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MRNA expression of mTOR signaling components and MGMT promoter methylation status as
potential predictive biomarkers in pancreatic neuroendocrine neoplasms

Medical therapeutic options for the treatment of well-differentiated pancreatic neuroendocrine
neoplasms (pNENs) include the mechanistic target of rapamycin (mTOR) pathway inhibitor
everolimus and the alkylating cytotoxic agent temozolomide (in combination with 5-Fluorouracil).
Criteria to assess prognosis in pNEN patients are still limited, as biomarkers to predict the
therapeutic response are still unknown. Several studies could show aberrant mTOR signaling
pathway activity at different levels of the signaling cascade in pNENs. Moreover, the response to
temozolomide correlates with the methylation-status of the promoter region of the
06-methylguanine-DNA methyltransferase (MGMT) gene in glioblastomas. In this study, we analyzed
the mRNA expression of different mTOR pathway components and evaluated the MGMT methylation
status in patients with well-differentiated pNENs in order to identify potential prognostic and
predictive biomarkers (for the forementioned therapies).

In this retrospective multicenter study, real-time quantitative TagMan reverse transcriptase-
polymerase chain reaction was used to analyze mRNA expression of eleven different mTOR pathway
genes (IGF-1, IGFBP-3, PIK3CA, AKT-1, MTOR, MLST8, DEPTOR, RAPTOR, RICTOR, 4EBP1 und VEGF-A),
in tumor tissue of 75 patients with well-differentiated pNENs in comparison to normal pancreatic
tissue. Relative gene expression was determined according to the 40-ACT method using CALM2 as
housekeeping gene. Additionally, we used bisulfite conversion followed by pyrosequencing to
evaluate methylation status of the MGMT promoter in tumor tissue of 76 pNEN patients. In addition,
MGMT protein expression was analyzed by immunohistochemistry in 57 patients. In a total of 70
patients mTOR gene expression, as well as MGMT promoter status were analyzed.

The analysis of mMRNA expression levels of eleven genes encoding for mTOR pathway members
indicated an increased signaling activity in pNENs. A distinct linear correlation only occurred between
MTOR and AKT-1. Clear association between mRNA expression and a clinical feature was only found
for RAPTOR: High RAPTOR mRNA expression was significantly correlated with better overall survival
in unselected patients. No prediction to everolimus treatment response could be deduced by mRNA
expression analysis of the mTOR pathway components in a small subgroup of 21 patients.
Hypermethylation of the MGMT promoter region occurred in 18.4 to 63.2 % of pNENs (dependent on
different cut-off values of 7 %, 10 %, 15 % and 20%). MGMT protein expression was not correlated
with the methylation status. Neither MGMT protein expression, nor MGMT promoter methylation
were associated with clinical characteristics. The response to temozolomide was not correlated with
MGMT promoter methylation status in a small subgroup of nine patients.

Even though mRNA expression of different mTOR pathway components indicated an enhanced
activity of this signaling cascade in tumor tissue of pNEN patients, we could not identify a statistical
significant parameter useful for prediction of everolimus treatment response. The prognostic and
predictive value of MGMT promoter methylation status in pNENSs is discussed controversially. We
could not identify an association of MGMT status with clinical parameters in this study. The
predictive value of this study is limited due to the low number of patients who received treatment
with everolimus or temozolomide. Further prospective studies analyzing the predictive value of the
expression of mTOR pathway genes or the MGMT status are desirable.
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Neuroendocrine Tumors
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Paola Tomassetti, M.D., Marianne E. Pavel, M.D., Sakina Hoosen, M.D.,
Tomas Haas, Ph.D., Jeremie Lincy, M.Sc., David Lebwohl, M.D.,
and Kjell Oberg, M.D., Ph.D., for the RAD001 in Advanced Neuroendocrine
Tumors, Third Trial (RADIANT-3) Study Group

ABSTRACT

BACKGROUND

Everolimus, an oral inhibitor of mammalian target of rapamycin (mTOR), has shown
antitumor activity in patients with advanced pancreatic neuroendocrine tumors, in two
phase 2 studies. We evaluated the agent in a prospective, randomized, phase 3 study.

METHODS

We randomly assigned 410 patients who had advanced, low-grade or intermediate-
grade pancreatic neuroendocrine tumors with radiologic progression within the pre-
vious 12 months to receive everolimus, at a dose of 10 mg once daily (207 patients),
or placebo (203 patients), both in conjunction with best supportive care. The primary
end point was progression-free survival in an intention-to-treat analysis. In the case
of patients in whom radiologic progression occurred during the study, the treat-
ment assignments could be revealed, and patients who had been randomly assigned
to placebo were offered open-label everolimus.

RESULTS

The median progression-free survival was 11.0 months with everolimus as compared
with 4.6 months with placebo (hazard ratio for disease progression or death from
any cause with everolimus, 0.35; 95% confidence interval [CI], 0.27 to 0.45; P<0.001),
representing a 65% reduction in the estimated risk of progression or death. Estimates
of the proportion of patients who were alive and progression-free at 18 months were
34% (95% CI, 26 to 43) with everolimus as compared with 9% (95% CI, 4 to 16) with
placebo. Drug-related adverse events were mostly grade 1 or 2 and included stoma-
titis (in 64% of patients in the everolimus group vs. 17% in the placebo group), rash
(49% vs. 10%), diarrhea (34% vs. 10%), fatigue (31% vs. 14%), and infections (23%
vs. 6%), which were primarily upper respiratory. Grade 3 or 4 events that were more
frequent with everolimus than with placebo included anemia (6% vs. 0%) and hyper-
glycemia (5% vs. 2%). The median exposure to everolimus was longer than exposure
to placebo by a factor of 2.3 (38 weeks vs. 16 weeks).

CONCLUSIONS
Everolimus, as compared with placebo, significantly prolonged progression-free sur-
vival among patients with progressive advanced pancreatic neuroendocrine tumors
and was associated with a low rate of severe adverse events. (Funded by Novartis Oncol-
ogy; RADIANT-3 ClinicalTrials.gov number, NCT00510068.)
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HE INCIDENCE AND PREVALENCE OF

pancreatic neuroendocrine tumors are in-

creasing3; these tumors represent approx-
imately 1.3% of all cases of pancreatic cancer in
incidence and 10% of cases in prevalence.'3 Pan-
creatic neuroendocrine tumors are frequently
diagnosed at a late stage, with approximately
65% of patients presenting with unresectable or
metastatic disease; as a result, these patients
have a poor prognosis. The median survival time
for patients with distant metastatic disease is
24 months,? and limited treatment options are
available for this population.

Streptozocin is the only approved therapy for
pancreatic neuroendocrine tumors in the United
States; however, the role of chemotherapy in ad-
vanced cases continues to be debated.>'? The
criteria that were used to determine the outcome
measures in many earlier trials are considered
unacceptable today, and a substantial number of
adverse events were seen with regimens that
showed improved response rates.>1%1314 Large,
prospective, randomized trials that use validated
criteria are therefore required to show the value
of promising new treatment regimens for ad-
vanced pancreatic neuroendocrine tumors. A re-
cent prospective study (reported by Raymond et al.
elsewhere in this issue of the Journal) shows that
sunitinib has antitumor activity.*s

Everolimus (Afinitor, Novartis Pharmaceuticals)
has recently shown promising antitumor activity
in two phase 2 studies involving patients with
pancreatic neuroendocrine tumors.3° Everolimus
inhibits mammalian target of rapamycin (mTOR),
a serine—threonine kinase that stimulates cell
growth, proliferation, and angiogenesis.>%17 Au-
tocrine activation of the mTOR signaling path-
way, mediated through insulin-like growth fac-
tor 1, has been implicated in the proliferation of
pancreatic neuroendocrine tumor cells.'® Consis-
tent with this observation is the finding that in-
hibition of mTOR has a significant antiprolifera-
tive effect on pancreatic neuroendocrine tumor cell
lines.19:20

The RADOO1 in Advanced Neuroendocrine Tu-
mors, third trial (RADIANT-3) study was conduct-
ed to determine whether everolimus, at a dose of
10 mg per day, as compared with placebo, would
prolong progression-free survival among patients
with advanced pancreatic neuroendocrine tumors.

METHODS

PATIENTS

Patients were eligible to be included in the study
if they were 18 years of age or older and had low-
grade or intermediate-grade advanced (unresect-
able or metastatic) pancreatic neuroendocrine tu-
mors and radiologic documentation of disease
progression (an unequivocal increase in the size
of tumors) in the 12 months preceding random-
ization. Prior antineoplastic therapy was not an
exclusion criterion. Other key eligibility criteria in-
cluded the presence of measurable disease, as as-
sessed according to the Response Evaluation Cri-
teria in Solid Tumors (RECIST), version 1.0 (see the
Supplementary Appendix, available with the full
text of this article at NEJM.org)?*; a World Health
Organization (WHO) performance status of 2 or
less (with 0 indicating that the patient is fully
active and able to carry on all predisease activities
without restriction; 1 indicating that the patient
is restricted in physically strenuous activity but is
ambulatory and able to carry out work of a light
or sedentary nature, such as light housework or
office work; and 2 indicating that the patient is
ambulatory and up and about more than 50% of
waking hours and is capable of all self-care but
unable to carry out any work activities)??; adequate
bone marrow, renal, and hepatic function; and ad-
equately controlled lipid and glucose concentra-
tions. Patients were ineligible if they had under-
gone hepatic-artery embolization within 6 months
before enrollment (within 1 month if there were
other sites of measurable disease) or cryoablation
or radiofrequency ablation of hepatic metastasis
within 2 months before enrollment, had any se-
vere or uncontrolled medical conditions, had re-
ceived prior therapy with an mTOR inhibitor, or
were receiving long-term treatment with gluco-
corticoids or other immunosuppressive agents.

STUDY OVERSIGHT
The protocol was approved by the institutional re-
view board or ethics committee at each participat-
ing center, and the study was conducted in ac-
cordance with Good Clinical Practice principles
and applicable local regulations. All patients pro-
vided written informed consent.

The study was designed by the academic inves-
tigators and by representatives of the sponsor,
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Novartis Oncology. The data were collected with
the use of the sponsor’s data management sys-
tems and were analyzed by the sponsor’s statisti-
cal team. All the authors contributed to the in-
terpretation of data and the subsequent writing,
reviewing, and amending of the manuscript; the
first draft of the manuscript was prepared by the
first author and by a medical writer employed by
Novartis Oncology. The protocol, including the
statistical analysis plan, is available at NEJM.org.
All the authors vouch for the accuracy and com-
pleteness of the reported data and attest that the
study conformed to the protocol and statistical
analysis plan.

STUDY DESIGN AND TREATMENT
In this international, multicenter, double-blind,
phase 3 study, patients were randomly assigned to
treatment with oral everolimus, at a dose of 10 mg
once daily, or matching placebo, both in conjunc-
tion with best supportive care. Patients were strat-
ified according to status with respect to prior
chemotherapy (receipt vs. no receipt) and accord-
ing to WHO performance status (0 vs. 1 or 2) at
baseline.

Treatment continued until progression of the
disease, development of an unacceptable toxic ef-
fect, drug interruption for 3 weeks or longer, or
withdrawal of consent. The study-group assign-
ments were concealed from the investigators, but
disclosure was permitted if an investigator de-
termined that the criteria for disease progression
according to RECIST had been met and if there
was an intention to switch the patient to open-
label therapy. Patients who had been assigned to
placebo initially could then switch to open-label
everolimus. This element of the study design was
incorporated to address both ethical and recruit-
ment considerations, given that the trial involved
patients with a rare disease. We recognized the
potential influence of this aspect of the study de-
sign on the analysis of the end point of overall
survival.

