan (JSPS ined. Therefore, we investigated the antitumor effects of CCNU and ACNU against
KAKENHI Grant Number JP20K17980). TMZ-R-GBM. As a model of TMZ-R-GBM, TMZ resistant clones of human GBM cell
lines (U87, U251MG, and U343MG) were established (TMZ-R-cells) by the culture
of each GBM cells under continuous TMZ treatment, and the antitumor effects of
TMZ, CCNU, or ACNU against these cells were analyzed in vitro and in vivo. As a re-

sult, although growth arrest and apoptosis were triggered in all TMZ-R-cells after the

Abbreviations: ACNU, Nimustine; BCNC, Carmustine; CCNU, Lomustine; DMSO, Dimethyl sulfoxide; DYNC2H1, Dynein cytoplasmic 2 heavy chain 1; FANCD2, Fanconi anemia
complementation group D2; GBM, Glioblastoma; Ho, Hoechst 33 342; MGMT, O(’-Methylguanine-DNA methyltransferase; MLH1, MutL homolog 1; MMR, Mismatch repair protein;
MSH2, MutS homolog 2; MSH6, MutS homolog 6; PARP, Poly ADP-ribose polymerase; Pl, Propidium iodide; RAD23A, RAD23 homolog A; TMZ, Temozolomide; z-VAD-FMK,
Z-Val-Ala-Asp (OMe)-CHzF; vy-H2A.X, Phosphorylation level of H2A.X.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

4736 wileyonlinelibrary.com/journal/cas Cancer Science. 2021;112:4736-4747.


www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0001-8792-1993
https://orcid.org/0000-0003-0933-1714
https://orcid.org/0000-0002-3851-2349
mailto:﻿
https://orcid.org/0000-0003-2944-6535
mailto:atomiyam@outlook.jp

YAMAMURO ET AL.

KEYWORDS

1 | INTRODUCTION

The current first-line treatment against primary glioblastoma (GBM)
is maximum surgical resection followed by chemoradiation ther-
apy, and temozolomide (TMZ) is one of the few established anti-
neoplastic agents used in this treatment.? Therefore, TMZ has
been widely used in the world as the standard treatment for GBM.
However, GBM often acquire resistance against TMZ following
continuous treatment with TMZ (TMZ-R-GBM). Such TMZ-R-GBM
demonstrate resistance to TMZ treatment and contribute strongly
to the poor prognosis of GBM. Although ample novel treatments
employing anti-neoplastic agents other than TMZ have been de-
veloped as salvage therapy, there is still no established treatment
against TMZ-R-GBM.

As well as TMZ, nitrosoureas are also alkylating agents and
have been used for the treatment of GBM before the appearance
of TMZ.3% Representative nitrosoureas used in GBM treatment are
carmustine (BCNU), lomustine (CCNU), and nimustine (ACNU).2® In
the last 10 years or so, CCNU has been used for salvage therapy
against TMZ-R-GBM* 485111415 however, the efficacy of CCNU
against TMZ-R-GBM has not yet been thoroughly investigated.
Another of the nitrosoureas, ACNU, has been employed against
GBM as well.1®*2 ACNU has also been used as a salvage therapy for
TMZ-R-GBM.%7 However, as is the case with CCNU, there is no clear
evidence for ACNU to be utilized for the treatment of TMZ-R-GBM.

Nevertheless, CCNU and ACNU have each been used conven-
tionally for the treatment of TMZ-R-GBM, despite the insufficient
scientific evidences.*?111415 Therefore, in the present study, we
investigated the anti-tumor effects of CCNU and ACNU on TMZ-R-
GBM by employing GBM model cells with acquired TMZ resistance
(TMZ-R-cells) to clarify whether or not CCNU and ACNU could be
utilized as an alternative to TMZ in the therapy of TMZ-R-GBM.
Moreover, because CCNU and ACNU have been used for a long
time, several basic studies have been carried out on both CCNUY%
and ACNU?%%¢; however, no investigations have directly examined
or compared the effects of both drugs simultaneously. Hence, we

conducted experiments to directly compare CCNU and ACNU under
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administration of each drug, the antitumor effects of TMZ against TMZ-R-cells were
significantly reduced compared to those of parental cells, whereas CCNU and ACNU
demonstrated efficient antitumor effects on TMZ-R-cells as well as parental cells. It
was also demonstrated that TMZ resistance of TMZ-R-cells was regulated at the ini-
tiation of DNA damage response. Furthermore, survival in mice was significantly pro-
longed by systemic treatment with CCNU or ACNU but not TMZ after implantation of
TMZ-R-cells. These findings suggest that CCNU or ACNU may serve as a therapeutic
agent in salvage treatment against TMZ-R-GBM.

