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SPECIAL SERIES: MATHEMATICAL ONCOLOGYreview
article

Glioblastoma Recurrence and the Role of
O6-Methylguanine–DNA Methyltransferase
Promoter Methylation
Katie Storey, PhD1; Kevin Leder, PhD1; Andrea Hawkins-Daarud, PhD2; Kristin Swanson, PhD2; Atique U. Ahmed, PhD3;

Russell C. Rockne, PhD4; and Jasmine Foo, PhD1

abstract

Tumor recurrence in glioblastoma multiforme (GBM) is often attributed to acquired resistance to the standard
chemotherapeutic agent, temozolomide (TMZ). Promoter methylation of the DNA repair gene MGMT (O6-
methylguanine–DNA methyltransferase) has been associated with sensitivity to TMZ, whereas increased
expression of MGMT has been associated with TMZ resistance. Clinical studies have observed a downward
shift in MGMT methylation percentage from primary to recurrent stage tumors; however, the evolutionary
processes that drive this shift and more generally the emergence and growth of TMZ-resistant tumor sub-
populations are still poorly understood. Here, we develop a mathematical model, parameterized using clinical
and experimental data, to investigate the role of MGMT methylation in TMZ resistance during the standard
treatment regimen for GBM—surgery, chemotherapy, and radiation. We first found that the observed
downward shift in MGMT promoter methylation status between detection and recurrence cannot be explained
solely by evolutionary selection. Next, our model suggests that TMZ has an inhibitory effect on maintenance
methylation of MGMT after cell division. Finally, incorporating this inhibitory effect, we study the optimal
number of TMZ doses per adjuvant cycle for patients with GBM with high and low levels of MGMT methylation
at diagnosis.

Clin Cancer Inform. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Glioblastoma multiforme (GBM) is an aggressive
form of brain cancer with poor prognosis. Typically,
patients with GBM are treated with surgical re-
section followed by radiation therapy and chemo-
therapy with the oral alkylating agent, temozolomide
(TMZ). This standard regimen results in a median
survival of only 15 months and a 2-year survival rate
of 30%.1 The effectiveness of TMZ is affected by the
methylation status of the promoter for DNA repair
protein O6-methylguanine–DNA methyltransferase
(MGMT). Clinical studies have linked epigenetic
silencing of MGMT via promoter methylation with
greater sensitivity to TMZ and improved patient
prognosis,2,3 whereas resistance to TMZ has been
associated with increased expression levels of
MGMT.2,4,5

Studies have compared MGMT promoter methyla-
tion in newly diagnosed tumors with matched re-
currence samples after TMZ treatment.6-9 These
studies provide evidence of a downward shift in the
MGMT promoter methylation percentage during
treatment. For example, in Brandes et al,6 eight of 13
patients transitioned from an MGMT-methylated
primary tumor to an unmethylated recurrent tumor

after treatment, and in Suzuki et al,7 it was reported
that 10 of 13 patients switched from a methylated
primary tumor to an unmethylated recurrent tumor.
In Christmann et al,9 the authors observed that 39.
1% of pretreatment GBM and 5.3% of recurrences
were promoter methylated in addition to an observed
increase of MGMT activity in recurrences. In Jung
et al,8 15 of 18 recurrence samples displayed higher
MGMT expression than matched primary samples;
however, it is unclear whether this transition from
methylated to unmethylated recurrent tumors is
a result of TMZ actively influencing the methylation
status of MGMT, as some have hypothesized,5,6,10

simply a result of evolutionary selection for a more
drug-tolerant phenotype, or some combination of
both processes. We strive to understand this
question by modeling the evolutionary processes
that drive this shift.