Doses were delayed or reduced if patients had
clinically significant adverse events that were con-
sidered to be related to the study treatment, ac-
cording to an algorithm described in the proto-
col. In such cases, two reductions in the dose of
the study drug were permitted: an initial reduc-
tion to 5 mg daily and a subsequent reduction to
5 mg every other day.

EFFICACY AND SAFETY ASSESSMENTS

The primary end point was progression-free sur-
vival, documented by the local investigator ac-
cording to RECIST and defined as the time from
randomization to the first documentation of dis-
ease progression or death from any cause. If the
disease had not progressed and the patient had
not died as of the cutoff date for the analysis,
data for progression-free survival were censored
at the time of the last adequate tumor assessment
— which was defined as the last assessment of
overall lesion response that showed complete re-
sponse, partial response, or stable disease — be-
fore the cutoff date or the date of initiation of
other anticancer therapy.?® In the primary analy-
sis, data for progression-free survival were cen-
sored at the time of the last adequate tumor as-
sessment if an event occurred after two or more
missing tumor assessments. Data for patients
without any valid post-baseline tumor assessment
were censored on day 1 (the date of randomiza-
tion). Secondary end points included the confirmed
objective response rate (according to RECIST, ver-
sion 1.0), the duration of response, overall surviv-
al, and safety.

All randomly assigned patients were assessed
for efficacy (intention-to-treat analysis). Tumor
measurements (assessed by triphasic computed
tomography or magnetic resonance imaging) were
performed at baseline and were repeated every
12 weeks. Scans were reviewed at the local site
and centrally. In cases of a discrepancy between
the local investigator’s assessment and the radio-
logic assessment at the central location with re-
spect to the determination of progression-free
survival, adjudication was performed by an inde-
pendent central adjudication committee compris-
ing a board-certified radiologist and an oncologist,
both of whom had extensive experience with neu-
roendocrine tumors. The central adjudication com-
mittee, whose members were unaware of the pa-
tients’ study-group assignments and of the source
of the data (local or central), selected the assess-
ment that in their expert opinion reflected the
more accurate evaluation.

All patients who received at least one dose of
the study drug and had at least one follow-up
assessment were evaluated for safety. Safety as-
sessments consisted of the monitoring and record-
ing of all adverse events, regular monitoring of
hematologic and clinical biochemical levels (lab-
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oratoFy e‘_,aluatlons) and vital signs, and physical Table 1. Demographic and Baseline Clinical Characteristics of the Patients.
examinations every 4 weeks. Adverse events were
assessed according to the National Cancer In- | .- 4o Everolimus Placebo
stitute Common Terminology Criteria for Ad- (N=207) (N=203)
verse Events, version 3.0 (http://ctep.info.nih.gov/ | age —yr
protocolDevelopment/electronic_applications/docs/ Median 53 57
ctcaev3.pdf). Range 23-87 20-82
STATISTICAL ANALYSIS S — D% (78
The estimation of the sample size was based on Male 110 (53) 117 (58)
the ability to detect a clinically meaningful im- Female 97 (47) 86 (42)
provement in the primary end point, which was | WHO performance status — no. (%)
defined as a 33% reduction in the risk of disease 0 139 (67) 133 (66)
progression or death (a hazard ratio for progres- . 62 (30) 64 (32)
sion or death of 0.67), corresponding to a 50%
prolongation in median progression-free surviv- 2 66) 66
al, from 6 months with placebo to 9 months with | Histologic status of tumor —no. (%)
everolimus. We estimated that with a total of 282 Well differentiated 170 (82) 171 (84)
progression-free survival events (i.e., disease pro- Moderately differentiated 35 (17) 30 (15)
gression or death), the study would have 92.6% Uil 2(1) 2 (1)
power to detect a clinically meaningful improve- | e o o gnosis — no. (%)
ment, with the use of an unstratified log-rank test,

. N - <6 mo 24 (12) 33 (16)
at a one-sided significance level of 2.5%. Taking
into account the estimated rate of patient accrual >6moto=2yr 65 (31) 43 (21)
and a 10% loss of the study population to follow- >2yrto=<5yr 54 (26) 81 (40)
up, we estimated that we would have to enroll >5yr 64 (31) 46 (23)
392 patients to observe the required number of | Time from disease progression to random-
events. ization — no. (%)

Progression-free and overall survival were ana- <l mo 73 (35) 61 (30)
lyzed with the use of Kaplan—Meier methods; study 1l {19 & =2 66 43 (21) 53 (26)
groups were compared with the use of a log-rank 22 Mo to <3 mo 30 (14) 29 (14)
test, strat.lfled according to prior receipt or no P —— 58 (28) 54 (27)
prior receipt of chemotherapy and WHO perfor-
mance status, and the hazard ratio was estimated >12mo 3) 1<)
with the use of a stratified Cox proportional- | No-of disease sites —no. of patients (%)
hazards model. 1 51 (25) 62 (31)

2 85 (41) 64 (32)
RESULTS >3 70 (34) 77 (38)
Organ involved — no. (%)
PATIENTS AND TREATMENT )
Between July 2007 and May 2009, a total of 410 Liver 190 (2) 187 (2)
patients from 82 centers in 18 countries world- FOIIEED 2 (44) ()
wide who had advanced pancreatic neuroendo- Lymph nodes 68 (33) 73 (36)
crine tumors were randomly assigned to everoli- Lung 28 (14) 30 (15)
mus (207 patients) or placebo (203 patients) (see Bone 13 (6) 29 (14)
the figure in the Supplementary Appendix). The
baseline demographic and clinical characteristics
of the patients were well balanced between the neuroendocrine tumor more than 2 years before
two groups (Table 1). More than 80% of the pa- entering the study. A total of 24% of the patients
tients had well-differentiated disease, more than had gastrinoma, glucagonoma, VIPoma, insulino-
90% had metastases in the liver, and approxi- ma, or somatostatinoma. The two groups were
mately 60% had received a diagnosis of pancreatic similar with respect to prior receipt of radiother-
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Table 2. Progression-free Survival.

Everolimus
Variable (N=207)
Assessment by local investigator
Progression-free survival events — no. (%)* 109 (53)
Censored data— no. (%) 98 (47)
Median progression-free survival — mo 11.0

Review by central adjudication committee

Progression-free survival events — no. (%)* 95 (46)
Censored data — no. (%) 112 (54)
Median progression-free survival — mo 11.4

Hazard Ratio for Disease
Progression or Death

Placebo with Everolimus
(N=203) Difference (95% ClI) P Value
165 (81)
38 (19)
46 6.4 0.35 (0.27-0.45) <0.001
142 (70)
61 (30)
5.4 6.0 0.34 (0.26-0.44) <0.001

* Progression-free survival events include disease progression and death.

apy (23% of patients in the everolimus group and
20% in the placebo group), chemotherapy (50% in
both groups), and somatostatin analogue therapy
(49% in the everolimus group and 50% in the pla-
cebo group). Best supportive care included the use
of somatostatin analogue therapy in approximate-
ly 40% of the patients.

With a median follow-up period of 17 months,
the median duration of treatment with everolimus
was 8.79 months (range, 0.25 to 27.47), as com-
pared with 3.74 months (range, 0.01 to 37.79) with
placebo. A total of 31% of the patients in the
everolimus group, as compared with 11% in the
placebo group, were administered treatment for
a minimum of 12 months. The mean relative
dose intensity (the ratio of administered doses to
planned doses) was 0.86 in the everolimus group
and 0.97 in the placebo group. Dose adjustments
(reductions or temporary interruptions) were re-
quired by 59% of the patients receiving everolimus
and 28% of the patients receiving placebo.

At the time the analysis was performed for this
article, treatment was ongoing for 32% of the pa-
tients in the everolimus group and 13% of the
patients in the placebo group; the primary reasons
for discontinuation of treatment included disease
progression (in 44% of patients in the everolimus
group vs. 80% in the placebo group), adverse
events (17% vs. 3%), withdrawal of consent (2% in
both groups), and death (2% vs. 1%).

EFFICACY
The median progression-free survival (the primary
end point), as assessed by the local investigators,

was 11.0 months (95% confidence interval [CI],
8.4 to 13.9) in the everolimus group, as compared
with 4.6 months (95% CI, 3.1 to 5.4) in the placebo
group, representing a 65% reduction in the esti-
mated risk of progression (hazard ratio for dis-
ease progression or death with everolimus, 0.35;
95% CI, 0.27 to 0.45; P<0.001) (Table 2 and Fig. 1A).
The estimated proportion of patients who were
alive and progression-free at 18 months was 34%
(95% CI, 26 to 43) with everolimus as compared
with 9% (95% CI, 4 to 16) with placebo, indicating
that a sizable proportion of patients derived a
prolonged benefit with everolimus.

The findings of the independent adjudicated
central assessment of median progression-free
survival were consistent with those of the assess-
ment by local investigators. The median progres-
sion-free survival according to the central assess-
ment was 11.4 months (95% CI, 10.8 to 14.8) with
everolimus, as compared with 5.4 months (95% CI,
4.3 to 5.6) with placebo (hazard ratio for disease
progression or death with everolimus, 0.34; 95%
CI, 0.26 to 0.44; P<0.001) (Table 2 and Fig. 1B).

Prespecified subgroup analyses indicated that
the benefit was maintained across subgroups.
A benefit with everolimus was evident irrespec-
tive of status with respect to prior chemotherapy
(receipt or no receipt), WHO performance status,
age, sex, race, geographic region, status with re-
spect to prior somatostatin analogue therapy (re-
ceipt or no receipt), and tumor grade (Fig. 1C).

Everolimus was associated with a superior re-
sponse profile, as assessed according to RECIST
(P<0.001 with the use of a two-sided Mann-Whit-
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Increase in tumor size as best response [l Decrease in tumor size as best response
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Everolimus Placebo
no. (%)
Decrease in size of target lesions from baseline 123 (64.4) 39 (20.6)
No change in size of target lesions from baseline 11 (5.8) 10 (5.3)
Increase in size of target lesions from baseline 43 (22.5) 112 (59.3)

Figure 2. Percentage Change from Baseline in Size of Target Lesion.

The plot shows the best percentage change from baseline in the size of the target lesion (i.e., the best response in each patient) in the
everolimus group (left) and the placebo group (right). Data on 30 patients with lesions that could be evaluated in the everolimus group
and 42 in the placebo group were not included in the analysis for the following reasons: 14 in the everolimus group (7.3%) and 28 in
the placebo group (14.8%) showed a change in the available target lesion that contradicted the overall response of progressive disease;
1 patient in the everolimus group (0.5%) showed a change in the available target lesion, but the overall response was unknown; and the
change in the target lesion could not be assessed in 15 patients in the everolimus group (7.9%) and 14 in the placebo group (7.4%).
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ney U test). Confirmed objective tumor responses
as assessed by local investigators (all partial re-
sponses) were observed in 10 patients receiving
everolimus (5%) as compared with 4 patients re-
ceiving placebo (2%). Thus, the benefit from evero-
limus with respect to progression-free survival was
seen primarily in the stabilization of disease or
minor tumor shrinkage and in the lower incidence
of progressive disease. Stable disease was evident
in the case of 73% of the patients in the evero-
limus group as compared with 51% in the placebo
group. Progressive disease as the best outcome
occurred in 14% of the patients receiving evero-
limus and 42% of the patients receiving placebo.
A total of 64% of the patients receiving evero-
limus, as compared with 21% receiving placebo,
had some degree of tumor shrinkage (Fig. 2).