glioblastoma, lomustine, nimustine, nitrosourea, temozolomide resistance

the same conditions both in vitro and in vivo, to determine their ef-
ficacy for TMZ-R-GBM. In the present study, both CCNU and ACNU
demonstrated a satisfactory anti-tumor effect against TMZ-R-cells
in vitro and in vivo. In addition, the cell death signaling induced by
both CCNU and ACNU against TMZ-R-cells was upregulated at the

upstream level of DNA double-strand break.

2 | MATERIALS AND METHODS
2.1 | Reagent and antibodies

Propidium iodide (Pl), PBS, and RPMI1640 medium were purchased
from Thermo Fisher Scientific. DMSO and Hoechst 33 342 (Ho) were
purchased from Sigma Aldrich. Anti-poly ADP-ribose polymerase 1
(PARP) antibody, anti-cleaved caspase-3 antibody, anti-y-H2A.X
(ser139) antibody, anti-mutS homolog 2 (MSH2) antibody, anti-
mutS homolog 6 (MSHé) antibody, anti-mutL homolog 1 (MLH1)
antibody, anti-PMS2 antibody, anti-RAD23 homolog A (RAD23A)
antibody, anti-Fanconi anemia group D2 (FANCD2) antibody, anti-
O°-methylguanine-DNA methyltransferase (MGMT) antibody, and
anti-rabbit secondary antibody were purchased from Cell Signaling
Technology. Anti-dynein cytoplasmic 2 heavy chain 1 (DYNC2H1)
antibody was purchased from Abcam, TMZ and ACNU (dissolved
in DMSO) were purchased from Fujifiim Wako Pure Chemical
Corporation, and CCNU (dissolved in DMSO) was purchased from
Tokyo Chemical Industry.

2.2 | Cell culture and establishment of
temozolomide-resistant clones of glioblastoma cells

The human GBM cell lines U87MG (U87), U251MG (U251), and
U343MG (U343) were purchased from the ATCC. These cells were
cultured in RPMI1640 medium with 10% fetal bovine serum, 1%
penicillin, and streptomycin at 37°C in a humidified chamber con-
taining 5% CO,. TMZ-R-cells were established as the TMZ-R-GBM
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model cells by cultivating U87 cells, U251 cells and U343 cells under
continuous TMZ treatment for at least 1 year as reported by us
previously.?”?’ The administered concentrations of TMZ to gener-
ate TMZ-R-cells were as follows: 50 uM for U87, 200 pM for U251
and 300 pM for U343 cells. The culture medium and TMZ were re-
plenished every 3-4 days, and each of the TMZ-R-cells was cultured
without TMZ for 1 week before assay to avoid acute effects of TMZ
treatment.?”"? The patient-derived GBM cells cell line GS-YO3 (gen-
erously provided by Professor C. Kitanaka, Yamagata University,
Japan) was maintained in serum-free growth factor-supplemented

culture medium.*°

2.3 | Cell counting assay

Cell counting assay was performed using a Cell Counting Kit 8 (Do
Jindo Molecular Technologies) according to the manufacturer’s pro-
tocol; 2 x 10° cells were cultured in a 96-well plate with the me-
dium under the same conditions as when culturing as usual. Cells
were treated with each drug at 24 hours after seeding, and the as-
says were performed at 72 hours after drug administration. Collagen

coated 96-well plates were used for the experiments on GS-YO3.

2.4 | Cell death assay

The rates of dead cells were determined by dye-exclusion assay
using Ho and Pl as described previously.>¥*2 Then, 1 x 10° cells/
sample were plated on 6-well plates. After 24 hours, the cells were
treated with vehicle (DMSO) or alkylating agents without or with
2 hours pretreatment by pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-
CH,F (z-VAD-FMK; Peptide Institute). The cells were then further
cultured for 96 hours and co-stained with Ho and PI. The rate of
Pl positive cells (dead cells) to Ho positive cells (total cells) was cal-
culated as the cell death rate. Fluorescence images were obtained

using a BZ-X700 microscope (Keyence).

