CHAPTER 22
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lioblastomas are the most commonly diagnosed primary

human brain tumors. Unfortunately, these cancers are
almost uniformly fatal; regardless of treatment, median sur-
vival is less than 2 years after diagnosis.?® Current standard of
care is maximal safe surgical resection followed by combined
adjuvant radiation therapy and chemotherapy with the methy-
lating alkylator agent temozolomide. Nonetheless, virtually
all patients experience tumor regrowth, which is resistant to
prior therapies and ultimately leads to the patient’s death. We
review recent large-scale molecular genetic studies of glio-
blastoma treatment resistance.

To identify genetic alterations driving the growth and
treatment resistance of glioblastoma, large-scale genomic analy-
sis in malignant gliomas was pursued as part of an international
collaborative cancer genome sequencing effort.'* Unexpectedly,
two glioblastomas, which were both recurrent tumors from
patients who had received temozolomide, had large numbers of
somatic mutations across many genes. By comparison, treat-
ment-naive tumors had orders-of-magnitude fewer mutations.
The overall pattern of mutation suggested that a mutator pheno-
type had arisen in the recurrent cases during treatment. There-
after, somatic inactivating mutations of the human DNA mis-
match repair (MMR) gene MSH6 were discovered in these
recurrences, but not in any untreated tumors.!® Across a large
number of well-characterized clinical samples, loss of the MSH6
protein occurred only in the subset of recurrent glioblastomas
that had been treated with temozolomide and was associated
with progressive growth of these tumors while they were under
temozolomide treatment.

These studies represented the first identification of
somatic inactivation of MSH6 in recurrent human tumors of
any tissue type and linkage of this loss with therapeutic
resistance. Interestingly, these observations in human cancers
mirrored prior comprehensive screening analyses identifying
MMR pathway inactivation mediating alkylator resistance in
vitro.3-11-13.18.23 Taken together, this work has led to the
proposal that MMR inactivation can serve as an in vivo route
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of emergent temozolomide chemoresistance in patients with
glioblastoma. By selectively targeting this molecular pathway
of temozolomide treatment escape with newer agents and
modalities such as poly (adenosine 5'-diphosphate-ribose)
polymerase inhibitors, local drug delivery polymers, or im-
munotherapeutics, there is hope for the improved design of
combination therapeutic regimens.

Case Presentation

A 64-year-old woman presented to the emergency de-
partment with headache, nausea, and vomiting. She had
difficultly relating the history of her illness, and her family
noted that she had a personality change and progressive
confusion over the weeks before presentation. She underwent
a workup, which ultimately led to a contrast-enhanced mag-
netic resonance imaging (MRI) scan of the brain demonstrat-
inga5cm X 4 cm X 3-cm left frontal enhancing mass with
areas of central necrosis (Fig. 22.1). Metastatic staging workup
was unrevealing, and she underwent craniotomy for tumor
resection of a presumptive primary malignant brain tumor.

Histopathologic analysis of the surgical resection sam-
ple revealed a highly cellular tumor with numerous mitoses
and pseudopalisading areas surrounding central necrosis and
abundant microvascular proliferation. Confirming the preop-
erative diagnostic suspicions, these features were consistent
with the diagnosis of glioblastoma (World Health Organiza-
tion Grade IV/IV).

Postoperative MRI scan demonstrated gross total resec-
tion with no evidence of residual disease on the contrast-
enhancing sequences. The patient underwent adjuvant ther-
apy with combined involved field radiation therapy and
temozolomide followed by monthly cycles of temozolomide
maintenance therapy. After her eighth cycle of temozolomide
monotherapy, she developed radiologic evidence of recurrent
enhancement adjacent to the surgical resection bed. Stereo-
tactic biopsy at 10 months after the initial operation proved
equivocal for evidence of recurrent tumor versus a postradia-
tion therapy treatment effect. The enhancement, however,
rapidly enlarged despite steroid and continued temozolomide
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FIGURE 22.1. Clioblastoma. A 64-year-
old woman presented with headache,
nausea, and vomiting. T1 gadolinium-
enhanced MRI scan demonstrates a left
frontal lesion with central necrosis mea-
suring 5 cm X 4 cm X 3 cm with
surrounding edema apparent on T2
and fluid-attenuated inversion recovery
imaging (not shown) consistent with a
malignant primary brain tumor.