Of the 203 patients initially assigned to receive
placebo, 148 (73%) crossed over to open-label
everolimus, thus confounding the detection of a
treatment-related survival benefit. Median overall
survival was not reached at the time of this analy-
sis, and no significant difference between the
groups was observed (hazard ratio for death with

N ENGL J MED 364;6

The New England Journal
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everolimus, 1.05; 95% CI, 0.71 to 1.55; P=0.59)
(Fig. 1D). The final analysis of overall survival
will be performed once approximately 250 deaths
have occurred.

SAFETY
Our findings with respect to safety were consis-
tent with the known safety profile of everolimus,
and most adverse events were grade 1 or 2. The
most common drug-related adverse events occur-
ring with a frequency of at least 10% are listed in
Table 3. A total of 12 patients in the everolimus
group (6%) and 4 in the placebo group (2%) died
while receiving the study drug. Of these 16 deaths,
8 (5 in the everolimus group and 3 in the placebo
group) were attributed to the underlying cancer or
disease progression. The remaining 8 cases (7 in
the everolimus group and 1 in the placebo group)
were attributed to adverse events; of these, 1 in the
everolimus group was related to the study drug.
The most common adverse events were stoma-
titis (in 64% of the patients in the everolimus
group vs. 17% in the placebo group), rash (49% vs.
10%), diarrhea (34% vs. 10%), fatigue (31% vs.
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14%), and infections (23% vs. 6%). Infections, as
well as pneumonitis (which occurred in 12% of the
patients in the everolimus group vs. 0% in the
placebo group) and interstitial lung disease (2% vs.
0%), represented some of the most important
clinical concerns and were primarily grade 1 or 2.
The most common grade 3 or 4 drug-related ad-
verse events were anemia, hyperglycemia, stoma-
titis, thrombocytopenia, diarrhea, hypophosphate-
mia, and neutropenia. Antibiotics were routinely
prescribed for patients with infections. Glucocor-
ticoids were administered to six of the seven pa-
tients with grade 3 or 4 noninfectious pneumo-
nitis or interstitial lung disease; however, only
5 (2%) of these events were considered to be drug-
related (Table 3). Atypical infections such as pul-
monary tuberculosis, bronchopulmonary asper-
gillosis, and reactivation of hepatitis B (each of
which occurred in one patient) were also observed
in association with everolimus therapy.

The death from acute respiratory distress syn-
drome of one patient with insulinoma in the evero-
limus group (Who was receiving glucocorticoid
therapy) was considered to be treatment-related.
Adverse events related to the study drug led to
discontinuation of treatment in the case of 13%
of the patients receiving everolimus (with pneu-
monitis, fatigue, and interstitial lung disease cit-
ed as the most common reasons) and 2% of the
patients in the placebo group (as a result of car-
diac failure, diarrhea, confusion and depressed
level of consciousness, and elevated alanine ami-
notransferase concentrations). The most common
drug-related adverse events necessitating dose
adjustment were stomatitis (in 10% of the patients
in the everolimus group vs. <1% in the placebo
group), pneumonitis (7% vs. 0%), thrombocytope-
nia (7% vs. 0%), diarrhea (4% vs. 0%), and anemia
(3% vs. 0%).

DISCUSSION

In this trial, we compared everolimus with pla-
cebo in patients with advanced pancreatic neuro-
endocrine tumors in whom the disease had pro-
gressed within the previous 12 months. The
majority of patients had received prior treatment
with chemotherapy, radiotherapy, somatostatin
analogue therapy, or some combination of those
therapies. Everolimus, as compared with placebo,
was associated with a 6.4-month prolongation of
the median progression-free survival (an increase

N ENGLJ MED 364;6
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Placebo (N =203)

Grade 3 or4

n
=

(<1)

—_
—
—

—
N
-

—
—
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Table 3. Drug-Related Adverse Events Occurring in at Least 10% of Patients.
Adverse Event Everolimus (N =204)
All Grades Grade3or4  All Grades

no. of patients (%)
Stomatitis* 131 (64) 14 (7) 34 (17)
Rash 99 (49) 1(<1) 21 (10)
Diarrhea 69 (34) 7(3) 20 (10)
Fatigue 64 (31) 5(2) 29 (14)
InfectionsT 46 (23) 5(2) 12 (6)
Nausea 41 (20) 5(2) 37 (18)
Peripheral edema 41 (20) 1(<1) 7 (3)
Decreased appetite 40 (20) 0 14 (7)
Headache 39 (19) 0 13 (6)
Dysgeusia 35(17) 0 8 (4)
Anemia 35 (17) 12 (6) 6 (3)
Epistaxis 35(17) 0 0
Pneumonitisi: 35(17) 5(2) 0
Weight loss 32 (16) 0 9 (4)
Vomiting 31 (15) 0 13 (6)
Pruritus 30 (15) 0 18 (9)
Hyperglycemia 27 (13) 11 (5) 9 (4)
Thrombocytopenia 27 (13) 8 (4) 1(<1)
Asthenia 26 (13) 2(1) 17 (8)
Nail disorder 24 (12) 1(<1) 2(1)
Cough 22 (11) 0 4(2)
Pyrexia 22 (11) 0 0
Dry skin 21 (10) 0 9 (4)

O O O O N O A O O O O O O O O N O O + +H O O O

* Included in this category are stomatitis, aphthous stomatitis, mouth ulcer-

ation, and tongue ulceration.
T All types of infections are included.

I Included in this category are pneumonitis, interstitial lung disease, lung infil-

tration, and pulmonary fibrosis.

by a factor of 2.4). The patients in our study, who
otherwise had a poor prognosis, had a 65% re-
duction in the relative risk of progression with
everolimus therapy as compared with placebo
(P<0.001). This study confirmed the prolonged
progression-free survival that had been observed
with everolimus in earlier phase 2 studies.?°
Although the molecular pathogenesis of spo-
radic pancreatic neuroendocrine tumors is un-
known, several genetic cancer syndromes involving
the mTOR pathway, including tuberous sclerosis,
neurofibromatosis, and von Hippel-Lindau dis-
ease, are linked to the development of pancreatic
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neuroendocrine tumors.?* In sporadic pancreatic
neuroendocrine tumors, down-regulation of tu-
berin (TSC2) and phosphatase and tensin homo-
logue (PTEN) leads to dysregulation of the mTOR
pathway. Low TSC2 and PTEN are linked to pro-
gression of the cancer, an increased rate of pro-
liferation (as assessed by Ki 67 labeling), and
shortened progression-free and overall survival.2°
In a study of paired biopsy specimens, treatment
with everolimus reduced tumor proliferation in
neuroendocrine tumors, as evidenced by a decreas-
ing percentage of cells with Ki 67 labeling.*® The
magnitude of the clinical benefit observed in our
study confirms the importance of the mTOR path-
way in pancreatic neuroendocrine tumors.

Sunitinib, an oral inhibitor of a number of
tyrosine kinases (but not an inhibitor of mTOR),
also shows activity against advanced pancreatic
neuroendocrine tumors.!s It is not yet clear wheth-
er sunitinib and everolimus can be combined and,
if so, whether antitumor activity would be fur-
ther increased with combined treatment.

We have previously shown that everolimus can
be safely administered to patients with neuroen-
docrine tumors either with or without concurrent
octreotide long-acting release (LAR) therapy.? The
safety profile of everolimus in the current study
was consistent with that in previous phase 2 stud-
ies. Despite a significantly longer duration of ex-
posure in the population of patients with pancre-
atic neuroendocrine tumors, the rate of adverse
events was similar to that in phase 3 trials in-
volving patients with renal-cell carcinoma.?s The

most common drug-related adverse event in our
trial was stomatitis or aphthous ulceration, char-
acterized by sporadic occurrences of discrete white
ulcerations that frequently appeared and resolved
during treatment. Everolimus therapy can also be
associated with mild lymphopenia and neutro-
penia. Although in our trial, infections were more
common among patients receiving everolimus
than among those receiving placebo, grade 3 or
4 drug-related infections occurred in only 2% of
the patients in the everolimus group. The most
commonly reported infections were mild upper
respiratory infections. Adverse events were gener-
ally manageable, as evidenced by the low rate of
discontinuation of treatment. Noninfectious pneu-
monitis and interstitial lung disease, potentially
serious adverse events associated with sirolimus
(previously called rapamycin) derivatives, were also
observed, but these events can be effectively man-
aged according to existing treatment guidelines.

In summary, our study shows that everolimus,
as compared with placebo, improves progression-
free survival in patients with advanced pancre-
atic neuroendocrine tumors. The adverse events
seen with everolimus were mainly grade 1 and
2 events, thus allowing for long-term daily admin-

istration.

Supported by Novartis Oncology.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank all the investigators and their patients for their
participation in the study, Peter Berry (Novartis Oncology) for
assistance in writing the first draft of the manuscript, and Kathy
Covino (ApotheCom) for assistance with the preparation of the
manuscript.
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Everolimus plus octreotide long-acting repeatable for the
treatment of advanced neuroendocrine tumours associated
with carcinoid syndrome (RADIANT-2): a randomised,
placebo-controlled, phase 3 study

Marianne E Pavel, John D Hainsworth, Eric Baudin, Marc Peeters, Dieter Horsch, Robert E Winkler, Judith Klimovsky, David Lebwohl, Valentine Jehl,
Edward M Wolin, Kjell Oberg, Eric Van Cutsem, James C Yao, for the RADIANT-2 Study Group

Summary

Background Everolimus, an oral inhibitor of the mammalian target of rapamycin (mTOR), has shown antitumour
activity in patients with advanced pancreatic neuroendocrine tumours. We aimed to assess the combination of
everolimus plus octreotide long-acting repeatable (LAR) in patients with low-grade or intermediate-grade
neuroendocrine tumours (carcinoid).

Methods We did a randomised, double-blind, placebo-controlled, phase 3 study comparing 10 mg per day oral
everolimus with placebo, both in conjunction with 30 mg intramuscular octreotide LAR every 28 days. Randomisation
was by interactive voice response systems. Participants were aged 18 years or older, with low-grade or intermediate-
grade advanced (unresectable locally advanced or distant metastatic) neuroendocrine tumours, and disease progression
established by radiological assessment within the past 12 months. Our primary endpoint was progression-free
survival. Adjusted for two interim analyses, the prespecified boundary at final analysis was p=0-0246. This study is
registered at ClinicalTrials.gov, number NCT00412061.

Findings 429 individuals were randomly assigned to study groups; 357 participants discontinued study treatment
and one was lost to follow-up. Median progression-free survival by central review was 16-4 (95% CI 13-7-21.2)
months in the everolimus plus octreotide LAR group and 11-3 (8-4-14-6) months in the placebo plus octreotide LAR
group (hazard ratio 0-77, 95% CI 0-59-1-00; one-sided log-rank test p=0-026). Drug-related adverse events
(everolimus plus octreotide LAR vs placebo plus octreotide LAR) were mostly grade 1 or 2, and adverse events of all
grades included stomatitis (62% vs 14%), rash (37% vs 12%), fatigue (31% vs 23%), and diarrhoea (27% vs 16%).

Interpretation Everolimus plus octreotide LAR, compared with placebo plus octreotide LAR, improved progression-
free survival in patients with advanced neuroendocrine tumours associated with carcinoid syndrome.

Funding Novartis Pharmaceuticals.