Previous works have mathematically modeled the
response of glioblastoma to treatment. In Levin et al,11

the authors model chemotherapeutic delivery to brain
tumors using a two-compartment catenary model. In
Stamatakos et al,12 a spatiotemporal model that allows
for TMZ optimization specific to patients with GBM is
developed. The model in Böttcher et al13 explores
interactions between rapidly proliferating GBM cells
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and a dormant cell population. The effect of fractionated
radiation dosing on GBM is studied using the linear-
quadratic (L-Q) model.14-17 Powathil and colleagues18

consider a spatiotemporal brain tumor model that in-
cludes effects from both radiotherapy and chemotherapy.
Patient-specific models of glioblastoma are developed in
Rockne et al19 and Esteller et al20 to predict patient re-
sponse to radiotherapy and to determine optimal dosing
strategies. Many more mathematical modeling efforts that
focus on glioblastoma growth and therapy response are
reviewed in Håvik et al.21 Mathematical models have also
been developed to describe the process of DNA methyl-
ation changes in cells.22-26 For example, Otto and Walbot23

introduced the first model that describes methylation in
terms of maintenance and de novo methylation. A similar
model in a continuous-time framework was developed in
Pfeifer et al.26 We consider a discrete-time Markov chain
version of the methylation model by Otto and Walbot,
presented by Sontag and colleagues.25

Here, we develop and parameterize a stochastic model of
the evolutionary dynamics that drive GBM response to

standard treatment. We incorporate a variant of the
methylation model in Sontag et al25 to investigate the role of
MGMT promoter methylation in TMZ resistance. In par-
ticular, we focus on the specific roles of three major DNA
methyltransferases—DNMT1, DNMT3a, and DNMT3b—
within the methylation process, illustrated in Figure 1A.
DNMT1 is responsible for maintenance methylation in
which patterns of methylation in the original parental DNA
are preserved in the replicated DNA. DNMT3a and
DNMT3b are responsible for de novo methylation in which
unmethylated sites in the parental DNA become methyl-
ated in the replicated DNA.27-29 Of note, we focus on
passive demethylation rather than active demethylation
that results from ten-eleven translocation (TET) enzyme–
mediated oxidation, as the precise mechanisms of active
demethylation are still uncertain and several studies have
suggested that hypoxylation of 5-methylcytosine by TET
enzymes may result in demethylation by inhibiting DNMT1
activity.30-33 Thus, rather than incorporating active meth-
ylation as an independent mechanism, we assume that the
activity of TET1 and TET2 may implicitly affect the passive
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FIG 1. (A) Diagram illus-
trates a portion of a DNA
molecule splitting during
replication and the role of
the DNAmethyltransferases
DNMT1 and DNMT3a/b.
Notice that DNMT1 meth-
ylates the sites in the new
strand that were methyl-
ated in the parental strand.
As this process is not per-
fect, some sites can be
missed. Dnmt3a/b methyl-
ates new sites that were not
previously methylated in
the top strands of the up-
per and lower molecules.
This figure is similar to
a figure in Sontag et al.25

(B) Standard treatment
schedule for GBM.7 (C)
The three phases (P) of
the model. P1 consists of
the tumor growth before
detection and surgery, P2
denotes the concurrent
radiation and chemother-
apy (CRT) phase of treat-
ment, and P3 refers to the
adjuvant chemotherapy af-
terCRT.TMZ, temozolomide.
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methylation parameters within our model. By incorporating
detailed mechanisms of maintenance and de novo meth-
ylation—driven by DNMT1, DNMT3a, and DNMT3b—
within an evolutionary model of GBM treatment response,
this work provides unique insight into the dynamics ofMGMT
methylation and GBM recurrence.

The outline of this paper is as follows: Mathematical
Model describes the framework of the mathematical
model, and Experimental and Clinical Data details the
clinical and experimental data we collected and used to
parameterize the model. In Results, we present our
findings regarding methylation changes in tumors during
therapy and optimal TMZ dosing strategies. We sum-
marize these results and discuss future directions in
Discussion.