therapy, and the patient was transitioned to an experimen- sion stabilized briefly but then resumed a rapidly progres-
tal salvage treatment protocol for recurrent glioblastomas sive course and the patient died 20 months after the date of
15 months after her initial presentation. Disease progres- presentation.
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DISCUSSION

This case presents a course typical of primary malignant brain
tumors in the early 21st century. Survival has been improved
with more aggressive combination therapeutic regimens. The
current standard-of-care postresection therapeutic approach
with combined adjuvant radiation therapy and chemotherapy
with the alkylating agent temozolomide has demonstrated a
significant prolongation of life to a median survival of 14.6
months after initial diagnosis.??> Nonetheless, glioblastomas
remain almost uniformly fatal. Virtually all patients experi-
ence tumor recurrence and ultimately die from their recurrent
disease.

To identify the molecular changes driving glioblastoma
tumorigenesis, the sequence of 518 known protein kinases
was determined in eight gliomas within the context of a
large-scale human cancer genome sequence analysis.!# Prior
experience with large-scale kinase sequence screens has had
notable success in identifying significant oncogenic muta-
tions in several cancers of different tissue-types.>!%17 Kinase
screening is particularly useful from a prioritization stand-
point because identification of an activated kinase immedi-
ately represents a molecular target for inhibitory drug design.
Therefore, it was anticipated that this screening strategy
might identify one or two kinases that were targeted by
mutation in some glial tumors.

However, two glioblastomas, both recurrent in patients
who had received temozolomide, were unexpectedly found to
have large numbers of somatic mutations across many genes,
whereas untreated tumors had few or no mutations.!® One of
the recurrent tumors had 32 mutations, the other had 34
mutations, an observed mutation rate of one base pair change
in every 10,000 to 20,000 base pairs (Fig. 22.2), and orders of
magnitude higher than expected rates from known mutation
rates in human cancers.?* Because no kinase proved to be a
common target in these screens, these data definitively ex-
cluded the possibility that activating point mutations of any
known kinase underlie the development of a significant frac-
tion of glioblastomas. More importantly, however, they rep-
resented a fortuitous discovery of the critical fingerprint of
cancer evolution in response to treatment.

It has been hypothesized that an elevated mutation rate
is required for the formation of tumors.'® This “mutator
hypothesis™ posits that an intrinsic genetic instability is re-
quired to permit a tumor cell mass to have enough intercel-
lular diversity to clonally overcome the selection barriers
faced during the course of tumorigenesis. Further studies in
vitro have demonstrated that the pattern of genetic instability
in the final tumor can be a reflection of the selection barriers
that were faced during its initial evolution.!:5 The initial
sequencing findings of increased mutations were in recurrent
posttreatment tumors and thus plausibly a reflection of the
evolutionary response of the tumor cell mass to the selection
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FIGURE 22.2. Evidence of a hypermutator phenotype. Large-
scale genomic sequencing of 518 kinases in eight malignant
gliomas identified unexpectedly large numbers of mutations in
two glioblastomas, both of which were recurrent after treat-
ment with the alkylating agent temozolomide. The y-axis
shows the number of mutations observed, the x-axis has each
individual tumor represented, and the expected rate of muta-
tion based on empiric large-scale cancer genome sequencing
analyses is indicated by the dashed horizontal line.

barrier imposed by the alkylating chemotherapeutic treatment
itself. Because it had been well established that the DNA
mismatch repair pathway mediated alkylator resistance in
vitro,3-!112.18 these mutational data pointed directly to the
possibility that a human mismatch repair gene was inacti-
vated to allow for tumor evolution and survival despite
treatment. It was therefore hypothesized that genetic inacti-
vation of MMR genes would be found in the recurrent
tumors, but not in untreated tumors.