Introduction progression in patients with midgut neuroendocrine

Neuroendocrine tumours, also known as carcinoids, are
uncommon tumours arising from various primary sites.!
Nearly 50% of patients with neuroendocrine tumours
have metastatic disease, and 65% will die within 5 years
of diagnosis.! The 5 year survival rate for patients with
advanced neuroendocrine tumours is greater for patients
with well differentiated (low or intermediate grade)
versus poorly differentiated tumours and locoregional
versus distant disease.! Survival also varies by primary
site; in patients with low-grade or intermediate-grade
histology and distant disease, lung and colon are
associated with the worst median survival (17 and
7 months, respectively), and jejunum, ileum, and caecum
are associated with the best (55-65 months).!
Somatostatin analogues, such as octreotide and
lanreotide, improve the hormone-related symptoms
associated with neuroendocrine tumours. Furthermore,
octreotide long-acting repeatable (LAR) has also shown
antitumour activity, prolonging time to disease

www.thelancet.com Vol 378 December 10,2011

tumours.”* No approved antitumour drugs are available
for treating progressive disease in patients with
gastrointestinal or lung neuroendocrine tumours.
Overactivation of the mammalian target of rapamycin
(mTOR), a serine-threonine kinase that regulates cell
growth, proliferation, metabolism, and angiogenesis, has
been implicated in the pathogenesis of neuroendocrine
tumours.”” Autocrine activation of the mTOR signalling
pathway, mediated through insulin-like growth factor I,
has been associated with neuroendocrine tumour cell
proliferation,® and inhibition of the mTOR pathway has
shown antiproliferative effects in cell lines of neuro-
endocrine tumours™ and primary cultures of human
neuroendocrine tumours.” Everolimus, an oral inhibitor
of mTOR, showed promising antitumour activity in
advanced neuroendocrine tumours in two phase 2
studies.”® Recently, everolimus showed a 6-4 month
increase in progression-free survival compared with
placebo in patients with advanced pancreatic
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neuroendocrine tumours.” However, the role of evero-
limus in neuroendocrine tumours of other primary sites
or in combination with other drugs has not been studied
extensively. Combination therapy with everolimus plus
octreotide LAR might enhance antitumour efficacy by
simultaneously targeting upstream and downstream
components of the mTOR pathway (webappendix p 1).”*

We aimed to establish whether 10 mg per day everolimus
plus 30 mg octreotide LAR every 28 days compared with
placebo plus 30 mg octreotide LAR every 28 days prolongs
progression-free  survival in patients with well
differentiated or moderately differentiated advanced
neuroendocrine tumours (carcinoid tumours) and a
history of flushing, diarrhoea, or both.

Methods

Participants

Between Jan 10, 2007, and April 2, 2010, we did a
multicentre, double-blind, phase 3 study in Australia,
Belgium, Canada, Czech Republic, Finland, France,
Germany, Greece, Israel, Italy, Netherlands, Slovakia,
Spain, Sweden, Turkey, and the USA. We judged the
participants eligible if they were aged 18 years or
older, had low-grade or intermediate-grade advanced
(unresectable locally advanced or distant metastatic)
neuroendocrine tumours, and disease progression
established by radiological assessment within the past
12 months. Our other key eligibility criteria were history
of secretory symptoms (diarrhoea or flushing) attributable
to carcinoid syndrome; presence of measurable disease
according to Response Evaluation Criteria In Solid

429 patients enrolled |

v

v

216 assigned to receive everolimus
plus octreotide (full analysis set)

213 assigned to receive placebo
plus octreotide (full analysis set)

b

1did not receive

2 did not receive
allocated intervention

>

allocated intervention

A4

A 4

(safety set)

215 given allocated intervention

211 given allocated intervention
(safety set)

6 deaths

179 discontinued intervention
95 had disease progression
57 had adverse events
17 withdrew consent

3 protocol violations
1 new cancer therapy

1 lost to follow-up
178 discontinued intervention
146 had disease progression

14 had adverse events

11 withdrew consent
2 deaths
4 protocol violations
1 new cancer therapy

y

37 completed the trial

34 completed the trial
123 in open-label crossover set

Figure 1: Trial profile

2006

Tumors version 1.0 (RECIST; webappendix pp 39-40
[amended protocol pp 38-39]);” WHO performance
status of 2 or less;”® adequate bone marrow, renal, and
hepatic function; and adequately controlled lipid
concentrations. Patients were ineligible if they had
poorly differentiated or high-grade neuroendocrine
carcinomas.

All participants provided written informed consent.
Our protocol was approved by the institutional review
board or ethics committee at each participating centre.
Our study was done in accordance with Good Clinical
Practice and the Declaration of Helsinki. Our study was
monitored by an independent data monitoring committee
and overseen by the protocol steering committee.

Randomisation and masking

Randomisation was by interactive voice response systems.
Study group assignments were masked from participants
and investigators, but disclosure was permitted in cases
of investigator-documented disease progression accord-
ing to RECIST. Participants assigned to placebo plus
octreotide LAR could cross over to open-label everolimus
plus octreotide LAR after disease progression was
established by the investigator.

Procedures

We randomly assigned participants (1:1) to receive
treatment with 10 mg oral everolimus once daily or
matching placebo, both in conjunction with intra-
muscular 30 mg octreotide LAR every 28 days. Treatment
continued until disease progression, withdrawal from
treatment because of adverse events, or withdrawal of
consent. Dose adjustments were permitted for safety
(webappendix pp 43—44 [amended protocol pp 42—43]).

Our primary endpoint was progression-free survival
according to RECIST, defined as time from random
assignment to first recorded disease progression or death
from any cause. Progression-free survival for our primary
analysis was established by an adjudicated central review.
Adjudication was done by an independent committee—
from which treatment allocation was masked—assessing
any discrepancies in event type or timing between
local and central radiology review. Investigator-assessed
progression-free survival was done as a key supportive
analysis. Our secondary endpoints were objective
response rate (according to RECIST), overall survival,
changes from baseline in 5-hydroxyindoleacetic acid and
chromogranin A concentrations, and safety.

We assessed efficacy in our full analysis set, composed
of all patients randomly assigned to a study group. Tumour
measurements (assessed by multiphasic CT or MRI) were
done at baseline and repeated every 12 weeks.

We collected serum chromogranin A and 24 h urine
samples for 5-hydroxyindoleacetic acid at baseline and, if
raised (greater than the upper limit of normal) we
repeated the collection on day 1 of each subsequent cycle
(webappendix p 248).
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In our safety population we included all patients who
received at least one dose of study drug and had at least
one post-baseline safety assessment. Safety assessments
included monitoring of adverse events, vital signs,
physical examinations every 4 weeks, chest radiograph
every 12 weeks, and regular monitoring of haematological
and clinical biochemistry values (laboratory assessments).
We classified adverse events in accordance with the
National Cancer Institute’s Common Terminology
Criteria for Adverse Events version 3.0.

Statistical analysis

We based our estimates of sample size on the ability
to detect a clinically meaningful prolongation of
progression-free survival, which we defined as a
33% reduction in the risk for disease progression or
death (hazard ratio [HR] for progression or death 0-67),
corresponding to a prolongation in median progression-
free survival from 9 months with placebo plus octreotide
LAR to 13-5 months with everolimus plus octreotide
LAR. With a uniform accrual of 29 patients per month
over 60 weeks and a minimum follow-up of 90 weeks,
we needed 350 patients to obtain 287 progression-free
survival events, which would yield 92-2% power with
the use of an unstratified log-rank test at a one-sided
significance level of 2-5%. With an estimated 10% of
patients lost to follow-up, we targeted a total sample
size of 390 patients. However, because of a loss of
central radiology progression-free survival events
(informative censoring), our study was amended to end
on a date that allowed for a minimum follow-up of
about 2 years in randomly assigned patients
(April 2, 2010) irrespective of the available number of
events. Adjusted for two interim analyses and the final
number of progression-free survival events recorded,
the significance boundary on the p-value scale at final
analysis was 0-0246.

We assessed progression-free and overall survival
with Kaplan-Meier methods and we compared study
groups with log-rank tests. We calculated HRs and
corresponding Cls with a Cox proportional hazards
model. We used a prespecified marginal structural Cox
proportional hazards model with the inverse probability
of censoring weights (IPCW) method to assess for
potential bias related to informative censoring
(webappendix pp 249-251). We defined chromogranin A
and  5-hydroxyindoleacetic acid responses  as
normalisation or a 50% or greater reduction from
baseline. We described responses by treatment group,
and we assessed changes from baseline over time with
a mixed-effects model, including treatment, time, and
the interaction term between time and treatment as
fixed effects, baseline measurements as covariates, and
patient as random effect. The protocol, including the
statistical analysis plan, is available in the webappendix
(pp 2-247). This study is registered at ClinicalTrials.gov,
number NCT00412061.
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Role of the funding source

The study was designed by the academic investigators
and by representatives of the sponsor. Data were collected
with the use of the sponsor’s data management systems

For the Common Terminology
Criteria for Adverse Events

see http://ctep.cancer.gov/
protocolDevelopment/electronic_
applications/docs/ctcaev3.pdf

Everolimus plus octreotide Placebo plus octreotide

LAR group (n=213)

60 (27-81)
89 (42%)
124 (58%)

140 (66%)
62 (29%)
10 (5%)

196 92%)

(
85(
52 (24%)
24 (11%)
(

103 (48%)
3 (11%
25%
24%)

)
)

11%)
1%)
166 (78%)
152 (71%)
2:6 (2:39; 0-0-12°5)

23(
53(
51(
61 (29%)
23(
2(
(

38%)
26%)
%)
%)

82(
55(
20(9
16(8
28 (13%)

LAR group (n=216)

Median age, years (range) 60 (22-83)

Number of women 119 (55%)

Number of men 97 (45%)

WHO performance status*

0 118 (55%)
1 84 (39%)
2 14 (6%)

Primary site of cancer
Small intestine 111 (51%)
Lung 33 (15%)
Colon 14 (6%)
Pancreas 11 (5%)
Liver 7 3%)
Other 40 (19%)
Missing 0

Histological grade
Well differentiated 166 (77%)
Moderately differentiated 38 (18%)
Poorly differentiated 1(0-5%)
Unknown 11 (5%)
Missing 0

Current tumour-related symptoms+ 170 (79%)

Organ type involveds
Liver 198 (92%)
Lymph nodes 80 (37%)
Lung 64 (30%)
Bone 35 (16%)
Other 103 (48%)

Time since initial diagnosis
<6 months 15 (7%)
>6 months to <2 years 45 (21%)
>2 years to <5 years 68 (31%)
>5 years to <10 years 60 (28%)
>10 years 27 (13%)
Missing 1(0-5%)

History of previous somatostatin analogue therapy 173 (80%)
History of previous octreotide therapy 169 (78%)
Mean duration of previous somatostatin 26 (2:49; 0-0-11.7)
analogue exposure, years (SD; range)

Other systemic antitumour drugs 9 (46%)
Chemotherapy 5 (35%)
Immunotherapy 27 (13%)
Targeted therapy 5 (7%)
Other 1(10%)

Data are n (%) unless otherwise stated. *Data missing for one patient in the placebo plus octreotide LAR group. tDefined
as diarrhoea, flushing, or both. $Organs as per target and non-target lesion locations recorded at baseline by investigator.
Table 1: Baseline demographics and disease characteristics
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Figure 2: Kaplan-Meier plots of progression-free events
Assessed by central radiology review (A) and local investigator review (B). E+O=everolimus plus octreotide LAR.
P+O=placebo plus octreotide LAR. HR=hazard ratio.

and were analysed by the sponsor’s statistical team. All
authors contributed to the interpretation of data and
subsequent writing, reviewing, and amending of the
report; the first draft of the report was prepared by the
first author, the corresponding author, and a medical
writer funded by Novartis. All authors vouch for the
accuracy and completeness of the reported data and attest
that the study conformed to the protocol and statistical
analysis plan.