MATHEMATICAL MODEL

We develop a stochastic model that describes the evo-
lutionary dynamics of GBM response to standard treat-
ment. We use a multitype, continuous-time birth-death
process model (eg, see Athreya and Ney34) in which each
cell waits an exponential amount of time before division
or death as governed by its birth and death rates. The
model consists of three GBM cellular subtypes: type 1,
with fully methylated MGMT promoters; type 2, with hemi-
methylated MGMT promoters; and type 3, with unmethy-
lated MGMT promoters. Type 1 cells are TMZ sensitive, and
type 2 and type 3 cells are considered TMZ resistant be-
cause they both possess the ability to repair the lesion
created by TMZ. Let X1(t), X2(t), and X3(t) denote the
number of type 1, type 2, and type 3 cells, respectively, at
time t. Cellular birth and death rates vary during treatment
with TMZ and radiation and are estimated with experi-
mental data (Data Supplement). TMZ-resistant cells, X2(t)
and X3(t), are assumed to have the same birth and
death rates.

Conversions also occur between cell types as driven by
methylation/demethylation on the MGMT promoter im-
mediately after cell division. To model these processes, we
use a variant of the description in Sontag et al25 to describe
maintenance and de novo methylation at a CpG site. This
underlying methylation model feeds into our population-
level branching process model via rates of conversion
between cellular subtypes. More specifically, let ρ be the
probability of maintaining methylation for any given CpG
site after replication—that is, the probability that DNMT1
methylates a CpG dyad after replication, conditioned on
the event that the site was methylated before replication.
Let v be the probability of de novo methylation—that is, the
probability that DNMT3a or DNMT3b methylates any CpG
site that is unmethylated immediately after DNA replica-
tion. Inspired by Sontag et al,25 we derived offspring
distributions for each of the three cell types, conditioned
on cell division. In these distributions, pi (x , y , z) refers to
the probability that a type i cell will produce x type 1 cells, y

type 2 cells, and z type 3 cells after replication. For ease of
notation, let A :� (1 − ρ)(1 − ν)..

p1((2, 0, 0)) �
�
1 − A

�2

p1((1, 1, 0)) � 2A(1 − A)
p1((0, 2, 0)) � A2

(1)

p2((2, 0, 0)) � ν2(1 − A)
p2((1, 1, 0)) � 2 ν (1 − ν)(1 − A) + ν2A
p2((1, 0, 1)) �

�
1 − ν

�2(1 − A)
p2((0, 2, 0)) � 2 ν (1 − ν)A
p2((0, 1, 1)) � A

�
1 − ν

�2

(2)

p3((2, 0, 0)) � ν4

p3((1, 1, 0)) � 4(ν3 − ν4)
p3((1, 0, 1)) � 2 ν2

�
1 − ν

�2

p3((0, 2, 0)) � 4 ν2
�
1 − ν

�2

p3((0, 1, 1)) � 4 ν
�
1 − ν

�3

p3((0, 0, 2)) �
�
1 − ν

�4

(3)

The Data Supplement depicts the set of possible birth
events. Of note, a methylated dyad produces two hemi-
methylated dyads when the DNA strands split during
replication, and those sites remain hemimethylated if the
site without methylation is not methylated by DNMT1 or
DNMT3a/b immediately after replication. Hence, the
probability that each dyad remains hemimethylated is
A � (1 − ρ)(1 − ν), and consequently the probability of
producing two hemimethylated dyads—that is, two type 2
cells—is A2. Conversely, the probability that one of those
hemimethylated sites becomes fully methylated is 1 − A, so
the probability of producing two fully methylated (type 1)
cells is (1 − A)2, and the probability of producing one type
2 and one type 1 cell is A(1 − A). Offspring distributions
for type 2 and type 3 cell replication can be verified similarly
upon inspection using the idea that an unmethylated dyad
produces two unmethylated dyads during replication and
each CpG site within these dyads can only be methylated
with DNMT3a/b—that is, via de novo methylation. Later, as
we investigate the potential impact of TMZ on the meth-
ylation processes, we allow the de novo and maintenance
probabilities to vary in the presence of TMZ.