2.5 | Immunoblotting

Preparation of cell lysates and immunoblotting was performed as de-
scribed previously.32 The antibodies were diluted in Signal Enhancer
HIKARI (Nacalai Tesque). Band signals were visualized using Western
Lightning Plus-ECL (PerkinElmer Japan) and captured using an
Amersham Imager 600 (GE Healthcare). Immunoblotting combined
with in vitro protein linking was performed as described previously,
with minor modifications.® Briefly, the collected cells were lysed in
lysis buffer (0.5 mol/L Tris-HCI [pH 6.8], 10% glycerol, 2% sodium
dodecyl sulfate containing 1/100 protease (#25955-11), and phos-
phatase (#07575-51) inhibitor cocktail (Nacalai Tesque), followed by
sonication. The lysates were then centrifuged at 15,000 g at 4°C for
15 minutes. The supernatants were collected and analyzed by immu-

noblotting using a primary antibody at a protein dose of 50 pg.

2.6 | Pyrosequencing

Pyrosequencing assay was performed as described previously.3*%°
Briefly, the methylation status of MGMT CpG island (CpG 74-89) was
analyzed after the PCR following bisulfite modification of genomic
DNA from each of the cell lines. Pyrosequencing was performed on
a PyroMark ID pyrosequencer (Qiagen) and the data were analyzed
using an AQ assay of a PyroMark Q96 (version 2.5.7) according to
the manufacturer’s recommendations.

2.7 | Animal experiments

Six-week to 8-week-old female BALB/c nu/nu athymic mice (Charles
River Japan) were employed in this study. To establish a mouse brain
tumor xenograft, 1 x 10° cells of U87 and U87-R were stereotacti-
cally inoculated into the right cerebral hemisphere of the mice (1 mm
forward and 2 mm lateral from the bregma, 3 mm in depth) using a
Hamilton syringe and stereotactic micro-injector (Narishige). DMSO
(control), TMZ (25 mg/kg), CCNU (20 mg/kg), or ACNU (15 mg/kg)
were administered to the mice on day 7, day 14, day 21, and day
28 after implantation. The drugs were given intraperitoneally, dis-
solved in 200uL of 25% DMSO. Each of the drug concentrations
was determined based on the clinical dose for human brain tumor
treatment (TMZ, 150 mg/m2; CCNU, 120-130 mg/mz; ACNU, 74-
111 mg/mz) and calculated by converting these doses for the body
surface area of mice.®® The drug concentrations used in the previous
study indicated above were similar to these amounts.*” 2% Eight mice
were used for each treatment group (n = 8). The mice were eutha-
nized when they demonstrated neurological signs such as hunched
posture and/or they lost more than 20% body weight compared to
the body weight on the day tumor cells were implanted. The mouse
brains were excised when the mice were euthanized or died unex-
pectedly. The resected mouse brains were fixed in 10% buffered
formalin for 24 hours and then embedded in paraffin. The presence
and morphology of the GBM tumor tissue was evaluated by H&E
staining. Immunohistochemical staining of the tumor tissue was
performed using the primary antibodies against cleaved caspase-3
(#9664, 1:50, Rabbit) or DYNC2H1 (#ab225946, 1:100, Rabbit), and
the materials were counterstained with hematoxylin. All animal stud-
ies were conducted under the protocols approved by the Committee
of Animal Experimentation of the National Cancer Center, and the
experiments were carried out in accordance with the Guidelines for

Animal Experiments.

2.8 | Statistical analysis

Unless otherwise indicated, the quantitative results for in vitro stud-
ies derive from three independent experiments and are expressed as
the mean + standard error (SE). Calculations made using Microsoft
Excel 2019 software were used to test the difference in means

via Student’s t-test. The results for in vivo survival assays were
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compared by the log-rank test. A P-value of <.05 was considered
statistically significant.

3 | RESULTS

3.1 | Lomustine and nimustine inhibit the
proliferation of human glioblastoma cells and their
derivates with acquired temozolomide resistance

First, we established TMZ-R-cells through the culture of U87, U251,
and U343 under long-term continuous treatment with TMZ, as de-
scribed in the Materials and Methods. The established TMZ-R-cells,
namely, U87-R, U251-R, and U343-R cells derived from U87, U251,
and U343 cells, respectively, demonstrated a large and spiny shape
and slower growth rate compared to the parental cells, and these
findings were consistent with those of our previous report (data not
shown).?’