Results

Figure 1 shows the trial profile. 211 patients (98%)
assigned to receive everolimus plus octreotide LAR and
204 (96%) assigned to receive placebo plus octreotide
LAR had metastatic disease. There were imbalances in
baseline demographic and disease characteristics
favouring placebo plus octreotide LAR, including lung as
primary tumour site, WHO performance status greater
than 0, and previous use of chemotherapy (table 1). Both
groups were similar with respect to history of previous

2008

treatment with somatostatin analogues
accordance with site standard of care.

With a median follow-up of 28 months, the median
duration of treatment was 37-0 weeks (range 1-163) in
the everolimus plus octreotide LAR group and
36-6 (<1-152) in the placebo plus octreotide LAR group.
Mean relative dose intensity (ratio of administered to
planned doses) was 0- 83 in the everolimus plus octreotide
LAR group and 0-97 in the placebo plus octreotide LAR
group. Dose reductions or temporary interruptions were
needed by 140 patients (65%) in the everolimus plus
octreotide LAR group and 74 (35%) in the placebo plus
octreotide LAR group. At data cutoff, roughly equal
proportions of patients in both groups remained on
treatment; the primary reason for treatment dis-
continuation was disease progression (figure 1).

Median progression-free survival assessed by central
review and based on 103 events in the everolimus plus
octreotide LAR group and 120 in the placebo plus
octreotide LAR group was 16-4 months (95% CI
13-7-21-2) in the everolimus plus octreotide LAR group
and 11-3 (8-4-14-6) in the placebo plus octreotide LAR
group. Everolimus plus octreotide LAR was associated
with a 23% reduction in the estimated risk for
progression (figure 2). Findings of the local investigator
assessment, based on 128 events in the everolimus plus
octreotide LAR group and 156 in the placebo plus
octreotide LAR group), were consistent with the central
review: 12-0 months (10-6-16-1) in the everolimus plus
octreotide LAR group and 8-6 (8-1-11-1) in the placebo
plus octreotide LAR group (figure 2). IPCW analysis
confirmed the presence of informative censoring in the
central assessment (treatment effect HR 0-60, 95% CI
0-44-0-84). Prespecified subgroup analyses showed a
consistent benefit across most subgroups of patients.
Treatment benefit with everolimus plus octreotide LAR
was recorded irrespective of having or not having
received previous chemotherapy and irrespective of
WHO performance status, age, sex, tumour grade, and
primary tumour site (figure 3). We also noted a benefit
for everolimus plus octreotide LAR in the 47 patients in
the everolimus plus octreotide LAR group and 61 in the
placebo plus octreotide LAR group who had not been
treated with octreotide LAR before study entry (median
progression-free survival 25 -2 months in the everolimus
plus octreotide LAR group vs 11-3 in the placebo plus
octreotide LAR group; HR 0-61, 95% CI 0-36-1-04).
This might be attributable to a more substantial
inhibition of the phosphoinositide 3-kinase/Akt/mTOR
pathway, with everolimus and octreotide LAR inhibiting
mTOR and the upstream insulin-like growth factor I
autocrine loop, respectively.™*

The combination of everolimus plus octreotide LAR
offered patients with progressive advanced disease a 23%
reduction in the relative risk of progression (HR 0-77;
p=0-026). These findings were strongly supported by the
local investigator-assessed analysis of progression-free

given in
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survival (HR 0-78; p=0-018) and IPCW analysis. Most
adverse events associated with everolimus plus octreotide
LAR were grade 1 or 2 and consistent with the known
safety profile of these drugs.

Partial response as best overall response, assessed by
central radiology review, was recorded in five patients in
the everolimus plus octreotide LAR group and four
patients in the placebo plus octreotide LAR group. Stable
disease (best overall response) was evident in 182 patients
(84%) in the everolimus plus octreotide LAR group and
172 (81%) in the placebo plus octreotide LAR group.
Progressive disease was recorded in nine patients (4%) in
the everolimus plus octreotide LAR group and 26 (12%)
in the placebo plus octreotide LAR group. Of patients
that could be assessed, 150 (75%) in the everolimus plus
octreotide LAR group and 91 (45%) in the placebo plus
octreotide LAR group experienced tumour shrinkage
(figure 4).

Patients treated with everolimus plus octreotide LAR
had higher proportions of chromogranin A and 5-hydroxy-
indoleacetic acid responses (75 [46%] of 164 and 85 [61%]
of 140) compared with those treated with placebo plus
octreotide LAR (53 [36%] of 146 and 76 [54%] of 141).
Based on the mixed model, everolimus plus octreotide
LAR resulted in greater reductions in serum chromo-
granin A (p treatment=0-0041) and urine 5-hydroxy-
indoleacetic acid (p treatment <0-0001) compared with
placebo plus octreotide LAR (figure 5).

At disease progression, patients initially randomly
assigned to receive placebo plus octreotide LAR were
given the opportunity to cross over to open-label
everolimus plus octreotide LAR, thus confounding a
possible treatment-related survival benefit. 124 of the
213 patients initially assigned to receive placebo plus
octreotide LAR crossed over. Of these patients, 123 (58%)
also had an open-label safety assessment. Median
overall survival was not reached at the time of our
analysis, and we noted no significant difference between
groups (HR 1-22, 95% CI 0-91-1-62). Adjusted for
imbalances in baseline prognostic factors, the HR was
1-06 (0-79-1-43) (prespecified baseline covariates were
age, sex, race, performance status, and previous
somatostatin analogue use).

Most adverse events associated with everolimus plus
octreotide LAR were grade 1 or 2 and consistent with the
known safety profiles of these drugs (table 2). 18 patients
in the everolimus plus octreotide LAR group and 11 in the
placebo plus octreotide LAR group died within 28 days of
the last intake of study drug. Of these deaths, six in the
everolimus plus octreotide LAR group and six in the
placebo plus octreotide LAR group were attributable to
underlying cancer or disease progression. None of the
remaining deaths (12 in the everolimus plus octreotide
LAR group and five in the placebo plus octreotide LAR
group) were deemed treatment related per investigator
assessment. Drug-related adverse events led to study
discontinuation in 40 patients (19%) in the everolimus
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Median progression-free survival (months)

Hazard ratio E+O P+0
Central review* (n=429) —— 077 16-4 113
Local investigator review (n=429) —_—— 078 12-0 8.6
Age group
<65 years (n=286) —_— 0-78 192 13-0
265 years (n=143) _—— 0-75 139 11-0
Sex
Men (n=221) R E— 085 137 13-0
Women (n=208) —_——1 073 171 111
WHO performance status
WHO=0 (n=251) —_— 0-67 218 13:9
WHO >0 (n=176) —_—— 0-81 136 83
Tumour histology grade
Well differentiated (n=341) —_—— 0-74 183 13-0
Moderately differentiated (n=68) 0-82 137 75
Primary tumour site
Small intestine (n=224) —_— 077 186 140
Lung (n=44) 0-72 13-6 5.6
Colon (n=28) 039 299 13-0
Other (n=132) —_—— 077 142 110
Previous long-acting SSA
Yes (n=339) —_—— 0-81 143 111
No (n=90) _—— 0-63 252 136
Previous chemotherapy
Yes (n=130) —_—— 0-70 139 87
No (n=299) —_— 078 192 12-0

(I) T 0|4 T 0!8 T T 1|4 T
< »
Favours E+O Favours P+O
Hazard ratio

Figure 3: Effect of study treatment on progression-free survival by subgroup

Hazard ratio is everolimus plus octreotide LAR over placebo plus octreotide LAR, obtained by unstratified Cox
model. E+O=everolimus plus octreotide LAR. P+O=placebo plus octreotide LAR. SSA=somatostatin analogue.

*Independent adjudicated central review.

plus octreotide LAR group and seven (3%) in the placebo
plus octreotide LAR group.

The most common drug-related adverse events of any
grade were stomatitis, rash, fatigue, and diarrhoea
(table 2). The most common grade 3 or 4 drug-related
adverse events were stomatitis, fatigue, diarrhoea,
hyperglycaemia, thrombocytopenia, and infections. The
incidence of drug-related pneumonitis, a known issue
with everolimus treatment, was 8% (18 patients) in the
everolimus plus octreotide LAR group versus 0% in the
placebo plus octreotide LAR group. Metabolic-related
adverse events (drug related) included hyperglycaemia
(table 2) and hypercholesterolaemia (12 patients [6%] in
the everolimus plus octreotide LAR group vs three [1%)] in
the placebo plus octreotide LAR group). Serious adverse
events were reported in 122 patients (57%) in the
everolimus plus octreotide LAR group versus 73 (35%) in
the placebo plus octreotide LAR group, and, of these
patients, 41 (19%) versus nine (4%) reported treatment-
related effects. The most commonly reported drug-related
serious adverse events included diarrhoea (four patients
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Increase in size of target lesions from baseline 43 (22%) 94 (46%)
No change in size of target lesions from baseline 3(2%) 10 (5%)
Decrease in size of target lesions from baseline 150 (75%) 91 (45%)
Change in size of target lesion was available but contradicted by overall lesion response of progressive disease 4(2%) 8 (4%)

Figure 4: Best percentage change from baseline in size of target lesion

We did not include data on 16 patients in the everolimus plus octreotide group and 10 in the placebo plus octreotide LAR group in our analysis because one patient in
the everolimus group showed a change in the available target lesion, although the overall response was unknown, and because change in the target lesion could not
be assessed in 15 patients in the everolimus plus octreotide LAR group and 10 in the placebo plus octreotide LAR group. Additionally, four patients in the everolimus
plus octreotide LAR group (2%) and eight in the placebo plus octreotide LAR group (4%) showed changes in the available target lesion contradicted by progressive
disease as overall response (marked as * in the graph). E+O=everolimus plus octreotide LAR. P+O=placebo plus octreotide LAR.
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Figure 5: Changes in biomarker concentrations over time by treatment group

Least square estimated fold changes over baseline and associated 95% Cls derived from a mixed model are shown
for serum chromogranin A (A) and 24 h urinary 5-hydroxyindoleacetic acid concentrations (B). We include only
patients with raised biomarker concentrations (ie, greater than the upper limit of normal) at baseline.
E+O=everolimus plus octreotide LAR. P+O=placebo plus octreotide LAR.

[2%)] vs one [1%]), interstitial lung disease (three [1%] vs
none), and thrombocytopenia (three [1%] vs none). The
most commonly reported adverse events leading to
discontinuation of treatment with everolimus plus
octreotide LAR were fatigue (five patients; 2%), diarrhoea
(four; 2%), general physical health deterioration (four;
2%), interstitial lung disease (four; 2%), and pneumonia
(four; 2%).