The binary stratification of tumors into MGMTmethylated or
MGMT unmethylated in the clinical literature requires some
clarification as methylation status can vary between tumor
cells and between CpG sites in the same genic promoter
region. Typically, the percentage of methylated cells is
determined for a small subset of CpG sites in the MGMT
promoter region and averaged across sites. Then
a threshold, which may vary widely between studies, is
used to stratify tumors intomethylated versus unmethylated
status. As a result of substantial variation between studies in
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the definition of this threshold, here we model quantitative
changes in methylation percentage on a representative
CpG site rather than imposing a binary stratification.

The model describes three phases of tumor development
and standard GBM treatment. Phase 1 consists of tumor
growth before detection, surgery, and a 3-week recovery.
Phase 2 consists of concurrent radiotherapy and chemo-
therapy for 6 weeks, followed by a 3-week recovery. During
chemotherapy, daily radiation fractions of 2 Gy are ad-
ministered 5 days per week and TMZ 75 mg per day is
administered per square meter of body surface area.
Phase 3 consists of repeated 28-day cycles of adjuvant
chemotherapy—five daily doses of TMZ 150 to 200 mg/m2,
followed by a 23-day recovery—until tumor recurrence.
Additional details are described in Stupp et al.1 Schematics
of the standard GBM treatment schedule and the three
phases are provided in Figure 1. Below we describe the
adaptation of the branching process dynamics during
each phase.

Phase 1: Pretreatment, Surgery, and Recovery

In the absence of treatment, intrinsic birth rates of un-
treated methylated (type 1) and hemi-/unmethylated (type
2/type 3) cells are b1 and b2 per day, respectively, and their
death rates are c1 and c2. The parameters of the model are
determined using experimental and clinical data (Data
Supplement), and a summary of the baseline parameter set
is provided in the Data Supplement. The model starts with
a single methylated cell, and once the tumor population
reaches a detection size threshold D1, we model surgical
resection of the tumor by removing ps percent of the total
cells, chosen proportionally for each subtype. During the
3-week recovery period, the initial birth and death rates
drive the regrowth of the tumor.

Phase 2: TMZ, Radiation for 6 Weeks, and Recovery

In phase 2, the tumor undergoes concurrent radiotherapy
and chemotherapy for 6 weeks. The standard schedule for
radiotherapy is a daily fraction of 2 Gy administered 5e days
per week, Monday through Friday. In addition, the tumor is
treated every day with TMZ 75mg per square meter of body
surface area. As TMZ is a cytotoxic treatment, we model its
impact by increasing the death rates of the tumor cells,
denoted c1 and c2. Let g1(t), g2(t) be the additional death
rate as a result of TMZ treatment of type 1 and type 2/type 3
cells, respectively. These rates depend on the current TMZ
concentration level and are determined from experimen-
tal and pharmacokinetic data, detailed in the Data
Supplement.

The cytotoxic effect of radiotherapy is modeled using the
standard L-Q L-model.16 Here, radiosensitivity parameters
α, β are used to account for toxic lesions to DNA and
misrepair of repairable damage to DNA, respectively.35 We
chose to use the L-Q model because it is a parsimonious
model that has shown good agreement with experiments.

Whereas there are many important extensions to this
model, here we use the standard version as the effects of
radiation are not the main focus of this work. Under the
standard L-Q model, the probability of cell survival at the
time of each radiation dose d is S(d) � exp(−αd − βd2).
At the time t of each radiation dose, we remove
(1 − S(d))X1(t ) type 1 cells, (1 − S(d))X2(t ) type 2 cells,
and (1 − S(d))X3(t ) type 3 cells, where d = 2 Gy for all
doses during phase 2. During the 3-week recovery, cellular
birth and death rates revert to those used in the pre-
treatment phase. Given data constraints, we ignore dif-
ferences in radiosensitivity between type 1 and type
2/3 cells.

Phase 3: Adjuvant TMZ

During phase 3, adjuvant chemotherapy is administered to
the tumor. In this phase, the additional death rates g1(t )
and g2(t ) as a result of chemotherapy reflect five daily TMZ
doses of 150 to 200 mg/m2, followed by 23 days off. This
28-day cycle repeats until tumor recurrence, which occurs
when the tumor population size reaches the threshold D2.