With this logic, somatic inactivating mutations of the
human MMR gene MSH6 in these two recurrent tumors, but
not in any untreated tumors, were subsequently discovered.
Furthermore, the overall pattern of mutation suggested that a
mutator phenotype had arisen in the recurrent cases during
treatment, directly matching the known spectrum of mutation
from in vitro exposure of MSH6-null cells to alkylating
agents.?> Although MMR genes have been studied in gliomas
and other noncentral nervous system neoplasms, these find-
ings represented the first identification of somatic inactivation
of MSHG6 in recurrent human tumors.!¢

These data raised the direct possibility that MMR
pathway inactivation by mutation of MSH6 or other MMR
genes plays an important role in emergent glioblastoma
chemoresistance (Fig. 22.3). It has been well documented
that upfront analysis of MGMT expression status can be
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FIGURE 22.3. Model for the clonal emergence of MSH6
inactivated recurrences. A tumor cell mass is a heterogeneous
population, which undergoes selection based on intrinsic mi-
croenvironmental and extrinsic treatment-related pressures. Our
working hypothesis is represented in this diagram; of note, we
were unable to determine whether the MSH6 inactivation was
caused by the temozolomide treatment itself, was present in a
small population of cells before treatment, or both.

predictive of temozolomide response in glioblastomas,'> and
temozolomide has become the standard on which novel
regimens for glioblastoma treatment are based.”-®2! In vitro
glioblastoma cell culture experiments have demonstrated that
MMR pathway inactivation can supersede MGMT status as a
mechanism for temozolomide chemoresistance.!® Thus, it
became imperative to determine the frequency and clinical
significance of MSH6 inactivation and what relationship, if
any, there was to MGMT status in actual specimens from
patients who had undergone treatment for glioblastoma.

Description of Clinical Study Results

To test the hypothesis that MSH6 or other MMR gene
inactivation accounts for a significant fraction of temozolo-
mide-treated recurrent glioblastomas, the coding sequence of
MSHG6 was analyzed in both untreated and recurrent human
glioblastomas.

The coding sequence of MSH6 was determined in a
total of 54 glioblastomas. The tumors assembled for sequenc-
ing analysis were identified based on two criteria: histologi-
cally confirmed glioblastoma (World Health Organization
Grade 1V) and availability of appropriate quality specimen
(i.e., fresh-frozen surgical resection or early cell-culture pas-
sage) for genomic DNA sequence-based analyses. In total, 40
pretreatment tumors and 14 recurrent tumors were included in
the study. The recurrent samples were selected broadly and
had previously received a range of alkylator, nonalkylator, or
even no chemotherapy (i.e., only receiving radiation therapy).

No mutations of MSH6 were identified in any of the 40
pretreatment tumors. Therefore, germline or somatic MSH6
mutations did not appear to contribute significantly to the
pretreatment development of glioblastomas in typical sporad-
ically presenting adult patients.
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Strikingly, however, three MSH6-mutant cases were
found among the 14 recurrent tumors when none of the
pretreatment tumors had mutations. Because the recurrence
rate of glioblastoma is near 100%, random sampling of
recurrences is unlikely to introduce significant selection bias
with respect to prior pretreatment status. Thus, comparison of
the frequency of mutation in our pre- and posttreatment
samples suggested that MSH6 mutation is associated with
recurrence.

These results, given the known function of the MMR
pathway in mediating alkylator resistance in vitro, suggested
that selection for MSH6 inactivation could be a phenomenon
associated specifically with alkylator treatment. Because the
treatment regimens varied among these patients, the fact that
only some of the recurrent samples had been exposed to
temozolomide or other alkylators could account for the few
recurrent cases with detectable MSH6 mutations.