2010

Everolimus plus Placebo plus
octreotide LAR group  octreotide LAR group
(n=215) (n=211)
Allgrades  Grades All grades Grades
3and 4 3and 4
Stomatitis* 133 (62%) 14 (7%) 29(14%) O
Rash 80(37%)  2(1%) 26(12%) O
Fatigue 67 31%) 14 (7%) 49 (23%) 6 (3%)
Diarrhoea 59 (27%) 13 (6%) 33(16%) 5(2%)
Nausea 42 (20%) 1(0-5%) 34(16%) 2 (1%)
Infectionst 42 (20%) 11 (5%) 13 (6%) 1(0-5%)
Dysgeusia 36 (17%)  1(0-5%) 7 (3%) 0
Anaemia 33(15%) 3 (1%) 10 (5%) 0
Decreased weight 32(15%)  1(0-5%) 7 (3%) 0
Thrombocytopenia 30(14%) 10 (5%) 0 0
Decreased appetite 29(13%) O 13 (6%) 0
Peripheral oedema 28(13%) O 7 (3%) 0
Hyperglycaemia 26 (12%) 11 (5%) 4 (2%) 1(0-5%)
Dyspnoea 26 (12%)  4(2%) 3(1%) 0
Pulmonary eventss 25(12%)  5(2%) 0 0
Vomiting 23(11%)  1(05%) 11(5%)  1(0-5%)
Pruritus 23(11%) O 8 (4%) 0
Asthenia 22(10%) 2 (1%) 14 (7%) 1(0-5%)
*Includes stomatitis, aphthous stomatitis, mouth ulceration, and tongue
ulceration. fIncludes all infections. $Includes pneumonitis, interstitial lung
disease, lung infiltration, and pulmonary fibrosis.
Table 2: Drug-related adverse events in at least 10% of patients (safety set)

Discussion

Our findings show that median progression-free survival
was greater in the everolimus plus octreotide LAR group
than the placebo plus octreotide LAR group. Treatment
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of advanced neuroendocrine tumours remains a clinical
challenge because of the lack of effective options and the
absence of well controlled randomised clinical trial data
to support evidence-based practice. With few exceptions,
chemotherapeutic drugs are not active in advanced non-
pancreatic neuroendocrine tumours and are associated
with substantial toxic effects. Thus, there is a need for
new treatment options (panel).

Neuroendocrine tumours arise from various primary
sites: primarily the small intestine, other sites of the
gastrointestinal tract, and the lung.”” The variable clinical
course of advanced neuroendocrine tumours presents a
major challenge for designing studies of appropriate
power and duration.” Patients with neuroendocrine
tumours often develop many metastases. Variability in the
assessment of these metastases and potential differences
in target lesion selection can result in discrepancies
between local and central reviews,” presenting a challenge
in assessing tumour response or progression during
clinical trials. Discrepancies in radiological assessment
between local and central reviews have resulted in loss of
events and informative censoring in our trial. Informative
censoring violates assumptions underlying the standard
time-to-event analysis method and might obscure the
progression-free survival treatment-effect estimate by
central review.”” The findings of our prespecified IPCW
analysis done to assess this issue suggested that there was
informative censoring, confounding the statistical
interpretation of our primary endpoint analysis.

We previously showed that everolimus, with or without
octreotide LAR, can be safely given to patients with
advanced pancreatic neuroendocrine tumours.”™ Our
present findings show that everolimus plus octreotide
LAR compared with placebo plus octreotide LAR was
associated with a clinically meaningful 5-1 month
increase in median progression-free survival in patients
with progressive advanced neuroendocrine tumours
associated with a history of secretory symptoms.
Consistent with these findings, treatment with everolimus
plus octreotide LAR was associated with tumour
shrinkage and stabilisation and significant reduction in
biochemical markers of neuroendocrine tumours.

We did not collect outcomes reported by patients
because we did not require them to have refractory
symptoms at the time of study entry, as evidenced by the
high number of patients who had a WHO performance
status of 0 at the time of study entry, and because
patients were allowed to receive octreotide LAR during
the study for symptom control. Our study was not
designed to assess the effect of everolimus on carcinoid-
related symptoms.

Our study was affected by several factors, including
inherent radiological challenges associated with the
assessment of advanced neuroendocrine tumours,
biological and clinical diversity of the population of
patients, imbalances in baseline factors, and crossover
design. Imbalances between study groups were noted in
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Panel: Research in context

Systematic review

We searched Medline for reports on clinical trials in advanced
neuroendocrine tumours, with “mTOR" and “NET" as our
primary search terms. We did not limit our search by date. We
identified no previous randomised studies of mTOR
inhibitors in the present population.

Interpretation

Evidence-based treatment of neuroendocrine tumours is a
challenge to clinicians because of the lack of reliable data
from large clinical trials. No approved antitumour drugs are
available for treating progressive disease in patients with
gastrointestinal or lung neuroendocrine tumours,
consequently affecting the survival of patients. Therefore,
our findings that show the efficacy of the mTOR inhibitor
everolimus plus octreotide LAR in advanced neuroendocrine
tumours are important. These data support the efficacy of
everolimus for the treatment of patients with a broad
spectrum of advanced neuroendocrine tumours.

important prognostic baseline covariates, including
primary tumour site, WHO performance status, and
previous use of chemotherapy, all of which favoured the
placebo plus octreotide LAR group and probably affected
the primary outcome results. Despite this imbalance,
everolimus was associated with a benefit on progression-
free survival overall and across patient subgroups.

Our findings showing the efficacy of everolimus plus
octreotide LAR in advanced neuroendocrine tumours are
important because of the lack of effective anticancer
treatment options. Efficacy of everolimus in this
population will need confirmation in a future study.
Together with clear evidence of benefit from the recently
completed RADIANT-3* trial of everolimus in patients
with advanced pancreatic neuroendocrine tumours, our
data support the efficacy of everolimus in a broad
spectrum of advanced neuroendocrine tumours.

Contributors

MEP, JDH, and EB recruited patients, interpreted the data, wrote the
report, reviewed the drafts, and approved the final draft. MP interpreted
the data, wrote the report, reviewed the drafts, and approved the final
draft. DH provided substantial clinical data, interpreted the data, wrote
the report, reviewed the drafts, and approved the final draft. REW served
as medical monitor, collected the data, analysed the data, interpreted the
data, wrote the report, reviewed the drafts, and approved the final draft.
JK and V] analysed the data, interpreted the data, wrote the report,
reviewed the drafts, and approved the final draft. DL designed the study,
analysed the data, interpreted the data, wrote the report, reviewed the
drafts, and approved the final draft. EMW designed the study, recruited
patients, collected the data, analysed the data, interpreted the data,
wrote the report, reviewed the drafts, and approved the final draft. KO
designed the study, analysed the data, interpreted the data, wrote the
report, reviewed the drafts, and approved the final draft. EVC recruited
patients, interpreted the data, wrote the report, reviewed the drafts, and
approved the final draft. JCY conceived and designed the study,
recruited patients, collected the data, analysed the data, interpreted the
data, wrote the report, reviewed the drafts, and approved the final draft.

2011



Articles

Trial investigators

Australia D Morris, P Mainwaring, D Wyld, T Price; Belgium I Borbath,
J-L Van Laethem; Canada ] Maroun, L Siu, L Sideris, M Moore,

R Letourneau; Czech Republic P Vitek, O Louthan, ] Novotny; Finland

M Valimaki; France G Cadiot, ] A Chayvialle, S Dominguez, B Goichot,
R Guimbaud, C Lepage, P Rougier, P Ruszniewski, | F Seitz, M Ychou;
Germany C Auernhammer, M Blaker, ] Schmoll, B Wiedenmann; Greece
G Kaltsas, G Nikou; Israel D Gross, I Shimon; Italy E Bajetta,

P Tomassetti, N Fazio, G Luppi, S Ricci, S Siena, F Santeusanio;
Netherlands E De Vries, W W De Herder; Slovakia S Kinova; Spain

D Castellano, ] Sastre; Sweden B Eriksson; Turkey S Yalcin, N Aykan; USA
J Beck, ] Brell, T Dragovich, G Eckhardt, T Hobday, N LoConte, L Kvols,
A Maniam, A Montero, T O’Dorisio, ] Picus, S Williamson, E Chiorean,
] Hamm, M Pipas, ] Hecht, D Slater, T Larimore, S DelPrete, T Ryan,
M Morse, P Byeff, B Baltz, P Engstrom, C Becerra, D Richards,

L White Jr, A Cohn, N Neubauer, L DeMarco, P Conkling, W Edenfield,
B Hellerstedt, D Loesch, R Raju, D Smith, R Ruxer, T Cartwright.

Conflicts of interest

MEP has served as a consultant and has received honoraria and research
funding from Novartis. EB has received honoraria or research funding
from Novartis. MP has received research funding and is on the speaker’s
bureau for Novartis. DH is a consultant to and has received honoraria
and research funding from Novartis. REW, JK, DL, and V] are employees
of and own shares in Novartis. EMW is a consultant to Novartis. KO
serves on advisory boards of and receives honoraria from Novartis,
Pfizer, and Ipsen. EVC has received research funding from Novartis.
JCY is a consultant to Novartis and has received research funding from
Novartis. JDH declares no conflicts of interest.

Acknowledgments

We thank the participating patients and their families; the worldwide
network of research nurses, trial coordinators, and operations staff for
their contributions; and Zenta Tsuchihashi, Jeremie Lebrec, and
Azzeddine Cherfi for biomarker analyses, and Kathy Covino for
assistance with the preparation of the report.

References

1 YaoJC, Hassan M, Phan A, et al. One hundred years after
“carcinoid”: epidemiology of and prognostic factors for
neuroendocrine tumors in 35,825 cases in the United States.

J Clin Oncol 2008; 26: 3063-72.

2 Saltz L, Trochanowski B, Buckley M, et al. Octreotide as
an antineoplastic agent in the treatment of functional and
nonfunctional neuroendocrine tumors. Cancer 1993; 72: 244-48.

3 Rinke A, Muller HH, Schade-Brittinger C, et al. Placebo-controlled,
double-blind, prospective, randomized study on the effect of
octreotide LAR in the control of tumor growth in patients with
metastatic neuroendocrine midgut tumors: a report from the
PROMID Study Group. J Clin Oncol 2009; 27: 4656-63.

4 O'Reilly T, McSheehy PM. Biomarker development for the clinical
activity of the mTOR inhibitor everolimus (RAD001): processes,
limitations, and further proposals. Translational Oncol 2010;
3:65-79.

5  Meric-Bernstam F, Gonzalez-Angulo AM. Targeting the mTOR
signaling network for cancer therapy. J Clin Oncol 2009; 27: 2278-87.

6 Faivre S, Kroemer G, Raymond E. Current development of mTOR
inhibitors as anticancer agents. Nat Rev Drug Discov 2006; 5: 671-88.

7 Bjornsti MA, Houghton PJ. The TOR pathway: a target for cancer
therapy. Nat Rev Cancer 2004; 4: 335-48.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

von Wichert G, Jehle PM, Hoeflich A, et al. Insulin-like growth
factor-1 is an autocrine regulator of chromogranin A secretion and
growth in human neuroendocrine tumor cells. Cancer Res 2000;
60: 4573-81.

Moreno A, Akcakanat A, Munsell MF, Soni A, Yao JC,
Meric-Bernstam F. Antitumor activity of rapamycin and
octreotide as single agents or in combination in neuroendocrine
tumors. Endocr Relat Cancer 2008; 15: 257-66.

Missiaglia E, Dalai I, Barbi S, et al. Pancreatic endocrine tumors:
expression profiling evidences a role for AKT-mTOR pathway.

J Clin Oncol 2010; 28: 245-55.

Zatelli MC, Minoia M, Martini C, et al. Everolimus as a new
potential antiproliferative agent in aggressive human bronchial
carcinoids. Endocr Relat Cancer 2010; 17: 719-29.