EXPERIMENTAL AND CLINICAL DATA

Experimental Setup

We performed experiments on patient-derived xenograft
(PDX) cell lines to investigate the differential impact of TMZ
on growth kinetics of MGMT-methylated and -unmethylated
GBM cells. PDX glioma specimens (GBM6) were obtained
from C. David James, MD, at Northwestern University and
maintained according to published protocols.5 Cells were
propagated in vivo by injecting them into the flank of nu/nu
athymic nude mice. In vitro experiments with these cells
were performed using DMEM that was supplemented with
1% fetal bovine serum and 1% penicillin–streptomycin
antibiotic mixture. All cells were maintained in a humidi-
fied atmosphere with CO2 and temperature carefully kept
at 5% and 37°C, respectively. We performed dissociations
enzymatically using 0.05% trypsin and 2.21mmol/L EDTA
solution (Corning, Corning, NY, USA). The GBM6 PDX cell
line contains an unmethylated MGMT promoter, evalu-
ated by using a standard reverse transcription polymerase
chain reaction assay. In brief, DNA was extracted from an
orthotropic tumor using Qiagen DNA extraction kits
(Qiagen, Wetzlar, Germany).36 Isolated tumor DNA was
bisulfite treated using the EZ DNA methylation kit (Zymo
Research, Orange, CA). Modified DNA was amplified
using primers specific for either methylated or unme-
thylated MGMT promoter sequences as described pre-
viously.37 The clinically relevant regimen for TMZ consists
of 150 to 200 mg/m2 per day, administered orally, on days
1 to 5 of a 28-day cycle1; however, its peak concentration
measured is only 50 mmol/L in a patient’s blood
samples38-40 and 5 mmol/L in CSF.40 Thus, it has been
proposed that the intratumoral concentration may not
exceed 50 mmol/L.38 IC50 values for GBM cell lines and
xenografted specimens used throughout our experiments
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were significantly higher than the therapeutic concen-
trations of TMZ observed in patients (data not shown). On
this basis, we chose to use TMZ 5 and 500 mmol/L
throughout our experiments. After 8 days, all cells were
euthanized at the maximum dose of 500 mmol/L; thus, this
time window was used.

In these in vitro experiments, plates of 48,000 GBM6 cells
were treated in triplicate at eight concentrations of TMZ,
including in a control group that was treated with dimethyl
sulfoxide. Live and dead cell counts were collected via MTT
and trypan blue assays after 8 days of exposure. The av-
erage number of live cells for each TMZ concentration is
shown in Figure 2A. Figure 2B plots the average proportion
of live cells from the sum of live and dead cells after 8 days
of exposure for various TMZ doses. The frequency of cells
that express MGMT, as assessed in each group after 8
days, is shown in Figure 2C. These data are used in the
Data Supplement to fit Hill equations that describe the
percentage of viable type 1 and type 2/type 3 cells as
a function of TMZ concentration.

To examineMGMT expression, during therapy TMZ-treated
cells were collected at a designated time. Cells were then
treated with fixation and permeabilization buffers (eBio-
science, San Diego, CA, USA) according to the manufac-
turer’s instructions. After fixation, we performed intracellular
staining overnight, followed by triplicate washing and the
addition of appropriate secondary antibodies. The follow-
ing MGMT antibodies were used: anti-MGMT (1:200; Cell
Signaling Technology, Danvers, MA). In addition, as sec-
ondary antibodies we used anti-rabbit immunoglobulin G–
fluorescein isothiocyanate (1:500; Thermo Fisher Scientific,
Waltham, MA, USA) and anti-mouse immunoglobulin G–PB
(1:500; Thermo Fisher Scientific). Samples were run on
a BD LSRFortessa 6-Laser fluorescence-activated cell
sorting analyzer and were analyzed using FlowJo software
(TreeStar, Ashland, OR). To label dead cells, 0.1 mg/ml of 7-
amino-actinomycin D (BD Pharmingen, San Jose, CA) was
applied for 10 minutes. Staining was quantified using flow
cytometry (BD LSRII-Blue). Data analysis was performed on
FlowJo software.
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Clinical Data