Next, the efficacy of CCNU and ACNU toward these GBM cells
and their derived TMZ-R-cells was evaluated. The effects of CCNU
and ACNU on the proliferation of the GBM cells (including TMZ-
R-cells) were examined in vitro by cell counting assay. The results
demonstrated that CCNU and ACNU suppressed the proliferation
of all GBM cells, including TMZ-R-cells, in a dose-dependent manner
(Figure 1A), and the IC,, values for CCNU and ACNU in these GBM
cells were lower than those of TMZ (Table 1). In addition, the IC,,
values for TMZ in the TMZ-R-cells were higher than those in the pa-
rental GBM cells (Table 1). In contrast, the IC;, values for CCNU and
ACNU were similar between the TMZ-R-cells and parental GBM cells
(Table 1). We also examined the effects of CCNU and ACNU on the
proliferation of the patient-derived GBM cell line GS-YO03, in which
MGMT promoter was highly methylated, by WST8 assay (Figure 1B
and Table 1). The results indicated that CCNU and ACNU sup-
pressed the growth of the GS-YO3 cells in a dose-dependent man-
ner (Figure 1B). Importantly, the IC, values for CCNU and ACNU
were lower than those of TMZ (Table 1). These findings suggest that
CCNU and ACNU exhibit anti-proliferative efficacy against not only
parental GBM cells but also their derived TMZ-R-cells in vitro.

3.2 | Lomustine and nimustine demonstrate an
efficient cell-killing effect against glioblastoma cells,
including temozolomide-resistant cells

Next, the cell death-inducing effect of CCNU and ACNU on the GBM
cells was examined in vitro by the dye exclusion assay, as described
in the Materials and Methods (Figure 2). The rate of cell death fol-
lowing treatment with 200 pM of each of the drugs was significantly
higher in CCNU, ACNU, and TMZ, in all cell lines, including the TMZ-
R-cells (Figure 2A). The average rates (+ SE) of dead cells for each of
the cell lines are listed in Table 2, and the summarized data for each
drug (the drug concentrations were TMZ 300 pM, CCNU 50 uM, and
ACUN 200 pM) are presented in Figure 2B. The anti-tumor effects
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of CCNU and ACNU closely similar in the parental GBM cells and
TMZ-R-cells (Figure 2B). In contrast, the anti-tumor effects of TMZ
were significantly reduced in the TMZ-R-cells compared to those
of the parental GBM cells. Collectively, these results demonstrate
that both CCNU and ACNU exhibit anti-tumor effects against all the
GBM cells, and these effects are not diminished even in TMZ-R-cells.

3.3 | Lomustine and nimustine induce apoptosis
in glioblastoma cells, including their temozolomide-
resistant cells

Because the above findings indicated the effectiveness of both
CCNU and ACNU in the treatment of GBM cells, including TMZ-R-
cells in vitro, we next investigated whether CCNU or ACNU could
induce apoptosis, which is one of the representative forms of pro-
grammed cell death, in the GBM cells. To test this idea, we evalu-
ated the processing of PARP by caspases, the essential regulator of
apoptosis, by immunoblotting as a parameter of apoptotic pathway
activation following the administration of each drug (Figure 3A,B).
Distinct induction of apoptosis was confirmed only with the CCNU
treatment in all cell lines at the same concentration (50 pM) of each
drug (Figure 3A). Induction of apoptosis was confirmed after treat-
ment with TMZ and ACNU when the doses of TMZ and ACNU were
increased to 200 uM, except when TMZ was administered against
TMZ-R-cells (Figure 3B).

Next, the pan-caspase inhibitor z-VAD-FMK was applied to pro-
vide further confirmation of the involvement of apoptosis in CCNU,
ACNU, or TMZ-induced GBM cell death. The cell death rate of U251
cells triggered by CCNU, ACNU, or TMZ with or without z-VAD-FMK
treatment was evaluated by dye exclusion assay (Figure 3C). The rate
of dead cells at 96 hours after treatment with 50 pM CCNU was sig-
nificantly decreased by co-treatment with z-VAD-FMK (Figure 3C).
The rate of dead cells at 96 hours after treatment with 200 pM ACNU
was also significantly decreased by co-treatment with z-VAD-FMK
(Figure 3C). These findings suggested that CCNU and ACNU induced
GBM cell death via apoptosis and these effects were confirmed even
in TMZ-R-cells, although the apoptotic cell death-inducing effect of
TMZ was reduced in TMZ-R-cells.