Yao JC, Lombard-Bohas C, Baudin E, et al. Daily oral everolimus
activity in patients with metastatic pancreatic neuroendocrine
tumors after failure of cytotoxic chemotherapy: a phase II trial.

J Clin Oncol 2010; 28: 69-76.

Yao JC, Phan AT, Chang DZ, et al. Efficacy of RAD001 (everolimus)
and octreotide LAR in advanced low- to intermediate-grade
neuroendocrine tumors: results of a phase 11 trial. J Clin Oncol
2008; 26: 4311-18.

Yao JC, Shah MH, Tto T, et al. Everolimus for advanced pancreatic
neuroendocrine tumors. N Engl | Med 2011; 364: 514-23.
O’Reilly KE, Rojo F, She QB, et al. mTOR inhibition induces
upstream receptor tyrosine kinase signaling and activates Akt.
Cancer Res 2006; 66: 1500-08.

Pollak MN, Polychronakos C, Guyda H. Somatostatin analogue
SMS 201-995 reduces serum IGF-I levels in patients with
neoplasms potentially dependent on IGF-1. Anticancer Res 1989;
9: 889-91.

Therasse P, Arbuck SG, Eisenhauer EA, et al. New guidelines to
evaluate the response to treatment in solid tumors.

J Natl Cancer Inst 2000; 92: 205-16.

Oken MM, Creech RH, Tormey DC, et al. Toxicity and response
criteria of the Eastern Cooperative Oncology Group.

Am J Clin Oncol 1982; 5: 649-55.

Rindi G, Klimstra DS, Arnold R, et al. Nomenclature and
classification of neuroendocrine neoplasm of the digestive
system. In: Bosman FT, Carniero F, Hruban RH, Theise ND, eds.
WHO classification of tumours of the disgestive system, 4th edn.
Lyon: International Agency for Research on Cancer, 2010: 13-14.
Asamura H, Kameya T, Matsuno Y, et al. Neuroendocrine
neoplasms of the lung: a prognostic spectrum. J Clin Oncol
2006; 24: 70-76.

Durante C, Boukheris H, Dromain C, et al. Prognostic factors
influencing survival from metastatic (stage IV)
gastroenteropancreatic well-differentiated endocrine carcinoma.
Endocr Relat Cancer 2009; 16: 585-97.

Kulke MH, Siu LL, Tepper JE, et al. Future directions in the
treatment of neuroendocrine tumors: consensus report of the
National Cancer Institute Neuroendocrine Tumor clinical trials
planning meeting. J Clin Oncol 2011; 29: 934-43.

Dodd LE, Korn EL, Freidlin B, et al. Blinded independent central
review of progression-free survival in phase III clinical trials:
important design element or unnecessary expense? | Clin Oncol
2008; 26: 3791-96.

Fleming TR, Rothmann MD, Lu HL. Issues in using
progression-free survival when evaluating oncology products.

J Clin Oncol 2009; 27: 2874-80.

www.thelancet.com Vol 378 December 10, 2011



Cancer Therapy: Clinical

0°®-Methylguanine DNA Methyltransferase Deficiency and
Response to Temozolomide-Based Therapy in Patients
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Matthew H. Kulke,' Jason L. Hornick,? Christine Frauenhoffer,' Susanne Hooshmand,’
David P. Ryan,3 Peter C. Enzinger,1 Jeffrey A. Meyerhardt,1 Jeffrey W. Clark,>
Keith Stuart, Charles S. Fuchs,' and Mark S. Redston?

Abstract

Purpose: Recent studies suggest that temozolomide has activity in neuroendocrine tumors. Low
levels of the DNA repair enzyme, O®-methylguanine DNA methyltransferase (MGMT), are
associated with sensitivity to temozolomide in other tumor types. We evaluated the prevalence
of MGMT deficiency in neuroendocrine tumors and correlated MGMT deficiency with treatment
response to temozolomide-based regimens.

Experimental Design: The prevalence of MGMT deficiency, measured by immunohistochemis-
try, was assessed in 97 archival neuroendocrine tumor specimens. Rates of treatment response
and survival were next evaluated in a cohort of 101 consecutive neuroendocrine tumor patients
who had received treatment with a temozolomide-based regimen at one of three institutions.
MGMT expression was directly correlated with treatment response in 21 patients who had avail-
able tumor tissue and response data.

Results: In archival specimens, MGMT deficiency was observed in 19 of 37 (51%) pancreatic
neuroendocrine tumors and O of 60 (0%) carcinoid tumors (P < 0.0001). In the clinical cohort,
18 of 53 (34%) patients with pancreatic neuroendocrine tumors but only 1 of 44 (2%) patients
with carcinoid tumors (P € 0.001) experienced a partial or complete response to temozolomide-
based therapy. Among 21 patients with evaluable tumor tissue who had also received treatment
with temozolomide, 4 of 5 patients with MGMT-deficient tumors (all pancreatic neuroendocrine
tumors) and O of 16 patients with tumors showing intact MGMT expression responded to treat-
ment (P = 0.001).

Conclusions: MGMT deficiency, measured by immunohistochemistry, is more common in pan-
creatic neuroendocrine tumors than in carcinoid tumors as is treatment response to temozolo-
mide-based therapy. Absence of MGMT may explain the sensitivity of some pancreatic

neuroendocrine tumors to treatment.

The alkylating agents streptozocin or dacarbazine are com-
monly incorporated in chemotherapy regimens for patients
with advanced neuroendocrine tumors (1-7). Temozolomide
is an alkylating agent initially developed as an oral and more
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easily tolerated alternative to dacarbazine. Initial clinical studies
done with temozolomide showed clear evidence of activity in
both melanoma and glioma (8-10). Recently, temozolomide
has also been shown to have moderate activity in patients with
advanced neuroendocrine tumors.

In an initial prospective study, treatment with temozolomide
and thalidomide was associated with objective responses in 5 of
11 (45%) patients with pancreatic neuroendocrine tumors and
1 of 14 patients with carcinoid tumors (11). In a second
prospective study, treatment with temozolomide and bevaci-
zumab was associated with tumor responses in 4 of 17 (24%)
patients with pancreatic neuroendocrine tumors and 0 of 12
patients with carcinoid tumors (12). Both regimens incorpo-
rated a dose-intense temozolomide regimen of 150 mg/m?/d
for 7 days administered on an every other week schedule.

Retrospective series further support the use of temozolomide
in neuroendocrine tumors. In a series of 36 patients treated
with temozolomide monotherapy, tumor regression was
observed in 31% of bronchial carcinoid tumors and 8% of
pancreatic neuroendocrine tumors (13). In small, retrospective
series of patients with pancreatic neuroendocrine tumors,
combination therapy with temozolomide and capecitabine
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Translational Relevance

Expression of the DNA repair enzyme MGMT correlates
with treatment response to temozolomide in several tumor
types. Recent evidence suggests that temozolomide-
based therapy has activity in neuroendocrine tumors.
In our study, we first observed that MGMT deficiency is
more common in pancreatic neuroendocrine tumors than
in carcinoid tumors. We next investigated the efficacy of
temozolomide-based therapy in a large cohort of 101
neuroendocrine tumor patients. We found that the rate of
treatment response to temozolomide-based therapy is
significantly higher in pancreatic neuroendocrine tumors
than in carcinoid tumors, a finding that is consistent with
a higher prevalence of MGMT deficiency in this tumor
subtype. In patients with available tumor tissue who had
received treatment with temozolomide, MGMT expression
directly correlated with treatment response. Neuroendo-
crine tumors have historically been considered resistant to
standard cytotoxic chemotherapy regimens. Our findings
confirm the activity of temozolomide-based regimens in
pancreatic neuroendocrine tumors and suggest that
approximately one-third of pancreatic neuroendocrine
tumor patients will respond to such treatment. Our study
further suggests that the tumors of the subgroup of
patients who respond are characterized by MGMT defi-
ciency as measured by immunohistochemical techniques.
Prospective trials to validate immunohistochemical MGMT
status as a predictive marker of response to temozolomide-
based therapy in pancreatic neuroendocrine tumors are
warranted.

has been associated with a tumor response rates of 59% to 71%
(14, 15).

The cytotoxic effect of temozolomide has been attributed to
its ability to induce DNA methylation at the O° position of
guanine. Methylation of guanine results in DNA mismatch,
ultimately resulting in apoptosis and tumor cell death (16). The
sensitivity of tumor cells to alkylating agents, including
temozolomide, has been associated with decreased levels of
the DNA repair enzyme, O°-methylguanine DNA methyltrans-
ferase (MGMT), which, through its ability to restore DNA to its
normal form, can prevent chemotherapy-induced cell death
(17). Among patients with either advanced melanoma or
glioblastoma treated with temozolomide, loss of tumoral
MGMT expression was associated with an improvement in
survival (18-22).

We postulated that differences in MGMT expression might
explain the sensitivity of some neuroendocrine tumors to
temozolomide-based therapy. Previous studies evaluating the
prognostic or predictive value of immunohistochemical MGMT
expression have used various criteria to categorize tumors as
having absent, low, or intact of MGMT (19, 23-26). To
minimize potential subjectivity in our analysis, we used a
prospective classification scheme describing tumors as either
MGMT deficient (no detectable expression of MGMT in tumor
cells) or MGMT intact. We first evaluated the prevalence of
MGMT deficiency in a cohort of 97 archival tissue specimens

www.aacrjournals.org

comprising carcinoid and pancreatic neuroendocrine tumors.
We next evaluated whether patterns of treatment response in
101 neuroendocrine tumor patients treated with temozolo-
mide-based regimens at our institutions matched the observed
patterns of MGMT deficiency in these tumor subtypes. Finally,
we correlated MGMT expression with treatment response in a
subset of 21 of these patients with available neuroendocrine
tumor tissue specimens.

Materials and Methods

Evaluation of MGMT status in archival tissue specimens. Archival
neuroendocrine tumor tissue specimens were identified through a
review of pathology records at Brigham and Women's Hospital.
Additional tumor blocks were requested for consenting patients who
had received temozolomide-based therapy using an institutional review
board-approved protocol. Paraffin sections (4 wum) were used for
immunohistochemical staining. Tissue sections were incubated for
60 min at 60°C, deparaffinized, and rehydrated in graded ethanol
solutions. Endogenous peroxidase activity was blocked by incubating
the slides in 3% H,O, for 10 min. The slides were then rinsed under
running water for 5 min. Heat-induced epitope retrieval was done using
a microwave oven at 199°F for 30 min in preheated 10 mmol/L citrate
buffer (pH 6.0). The slides were then transferred to PBS. The tissue
sections were then blocked with 1.5% horse serum for 15 min and
incubated for 1 h at room temperature in a humid chamber with mouse
monoclonal antibody to MGMT (1:25 dilution; clone MT 3.1; Lab
Vision), a biotinylated secondary antibody (mouse IgG), and then
avidin-horseradish peroxidase (Vectastain Elite ABC Kit; Vector Labo-
ratories) according to the manufacturer’s instructions. The slides were
washed in PBS between incubations. Tissue sections were developed
using 3,3’-diaminobenzidine (Sigma) as a substrate and counterstained
with Gill's hematoxylin (Fisher Scientific) according to the manufac-
turers’ instructions.