Clinical data were also collected from a group of 21 adult
patients (average age, 54.376 13.25 years; female, n = 8;
male, n = 13) with primary glioblastoma who received the
standard protocol described in Stupp et al.1 Tumor radius
size was collected from each patient at initial detection
and at recurrence. These data are summarized in
Figure 3A. Tumor growth in the absence of treatment was
also tracked, which resulted in net growth rate estimates
for each patient, summarized in Figure 3C. Using patient
data and a reaction-diffusion model described in Corwin
et al,41 we obtained an average net growth rate estimate of
λ = 0.0897 per cell per day before treatment. Patient data
that describe tumor radius size after surgery is displayed
in Figure 3C. Clinical data are used in the Data Supple-
ment to characterize the intrinsic cellular growth rates in
the absence of treatment and tumor size at detection and
after surgery within the model, assuming a roughly
spherical tumor.

We note that WHO has recently updated its classification of
brain tumors to distinguish IDH1 mutant from non-IDH1
mutant glioblastomas, and that the evolutionary processes
between these tumor subtypes may potentially differ. In this
clinical cohort, IDH1 mutation data were only available for

five patients and all were nonmutants. In light of the lack of
data on IDH1 status for the remaining patients in the cohort,
we have not explicitly modeled the effect of these mutations
within the model; however, a model that includes IDH1
status will be the subject of future work.

RESULTS

To demonstrate the model dynamics, we first provide
a single sample path simulation of the model in Figure 4A
which shows the type 1 (methylated) and total population
sizes during the standard treatment regimen. Figure 4B
shows the distribution of recurrence times from a compu-
tational experiment with 100 Monte Carlo simulations.
Mean recurrence time is 214.17 6 2.78 days and median
recurrence time is 213.8 days, which is roughly consistent
with clinical data in Ogura et al,42 who reported a median
recurrence time of 191 days.

Selection Alone Does Not Explain Methylation Shift in

Recurrent Tumors

Using the parameter settings obtained from the calibration
described in the Data Supplement, we next examined the
relative methylation percentages at diagnosis and re-
currence. Figures 4C and 4D show the distribution of
methylation percentages found at these times. We observe
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that the average proportions of methylated (type 1) cells to
total cells at recurrence and diagnosis are roughly the
same. Distribution of the change in methylation percentage
between detection and recurrence is depicted in Figure 4E.
The slight reduction in overall methylation percentage
suggests that evolutionary selection alone cannot account
for the significant reduction in methylation observed in the
clinical studies described in Introduction.

TMZ Inhibition of Maintenance Methylation Results in

Downward Methylation Shift

We next investigated the hypothesis that TMZ actively af-
fects cellular methylation processes, driving the methyla-
tion downshift in recurrent tumors. In particular, we
investigated the possibility that TMZ may decrease the
amount of time spent in the type 1 (methylated) state and
increase time spent in type 2/type 3 states. This may result
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from a decrease in either the de novo methylation proba-
bility, ν, or the maintenance methylation probability, ρ. Of
note, for this investigation, the parameters ν, ρ will deviate
from their baseline values only during TMZ treatment pe-
riods; we denote the parameters during TMZ treatment
as νz, ρz.

To investigate the effects of changing the de novo meth-
ylation probability, νz, in the presence of TMZ, we first note
that the lowest possible value of νz is 0, which represents no
de novo methylation events. When we let νz = 0, we observe
a modest decrease in the expected methylation percentage
between detection and recurrence, changing by approxi-
mately 7%. Figures 5A and 5B show the distribution of
methylation percentages at the time of recurrence and the
distribution of change in methylation percentage between
detection and recurrence, respectively, when νz = 0. Thus,
a significant drop in methylation percentage after TMZ
treatment cannot be attributed to an inhibitory impact on de
novo methylation.