3.4 | The MGMT methylation status of
temozolomide-resistant cells is the same as in the
parent glioblastoma cells

To examine the mechanism of TMZ resistance acquisition in GBM
cells, we focused on the expression of MGMT, which has been
considered to represent one of the major factors regulating TMZ
resistance in GBM cells through restoration of TMZ-induced DNA
modification. As shown in Table 1, high levels of MGMT promoter
methylation were observed in U87 and U87-R cells, while the meth-
ylation levels were low in U251, U251-R, U343, and U343-R cells.

There was almost no difference in MGMT promoter methylation
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IC;, values of temozolomide (TMZ), lomustine (CCNU), and nimustine (ACNU) for glioblastoma (GBM) cells. A, The indicated

GBM cells were treated with different concentrations of TMZ, CCNU. or ACNU as indicated. After 72 h, the relative ratios of viable cell
numbers of the treated cells in each condition were determined by WST-8 assay, as described in the Materials and Methods, and plotted
graphically. Data for U87MG (U87), U251MG (U251), and U 343MG (U343) cells are shown as blue lines and for U87-R, U251-R and U343-R
as red lines. P <.05, P <.01.B, The patient-derived GBM cell line GS-YO3 cells were treated with different concentrations of TMZ, CCNU,
or ACNU, as indicated. After 72 h, the relative ratios of viable cell numbers in each condition were determined and plotted, as shown in (A)

TABLE 1 Values of IC;;and Oé-methylguanine-DNA
methyltransferase (MGMT) promoter methylation status for each

of the cell lines

ACNU

TMZIC,, CCNU ICs, MGMT

(uM) IC;, (pM)  (uM) methylation
us7 311 55 262 68%
U87-R 597 86 283 61%
U251 517 44 310 0%
U251-R 721 48 293 0%
U343 410 96 281 18%
U343-R 594 71 295 15%
GS-Y03 433 12 406 95%

status between the parental GBM cells and their TMZ-R-cells. The
mean methylation levels (%) of 16 CpG sites in the CpG island of the
MGMT promoter®? are listed together with the IC,, values for each
GBM cell line (Table 1). The IC,, values of TMZ correlated with the
MGMT promoter methylation level of each cell line. However, the
IC5, values of CCNU and ACNU were not associated with the MGMT

methylation status of each cell line. These findings suggested that
the anti-tumor effects of CCNU and ACNU were independent of
MGMT promoter methylation status, in contrast to TMZ, as indi-

cated previously.37’39

3.5 | Temozolomide resistance of temozolomide-
resistant cells is regulated at the level of
DNA mismatch

Because there was no difference in MGMT methylation status be-
tween the parental GBM cells and their TMZ-R-cells (Table 1), it
was considered unlikely that the MGMT methylation status repre-
sented the major cause of TMZ resistance acquisition in TMZ-R-cells.
Therefore, we focused next on the molecules related to the DNA
damage response signaling to determine the mechanism that regu-
lates the TMZ resistance acquisition of TMZ-R-cells. The phospho-
rylation level of H2A.X (y-H2A.X), which is known to be triggered
at the earliest step of DNA double-strand break,*® was investigated
by immunoblotting and compared between parental GBM cells and

their TMZ-R-cells. The y-H2A.X level was increased over time, with
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FIGURE 2 Anti-tumor effects of temozolomide (TMZ), lomustine (CCNU), and nimustine (ACNU) against the glioblastoma (GBM) cell
clones with acquired TMZ resistance and their parental GBM cells. A, The indicated GBM cells were treated with vehicle (DMSO), 200 uM
of TMZ, CCNU, or ACNU. After 96 h, the mortality rates of these cells were determined by dye exclusion assay. B, The indicated GBM cells
were treated with vehicle (DMSO) and TMZ, CCNU, or ACNU as indicated. After 96 h, the mortality rates of these cells were determined by
dye exclusion assay. 'P<.05,'P<.01