Therefore, to test the hypothesis that MSH6 inactivation
was a temozolomide-specific phenomenon, a panel of well-
characterized untreated and recurrent tumors was studied at
the histopathologic level with immunohistochemistry to de-
termine the relationship among treatment, recurrence, and
loss of detectable MSH6 protein expression.

A second sample set of glioblastomas that had under-
gone adjuvant treatment with the standard-of-care alkylating
agent temozolomide was assembled using three criteria
to identify patients: histologically confirmed glioblastoma
(World Health Organization Grade IV), treatment with a
chemotherapeutic regimen that included temozolomide, and
availability of an appropriate formalin-fixed, paraffin-embed-
ded specimen. In total, 46 glioblastomas were scored for
MSHG6 status by immunohistochemistry. Within this group,
38 specimens were from 21 patients who had received treat-
ment with radiation therapy and temozolomide.

Of the tumors studied, 34 were matched pairs derived
from 17 patients’ pre- and postradiation therapy and temozo-
lomide surgical resections, providing the additional benefit of
certainty regarding the pretreatment MSHG6 status. In these
matched specimens, every pretreatment tumor examined (17
of 17) stained positively for MSHG6 expression, consistent
with previous immunohistochemistry studies of MSH6 in
other tumor types.

In matched postradiation therapy and temozolomide
tumors from the same patients, staining for MSH6 was com-
pletely absent in seven cases. Furthermore, in four additional
postradiation therapy and temozolomide tumors, three had
absence of MSH6 protein. Therefore, in total, 10 of 21
postradiation therapy and temozolomide recurrent tumors
displayed absence of MSH6 by immunohistochemistry analy-
sis (Fig. 22.4).

Interestingly, loss of MSH6 was not observed in eight
cases of recurrent glioblastomas that had been treated with
radiation therapy only. Thus, MSH6 loss was specifically
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associated with temozolomide treatment. Furthermore, loss of
MSHG6 was not associated with upfront MGMT status as
determined by immunohistochemistry. Other methods for
determining MGMT status such as promoter methylation
analysis or direct enzymatic assay may show a more closely
linked association, and such studies are ongoing.

To test the hypothesis that MSH6 inactivation results in
clinically observed chemoresistance and tumor progression
despite treatment, the relationship between MSH6 inactiva-
tion and subsequent chemotherapeutic response was studied
in patients with recurrent glioblastoma. Tumor growth rates
were measured on gadolinium-enhanced MRI scans to per-
form in vivo calculations of growth-under-temozolomide
treatment in patients stratified for MSH6 status. We calcu-
lated in vivo tumor growth-under-treatment rates by compar-
ing the volume of tumor on the initial scan with the volume
present at cessation of temozolomide treatment. Strikingly,
MSH6-negative glioblastomas demonstrated a markedly in-
creased rate of growth while being treated with temozolomide
with a median T1 gadolinium-enhancing signal change of
+3.17 cm®*/month (0.106 cm®/day), whereas median MSHG6-
positive tumor growth was only +0.04 cm®/month (0.001
cm’/day) under temozolomide treatment (Fig. 22.5). This
increased growth rate suggested that MSH6 loss in vivo
corresponds to decreased clinical responsiveness to temozo-
lomide and subsequent recurrent tumor growth during treat-
ment, mirroring the alkylator resistance conferred by MSH6
inactivation in vitro.

In summary, across a large number of well-character-
ized clinical samples, loss of the MSH6 protein occurred only
in the subset of recurrent glioblastomas that had been treated
with temozolomide and was associated with progressive
growth of these tumors while they were under temozolomide
treatment.® This evidence supports the proposal that MSH6
inactivation serves as an in vivo mechanism of emergent
chemoresistance in patients with glioblastoma.
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FIGURE 22.4. Evidence of clonal emergence of
an MSHé-inactivated temozolomide-resistant
subclone in recurrent glioblastomas. By a combi-
nation of DNA sequencing analyses and his-
topathologic immunohistochemical analyses, ev-
idence consistent with the model of MSH6
inactivation as a route of emergent temozolomide
resistance was assembled.