We next investigated the impact of decreasing the proba-
bility of maintenance methylation, ρz, during chemother-
apy. Figure 5C displays the type 1 frequency at the time of
recurrence when ρz = 0.5, reduced from the baseline value
of ρ = 0.95, and Figure 5D shows the change in methylation
percentage between detection and recurrence. We observe
that there is a much more significant decrease in meth-
ylation in this case than when TMZ does not affect
methylation rates—compare Figures 5D and 4E). Figure 5E
shows the expected proportion of type 1 cells at recurrence,
as a function of ρz. For smaller values of ρz, the proportion of
type 1 cells after treatment decreases substantially from
a mean methylation percentage of 0.762 at detection.
Thus, TMZ inhibition of maintenance methylation, but not
de novo methylation, can explain the clinically observed
downward shift inmethylation. To account for possible error
resulting from a limited clinical sample size, in the Data
Supplement we demonstrate that this claim is robust to
model parameter variability.

Optimization of Adjuvant TMZ Schedule to Minimize

Expected Tumor Size

We next used the model to investigate the optimal number
of TMZ doses during phase 3, the adjuvant chemotherapy
phase, to minimize the expected tumor size after four cycles
of treatment. In the standard treatment schedule, five TMZ
doses of 150 to 200 mg/m2 are administered daily at the
beginning of each 28-day cycle. Let n denote the number of
TMZ doses in a single 28-day cycle. We vary n to determine
the number of doses and dose level that minimizes the
number of total cells remaining after four adjuvant cycles.
Let Z(n) denote the TMZ concentration level per dose, in
milligrams per square meter, when n doses are adminis-
tered per cycle. Each dose concentration is set at Z(n) =
1,000/n for varying values of n, where 0 , n , 28, so that
the cumulative TMZ dose per cycle does not exceed

1,000 mg/m2. On the basis of our previous investigations,
the maintenance methylation probability in the presence of
TMZ, ρz, is assumed to be 0.5.

Mean calculations for each cell type, provided in the Data
Supplement, are used to determine the n that minimizes
the expected tumor size after four cycles. Figures 6A and
6B show the mean tumor size, number of fully methylated
cells (type 1), and cells that are not fully methylated (type 2
and type 3) when ρz = 0.5. In this case, the optimal number
of doses per cycle—that is, the number that results in the
smallest mean tumor population after four cycles—is n = 6,
with Z(6) = 166.67 mg/m2. This is close to the standard
administered dose during adjuvant chemotherapy, and we
observe a small difference in the expected tumor size when
five versus six doses are administered. Hence, our model
suggests that the standard dosing schedule is a reasonable,
though not optimal, protocol for highly methylated tumors at
diagnosis.

We also used the model to investigate the optimal adjuvant
TMZ schedule for tumors with lower methylation per-
centages at diagnosis. To this end, we first identified the
combination of birth rates (b1 = 0.0569 day−1 and b2 = 0.
1276 day−1) that satisfied the net growth rate constraint and
led to 30% methylation at detection. Figures 6C and 6D
display plots of the mean number of total, fully methylated
(type 1), and nonmethylated (type 2 and type 3) cells as
functions of the number of doses per cycle. We observe that
the tumor is dominated by nonmethylated cells for all n, and
the large population of TMZ-resistant cells makes a large
number of TMZ doses less effective. In addition, whereas
n = 3 is the optimal dose number in this case, it is not
significantly more beneficial than no adjuvant TMZ treat-
ment. Such behavior is consistent with clinical observa-
tions. The study by Hervouet et al2 found that unmethylated
tumors that were treated with radiotherapy and the stan-
dard TMZ regimen had a median overall survival of 12.
7 months versus a median overall survival of 11.8 months
for those who received only radiotherapy. Thus, our model
suggests that tumors with low levels of methylation at di-
agnosis may be better served by alternative therapies, such
as O6-benzylguanine discussed in Adair et al,43 that can be
used in combination with TMZ to counter the effect of TMZ
on the methylation process.