TABLE 2 Average rates with standard

Vehicle arm
Ie;;rec;r (SE) of dead cells for each of the cell TMZ (% + SE) CCNU (% - SE) ACNU (% + SE) (% + SE)
ug7 3.0% +1.7 72.9% +13.7 19.1% + 5.0 0.1% + 0.0
U87R 0.7% + 0.2 80.1% + 11.8 15.8% + 2.5 0.3% + 0.2
U251 8.7% + 2.0 92.4% + 6.9 267% +75 0.6% + 0.2
U251R 3.6% +1.1 90.7% + 8.6 28.5% + 8.0 1.4% +0.8
U343 1.8% + 0.2 77.3% +13.7 20.9% + 2.8 0.7% + 0.1
U343R 0.5% + 0.1 64.3% + 13.0 12.8% + 2.5 0.6% + 0.1

Abbreviations: ACNU, nimustine; CCNU, lomustine; (TMZ, temozolomide.

peaks from 9 to 12 hours following TMZ treatment in U87 and U251 parental GBM cells (Figure 4B). In contrast, the differences in levels

cells (Figure 4A). Similar kinetics were observed in their TMZ-R-cells;
however, the y-H2A.X level was significantly lower than that of the
parental cells (Figure 4A). Next, we compared the levels of y-H2A.X
induced by CCNU and ACNU with those induced by TMZ in U251,
U343, U251-R, and U343-R cells. These cells were treated with
CCNU, ACNU, or TMZ, and the levels of y-H2A.X were analyzed at
9 hours after the treatment. The levels of y-H2A.X after TMZ treat-

ment were significantly attenuated in TMZ-R-cells compared to their

of y-H2A.X after CCNU or ACNU treatments were not significant
between the parental GBM cells and their TMZ-R-cells (Figure 4B).
Based on these findings, we further evaluated the protein expres-
sion levels of MGMT and other DNA repair genes that are involved
in the DNA repair machineries of CCNU, ACNU, or TMZ-induced
DNA damage: MSH2, MSH6, MLH1, and PMS2, for mismatch repair
(MMR); RAD23A, for nucleotide excision repair (NER); and FANCD2,

for Fanconi anemia (FA), by immunoblotting. It was demonstrated that
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FIGURE 3 Effects of temozolomide (TMZ), lomustine (CCNU), and nimustine (ACNU) in inducing apoptosis in glioblastoma (GBM) cells as
evaluated by immunoblotting. A, The indicated GBM cells were treated with 50 pM TMZ, CCNU, or ACNU. After 72 h, the whole cell lysates
were obtained and analyzed by immunoblotting using the indicated primary antibodies. The antibody against GAPDH was used to confirm
the amount of protein in each sample. B, The indicated GBM cells were treated with 200 pM TMZ or ACNU. After 72 h, the whole cell
lysates were analyzed as in (A) C, U251 cells were treated with CCNU or ACNU in the presence or absence of pan-caspase inhibitor Z-Val-
Ala-Asp(OMe)-CH,F (zZVAD). After 72 h, the cell mortality rate was estimated as described in the Materials and Methods. P <.05,"P<.01

the protein expressions of MSH6, MSH2, MLH1, and PMS2 were di-
minished in U87-R cells, while they were increased in U251-R cells
compared to the parental cells (Figure 4C). In contrast, the protein
expressions of RAD23A and FANCD2 were not changed (not de-
creased) in U87-R and U251-R cells compared to the parental U87 and
U251 cells, respectively (Figure 4C). The protein expression of MGMT
was, despite the stable DNA methylation level, increased in U251-R
(Figure 4C). These observations suggested that the acquisition of
TMZ resistance may have occurred at the level of DNA mismatch,
possibly involving MSH6, MSH2, MLH1, and PMS2, in U87, while up-
regulation of MGMT by a mechanism other than DNA methylation
could be involved in the acquisition of TMZ resistance in U251 cells.

3.6 | Intraperitoneal lomustine and nimustine
administration significantly prolonged the