CONCLUSION

These summarized studies demonstrate that loss of
MSHG6 expression occurs in a significant subset of postradia-
tion therapy and temozolomide recurrent glioblastomas and is
associated with the progressive growth of these tumors while
they are under temozolomide treatment. These findings par-
allel in vitro studies documenting the frequent emergence of
MMR deficiency in cell line subclones after selection and
outgrowth in alkylating agents. Importantly, although many
factors have been proposed to mediate therapeutic resistance
based on studies of cancer cells exposed to differing doses of
chemotherapeutic agents in vitro, these observations were
made in patients receiving the clinical standard-of-care doses
of temozolomide, indicating that MSH6 loss appears to reca-
pitulate its known in vitro alkylator resistance role in patients
with glioblastoma in vivo.

FIGURE 22.5. Association of MSH6 inactivation with clinical
temozolomide treatment failure in patients. Direct tumor vol-
ume measurements of patients undergoing standard-of-care
treatment with temozolomide demonstrate a statistically sig-
nificant difference in the rate of growth under treatment of
MSHé6-negative glioblastomas versus MSHé6-positive glioblas-
tomas. This observation provided in vivo evidence of treat-
ment failure in humans.
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FIGURE 22.6. Future goals of combination therapy. Should
MSHé6 inactivation prove to be a successful molecular target for
future therapeutics, we can envision additive or even synergis-
tic control of a subset of glioblastomas by combination with
the existing standard-of-care radiation therapy and temozolo-
mide.

One critical clinical question, given the apparent fre-
quency of MMR emergence, arises: Can we test upfront for
MSHG6 loss to better guide our therapies? Currently, the
answer is no; using Sanger sequencing technologies and
standard immunohistochemical techniques, MSH6 scored as
wild type in all pretreatment specimens. However, one can
reasonably anticipate that a significant subset of the treatment
failures will be associated with MSHG6 loss, and therefore
introduce MSHG6-specific therapeutic agents in combination
with temozolomide upfront to selectively close off a common
route of treatment escape (Fig. 22.6).

With the work described here serving as a foundation,
we are now poised to directly test novel therapeutics in an
isogenic glioblastoma cell culture system to evaluate these
agents for their potential synergism with current therapeutic
modalities. We can specifically evaluate the hypothesis that
selective targeting of MSHG6 can identify new combination
strategies for therapeutic consideration and also more gener-
ally evaluate novel agents with alternative mechanisms of
action such as immunotherapeutic strategies, which could
target the more than 200,000 new potential antigens present
in MSH6-lost cells.

In vitro studies have shown that chemoresistant tumor
cell lines frequently display differing degrees of crossresis-
tance to other chemotherapeutic agents with similar mecha-
nisms of action. Despite this evidence of crossresistance, it is
apparent that loss of DNA damage checkpoint function can
result in hypersensitivity to certain chemotherapeutic
agents.* Loss of MMR proteins is known to lead to aberrant
checkpoint response to DNA-damaging agents, suggesting
that chemotherapeutics that differ in mechanistic classifica-
tion from alkylating agents could selectively target this es-
cape pathway.® With the isogenic glioblastoma cell systems
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developed in our work, we can experimentally isolate both
the various pharmacologic combinations and genetic back-
grounds to strictly test proposed modalities and offer in vitro
guidance for which cancer genetic profiles might yield the
greatest benefit from these new regimens. The implication for
combination therapy would be clear; successful targeting of
MSHG6 inactivation in parallel with existing treatments could
markedly improve tumor control for a significant proportion
of patients with glioblastoma.!'!
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