DISCUSSION

In this work, we developed a mathematical model that
integrates a mechanistic description of MGMT promoter
methylation/demethylation with the evolutionary dynamics
of GBM tumor progression during standard treatment. We
investigated several possible causes for the clinically ob-
served drop in methylation percentage between primary
and recurrent tumor stages. Our results indicate that this
clinically observed methylation reduction cannot be
explained by evolutionary selection, which suggests that
TMZ may play an active role in altering methylation
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processes. Investigating this further, we found that TMZ
inhibition of the maintenance methylation results in a siz-
able reduction in expected methylation percentage at re-
currence, which is consistent with clinical results.

The precise mechanism by which TMZ may contribute to
MGMT demethylation is unclear, but experimental studies
suggest that this may involve the activation of the protein

kinase C (PKC) signaling pathway. In Boldogh et al,44 it was
demonstrated that alkylating drugs similar to TMZ led to an
increase in MGMT expression and PKC activity. In Lavoie
et al,45 the authors discovered that a number of PKC iso-
forms induce the attachment of a phosphoryl group to
DNMT1. Additional testing on the specific isoform PKCζ
demonstrated that cells with a high expression of both PKCζ
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and DNMT1 exhibited a significant reduction in methyl-
ation. This was not the case in cells with a high expression
of PKCζ or DNMT1 alone. This suggests that methylation
reduction results from the phosphorylation of DNMT1,
driven by PKCζ. Another study in Ichimura et al46 confirms
that the phosphorylation of DNMT1 is associated with
hypomethylation of gene promoters. Hence, experimental
studies suggest that TMZ may contribute to MGMT
demethylation by activating the PKC signaling pathway in
GBM cells, which leads to the phosphorylation of DNMT1,
thereby inhibiting maintenance methylation within the
affected cells as our model suggests. It also may be the
case that TMZ affects the activity of proteins TET1 and
TET2, which have been shown to implicitly inhibit DNMT1
activity.32,33

Incorporating the proposed TMZ effect, we used the model
to find the optimal number of TMZ doses administered
during adjuvant chemotherapy. The number of daily TMZ

doses administered during each cycle was varied while
maintaining the same cumulative dose per cycle to de-
termine the dose number that minimizes the mean tumor
population after four adjuvant cycles. We determined an
optimal TMZ dosing schedule of six daily doses of 166.
67 mg/m2, followed by 22 days off. The standard schedule
of five daily doses per cycle is nearly optimal, resulting in
a slightly larger mean tumor size after four cycles. We also
investigated the optimal adjuvant chemotherapy schedule
for a tumor with a low methylation percentage at diagnosis.
Receiving three larger doses of TMZ is optimal in this case,
but does not provide a significant benefit over the absence
of any adjuvant TMZ treatment. This observation is con-
sistent with clinical results that compare the benefit of both
radiotherapy and chemotherapy with radiotherapy alone
for unmethylated primary tumors. Therefore, our model
suggests that for primarily unmethylated tumors it may be
more beneficial to administer, in combination with TMZ,
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a therapy that can stimulate MGMT methylation within the
tumor. We would like to explore in the future whether
upregulating de novo methylation counteracts the TMZ-
mediated reduction in MGMT methylation.

A limitation of our model is that we assume a roughly
spherical tumor—not incorporating the diffuse nature of
GBM—and we do not distinguish between tumors located
in different places in the brain. We also assume that all
hemimethylated and unmethylated GBM cells behave with
the same intrinsic growth rates and that MGMTmethylation
status does not affect radiosensitivity. Of note, a few studies
have suggested that there may be a phenomenon of MGMT

depletion after extended exposure to TMZ in an attempt to
explain observed differences in dose-dense TMZ treatment
and the standard TMZ regimen.47,48 If this phenomenon
occurs, it would make TMZ more effective in tumors with
low methylation levels; however, other studies have found
no conclusive differences in dose-dense TMZ regimens
and the standard TMZ regimen for all GBM.49,50 Thus, we
did not incorporate a mechanism for MGMT depletion in
our model. In future work, we plan to investigate the hy-
pothesis that the oncogenic IDH1 mutation drives in-
creased methylation in gliomas, particularly in the context
of secondary GBM.46,51
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