survival of mice with implantation of temozolomide-
resistant cells

Finally, we evaluated the efficacy of CCNU and ACNU against TMZ-

R-cells in vivo using an intracranial GBM model of mice that were

given intracerebrally-inoculated U87 or U87-R cells. The survival
times of U87 cell-inoculated mice were significantly prolonged by
systemic administration of TMZ, CCNU, or ACNU (Figure 5A). In con-
trast, the survival times of U87-R cell-inoculated mice were signifi-
cantly prolonged only by CCNU or ACNU treatment and not by TMZ
(Figure 5B). In addition, the brain tumor tissue of U87 cell-inoculated
mice demonstrated a cellularity that was lower in the TMZ, CCNU,
or ACNU-treated groups compared to the control group (Figure 5C).
The cellularity of the tumor tissue of U87-R cell-inoculated mice was
not decreased in the TMZ-treated group or that of the control group
(Figure 5D). Collectively, these findings suggested that CCNU and
ACNU exerted a sufficient anti-tumor effect against TMZ-R-cells
in vivo. Immunohistochemical analysis of the brain tumor tissue of
the mice inoculated with U87-R cells was performed using anti-
cleaved caspase-3 antibody (for the evaluation of apoptosis induc-
tion) and anti-DYNC2H1 antibody (for the evaluation of DNA repair
cascade activation*!). Cleaved caspase-3-positive tumor cells were
confirmed in the mice treated with CCNU, ACNU, or TMZ. In ad-
dition, cleaved caspase-3-positive tumor cells were more abundant
in the mice treated with CCNU or ACNU compared to TMZ-treated

mice (Figure 5E), which was consistent with the results of in vitro
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FIGURE 4 Temozolomide (TMZ) resistance of glioblastoma (GBM) cells is regulated upstream of the DNA damage response. A, The
indicated GBM cells were treated with TMZ for the indicated time points. The cell lysates of each of the treated cells were subjected to
immunoblotting using the indicated primary antibodies. The antibody against beta-tubulin was used to confirm the amount of protein in each
sample (upper). In addition, the results of immunoblotting were evaluated and normalized according to the value at the time point O h, and
the values obtained were presented as the average of the results of all time points (lower). "P <.01. B, The indicated GBM cells were treated
with ACNU, CCNU, or TMZ. After 9 h, the cell lysates of each of the treated cells were analyzed by immunoblotting using the indicated
primary antibodies as in (A) (upper). The quantitative results of immunoblotting were also evaluated (lower). “P <.01. C, The cell lysates of
the indicated GBM cells were subjected to immunoblotting analysis using the indicated primary antibodies (left). The quantitative values of
the immunoblotting relative to those of GAPDH are shown (parental cell = 1) (right). “p<.01
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FIGURE 5 Kaplan-Meier survival curves of mice with glioblastoma (GBM) treated with DMSO (control), temozolomide (TMZ), lomustine
(CCNU), and nimustine (ACNU). A, B, 1 x 10° cells from U87 (A) or U87-R (B) cells were stereotactically implanted into the right cerebral
hemisphere of nude mice. The mice were treated with TMZ (25 mg/kg), CCNU (20 mg/kg), and ACNU (15 mg/kg) on day 7, day 14, day 21,
and day 28 after implantation. The median survival days for each treated group are listed next to the drug names in parentheses. The log-
rank test was performed for statistical analysis. ‘P <.05, P <.01.C, D, H&E staining of brain tumor with U87 (C) and U87-R (D) tissue from
the mice. Bars, 5 mm or 100 pm. E, Immunohistochemical analysis of brain tumor with U87-R tissue from the mice treated with TMZ, CCNU,
or ACNU, as in (B). The asterisks indicate cleaved caspase-3-positive cells. Bars, 100 pm
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experiments. DYNCH1-positive tumor cells were not detected in
these mice (Figure S1).

4 | DISCUSSION

The present study demonstrated that CCNU exerted a stronger
anti-tumor effect even for TMZ-R-cells in all the in vitro experiments
compared to ACNU (Figures 1-3). However, the in vivo experiments
indicated that the therapeutic efficacy of ACNU against TMZ-R-cells
was comparable to that of CCNU (Figure 5B). Further investigations
are needed to determine the most effective treatment in TMZ-R-
GBM cases.

Lomustine has conventionally been used for the treatment of
TMZ-R-GBM, and several clinical trials investigating the efficacy of
CCNU against TMZ-R-GBM cases have been reported. In these clin-
ical trials, CCNU was employed as a control arm for several other
chemotherapeutic agents in the treatment of recurrent GBM after

primary treatments with TMZ468911

other than nitrosoureas®%; and none of these agents demonstrated

or chemotherapeutic agents

significant superiority to CCNU.4%8%111415 14 54dition, recent phase
Il and Il clinical trials have demonstrated significantly prolonged
survival for primary GBM cases with methylated MGMT promoter
in the CCNU-TMZ combination therapy-treated group compared
to the standard TMZ therapy-treated group.“z'43 However, no trial
has directly compared the effectiveness of CCNU for TMZ-R-GBM
with placebo or TMZ alone. In the present study, an antitumor ef-
fect of CCNU could be expected even against TMZ-R-cells compared
to no treatment or TMZ regardless of MGMT methylation status
(Figures 1-4). The present findings suggested that CCNU has the po-
tential to serve as an effective therapeutic agent for TMZ-R-GBM.
The mechanism by which GBM cells are able to gain resistance
to TMZ remains controversial. MGMT promoter methylation sta-
tus and/or MGMT protein expression level is considered the main
indicator for determining the therapeutic response of TMZ against
GBM. In the present study, MGMT protein was highly expressed
in U251 cells with unmethylated MGMT promoter and in U87 cells
with MGMT promoter hypermethylation, while MGMT protein ex-
pression was not detected at all. This suggests that the TMZ resis-
tant mechanisms of U251 cells and U87 cells are clearly distinct,
at least at the MGMT promoter methylation level. Several recent
investigations have indicated that MMR deficiency is responsible
for acquired TMZ resistance in GBM.**2 |n the present study, the
expressions of MSH6, MSH2, MLH1, and PMS2, the constituents of
the MMR complex, were decreased in U87-R cells compared to the
parent U87 cells (Figure 4C). Therefore, our data suggested that
the mechanism of TMZ resistance acquisition in U87 cells is reg-
ulated by the MMR level due to expressional reduction of MSH6,
MSH2, MLH1, and PMS2. However, it has also been proposed in a
previous study that TMZ-R-GBM cells were yet more sensitive to
CCNU because MMR status may be inversely related to the sen-
sitivity against CCNU of GBM cells due to the inter-strand cross-
links caused by bifunctional agents, including CCNU being repaired
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by MMR.>® Furthermore, several recent reports have shown that
MMR-deficiency-associated hypermutated tumors, including GBM,
tended to display more mutant proteins on their cellular surface
and could, therefore, be considered more responsive to immuno-
therapy with immune checkpoint inhibitors.>*> Thus, if the rela-
tionship between TMZ-R-GBM and MMR becomes clearer in the
future, the treatment of TMZ-R-GBM may have the potential to un-
dergo change, such as CCNU in combination with immunotherapy.
However, in the present study, the expression of MMR proteins
was upregulated in U251-R cells compared to the parent U251 cells,
while MGMT protein expression was rather elevated in U251-R
compared to the parent U251 cells (Figure 4C). From these aspects,
it is possible to speculate that MGMT protein expression strongly
contributes to the TMZ resistance acquisition in U251-R cells. In
our study, the MGMT promoter methylation status demonstrated
no remarkable difference between TMZ-R-cells and their parent
GBM cells (Table 1). However, the expression level of MGMT pro-
tein was higher in the U251-R cells compared to the parent U251
cells with low MGMT promoter methylation (Figure 4C). Although
this discrepancy requires further investigation, it could be consid-
ered as one of the factors involved in the complex TMZ tolerance-
acquisition mechanism of GBM cells; for example, the acquisition
of delay in degradation or consumption of MGMT protein in GBM
cells, especially in MGMT low methylated cells, may serve as one
of the relevant machineries. It is notable the y-H2A.X levels were
lower in TMZ-R-cells compared to their parent GBM cells after TMZ
treatment (Figure 4A,B), suggesting that the mechanisms of TMZ
resistance in TMZ-R-cells may have occurred in the pathway up-
stream to the y-H2A.X responses.

It is known that DNA damage by nitrosourea is repaired in a man-
ner distinct from TMZ. While DNA repair after TMZ treatment is
based mainly on MGMT or MMR, DNA damage by CCNU and ACNU
could be repaired not only by those pathways but also by the NER
and/or the FA pathway.”” We evaluated whether these pathways
were altered in TMZ-R-cells to provide evidence that CCNU and
ACNU can be effective for TMZ-R-GBM. The protein expressions of
RAD23A, an NER pathway protein, and FANCDZ2, as an FA pathway
protein, were not decreased in TMZ-R-cells when compared to their
parental cells (Figure 5C). Based on these findings, the effectiveness
of CCNU and ACNU for TMZ-R-GBM was further confirmed.

In conclusion, CCNU or ACNU demonstrated an anti-tumor ef-
fect against TMZ-R-cells regardless of their molecular machinery
regulating the acquisition of TMZ resistance. Our data could serve
as a proof of concept for utilizing these drugs as a candidate for the
salvage treatment of TMZ-R-GBM.
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