Immunohistochemical MGMT expression was measured in a blinded
fashion by two pathologists (M.S.R. and J.L.H.) who reviewed all cases
concurrently at a multiheaded microscope. Nuclear MGMT expression
was scored as either “intact” or “deficient” in tumor cells using a
prospective classification scheme. Tumors were scored as “intact” when
there was nuclear staining for MGMT in any tumor cells. Tumors were
scored as “deficient” when there was a complete absence of nuclear
staining for MGMT in all tumor cells. Nonneoplastic cells (lympho-
cytes, stromal cells, and endothelial cells) served as an internal positive
control in all tissue sections. The MGMT expression status was then
correlated with tumor type and treatment outcome.

Table 1. Immunohistochemical MGMT expression

in neuroendocrine tumors

Tumor type n MGMT MGMT intact,

deficient, n (%)
n (%)

Pancreatic neuroendocrine 37 19 (51) 17 (49)
Nonfunctional 24 13 11
Insulinoma 10 3 7
Gastrinoma 2 2 0
Glucagonoma 1 1 0

Carcinoid 60 0 60 (100)*

Lung 40 0 40
Typical 20 0 20
Atypical 20 0 20
Small intestine 20 0 20

*p < 0.0001.
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A MGMT Intact Carcinoid Tumor
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Fig. 1. Representative MGMT staining in carcinoid and pancreatic neuroendocrine tumors.

Identification of neuroendocrine patients who had received
temozolomide-based therapy. We examined patients with locally
advanced or metastatic neuroendocrine tumors who received temozo-
lomide-based therapy either as part of prospectively conducted clinical
trials or off-protocol at the discretion of the treating physician. Patients
were treated at one of three institutions: Dana-Farber Cancer Institute,
Massachusetts General Hospital, or Beth Israel Deaconess Medical
Center. Patients were identified either through review of two clinical
trials that included temozolomide or through an institutional review
board-approved protocol in which patients provide informed consent
for the use of medical records, biospecimens, and clinical outcome data
for medical research purposes. Medical records and clinical trial records
were used to obtain demographic and treatment information as well as
to assess response to temozolomide-based therapy.

Assessment of response and survival. For all patients in this analysis,
radiologic response was measured using Response Evaluation Criteria
in Solid Tumors. Patients who had enrolled on prospective, phase II
studies underwent baseline staging computed tomography scans within
4 weeks of treatment initiation, and every 8 weeks thereafter. Response
measurements for patients who received temozolomide-based therapy
outside of a study setting were obtained using the nearest pretreatment
computed tomography scan and subsequent scans obtained as part of
routine clinical care. Biochemical response was measured based on
baseline chromogranin A levels obtained before initiation of temozo-
lomide-based therapy. Patients were considered to have a partial
biochemical response if there was a >50% reduction in plasma
chromogranin A from the baseline level on two successive measure-
ments. Overall survival (OS) was defined as the time from initiation of
temozolomide-based treatment until death from any cause. Progres-
sion-free survival (PFS) was defined as the time from initiation of
temozolomide therapy to the date of documented progression or death
from any cause. OS and PFS were calculated using the Kaplan-Meier
method.

Results

We first evaluated MGMT expression in a cohort of 97
archival neuroendocrine tumor specimens and compared the
prevalence of MGMT deficiency in pancreatic neuroendocrine
and carcinoid samples (Table 1; Fig. 1). Among 37 pancreatic
neuroendocrine tumors, 19 (51%) were MGMT deficient.
Absence of MGMT was observed in 13 of 24 nonfunctional
pancreatic neuroendocrine tumors, 3 of 10 insulinomas, 2 of 2
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gastrinomas, and 1 of 1 glucagonoma. In contrast, MGMT
staining was intact in all 60 carcinoid tumors, comprising 20
typical bronchial carcinoid tumors, 20 atypical bronchial
carcinoid tumors, and 20 small intestine carcinoid tumors
(P < 0.0001). Heterogeneous staining for MGMT was observed
in our study; tumors with heterogeneous staining were classified
as MGMT “intact” according to the classification scheme. We
noted particularly prominent heterogeneity in three atypical
bronchial carcinoid tumors, suggesting that a significant
subpopulation of cells in these tumors was MGMT deficient.

To evaluate whether patterns of treatment response might
mirror the prevalence of MGMT deficiency in these tumor
types, we next identified 101 patients who had received
temozolomide-based therapy for neuroendocrine tumors and
recorded treatment outcome according to tumor type (Table 2).
The patient cohort had a median age of 57 years and had been
diagnosed a median of 19.5 months before initiating treatment
with temozolomide. Fifty-three patients had pancreatic neuro-
endocrine tumors, 44 had carcinoid tumors, and 4 had
pheochromocytoma/paraganglioma. The majority of patients
had received one or more systemic treatments for their
malignancy before receiving treatment with temozolomide.

Of the 101 patients who received temozolomide-based
therapy, 63 were treated as part of one of two prospective,
single-arm, phase II clinical trials. These trials examined either
the combination of temozolomide and thalidomide or
temozolomide and bevacizumab. Within the clinical trials,
temozolomide was administered at a dose of 150 mg/m?/d in
both regimens; thalidomide was administered at doses ranging
from 200 to 400 mg/d, and bevacizumab at a dose of 5 mg/kg
intravenously every other week. Similar regimens and starting
doses were used in the majority of patients receiving
temozolomide-based treatment outside of the formal study
setting.

No significant differences in tumor response rates were
observed based on the type of temozolomide regimen
administered. Moreover, patients who received temozolomide
as part of a clinical trial appeared to experience a similar
objective response rate when compared with those who were
treated outside of a clinical trial. A marked difference in

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 30, 2021. © 2009 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

MGMIT Deficiency and Temozolomide-Based Therapy

response rates was observed, however, between pancreatic
neuroendocrine tumors and carcinoid tumors. Among 53
patients with pancreatic neuroendocrine tumors, 18 (34%)
experienced partial responses to therapy as defined by Response
Evaluation Criteria in Solid Tumors. In contrast, only 1 of 44
(2%) patients with carcinoid tumors experienced an objective
response (P < 0.001); the single responder had metastatic well-
differentiated bronchial carcinoid tumor. One of 4 patients
with pheochromocytoma/paraganglioma responded to treat-
ment.

The median PFS was 13.6 months for pancreatic neuroen-
docrine tumor patients and 9.6 months for patients with
carcinoid tumors who received temozolomide (P 0.12;
Fig. 2A). Median OS was 35.3 months for patients with
pancreatic neuroendocrine tumors and 19.4 months for
patients with carcinoid tumors (P = 0.07; Fig. 2B).

In light of the parallel patterns of MGMT deficiency and
treatment response among carcinoid and pancreatic neuroen-
docrine tumors, we postulated that MGMT expression might
directly correlate with response to temozolomide therapy. We
therefore examined the effect of immunohistochemical MGMT
expression on clinical outcomes among 21 temozolomide-

treated patients, comprising all patients for whom both clinical
data and archival, paraffin-embedded specimens were avail-
able. Tumors from 16 of the treated patients (13 carcinoid
tumors and 3 pancreatic neuroendocrine tumors) showed
intact MGMT expression. None of these 16 patients experienced
radiologic or biochemical responses to temozolomide. Five
patients had tumors that were MGMT deficient; all five tumors
were pancreatic neuroendocrine tumors. Four of these 5 (80%)
patients experienced partial radiologic responses to treatment
(P = 0.001); 4 of 5 also experienced biochemical (chromog-
ranin A) responses. One patient who did not experience a
radiologic response experienced a chromogranin A response;
conversely, one of the radiologic responders did not have a
chromogranin A response.

Among those patients who received temozolomide-based
therapy, the median PFS for patients whose tumors showed
intact MGMT expression was 9.3 months compared with
19.2 months for patients with MGMT-deficient tumors
(Fig. 3A; P = 0.11). The median OS for patients whose tumors
showed intact MGMT expression was 19.1 months; the median
OS for patients with MGMT deficient tumors has not been
reached (Fig. 3B).

Table 2.
(A) Patient characteristics and treatment response
Characteristics n Radiologic Biochemical response
response, n (%) (baseline elevated), n (%)
Tumor type
Pancreatic neuroendocrine 53 18/53 (34) 16/32 (50)
Carcinoid tumors 44 1/44 (2) 6/27 (22)
Lung 8 1/8 (13) 3/8 (11)
Small bowel 19 0 1/19 (4)
Other/unknown 17 0 0
Paraganglioma/pheochromocytoma 4 1/4 (25) 2/2 (100)
Gender
Male 51 10/51 (20) 9/31 (30)
Female 50 10/50 (20) 15/30 (50)
Median age 57
Treatment regimen
Temozolomide/thalidomide 44 8/44 (18) 14/25 (56)
Temozolomide/bevacizumab 52 11/52 (21) 9/33 (27)
Temozolomide/xeloda 1 1/1 (100) 1/1 (100)
Temozolomide alone 4 0/4 (0) 0/4 (0)
Treatment status
Phase II study 63 12/63 (19) 11/37 (30)
Off-study 38 8/38 (21) 13/24 (54)
Median time from diagnosis (mo) 19.5
No. prior systemic antitumoral treatments*
0 44 12/44 (27) 11/30 (37)
1 35 3/35 (8) 10/19 (53)
2 6 2/6 (33) 2/5 (40)
3 6 2/6 (33) 1/5 (20)
4 1 1/1 (100) NA
(B) MGMT status and treatment response
MGMT status n Radiologic Biochemical response
response, n (%) (baseline elevated), n (%)
MGMT intact 16 0/16 (0) 0/10 (0)
MGMT deficient 5 4/5 (80) 4/5 (80)
*Prior treatment data not available for 9 patients.
TThirteen of 16 tumors with intact MGMT expression were carcinoids; 3 of 16 were pancreatic neuroendocrine tumors.
*All 5 MGMT-deficient tumors were pancreatic neuroendocrine tumors.
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In a large cohort of archival neuroendocrine tumor speci-
mens, we found that MGMT deficiency, as measured by
immunohistochemistry, was more common in pancreatic
neuroendocrine tumors than in carcinoid tumors. Consistent
with this difference, we found that 34% of patients with
pancreatic neuroendocrine tumors treated with temozolomide-
based regimens experienced a Response Evaluation Criteria in
Solid Tumors-defined radiologic tumor regression, whereas
responses in carcinoid tumor patients were rare. MGMT
deficiency was directly associated with treatment response to
temozolomide in the subgroup of 21 treated patients who also
had available tumor tissue.

Like temozolomide, streptozocin and dacarbazine induce
methylation at the O° position of guanine (27-30). This
common cytotoxic mechanism suggests that the mechanisms of
drug resistance for these agents may also be similar and that the
ability of MGMT to repair treatment-induced formation of O°
methylguanine may contribute to drug resistance to all three
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more effective in pancreatic neuroendocrine tumors than in
carcinoid tumors in fact mirror earlier results with the
alkylating agents streptozocin and dacarbazine.

In an initial randomized trial, the combination of strepto-
zocin and doxorubicin was associated with a combined
biochemical and radiologic response rate of 69% in patients
with pancreatic neuroendocrine tumors (5). In a retrospective
analysis of 84 pancreatic neuroendocrine tumor patients treated
with streptozocin, 5-fluorouracil, and doxorubicin, using more
formal radiologic response criteria, the overall response rate
was 39% (4). Dacarbazine was associated with an overall
response rate of 33% in patients with pancreatic neuroendo-
crine tumors in a phase II study (6). The response rate of 34%
observed with temozolomide in the current study is similar to
that observed in these prior studies.

Response rates associated with these alkylating agents
in carcinoid tumors are lower. In a recent trial, 249 patients
with advanced carcinoid tumors were randomized to
receive either streptozocin/5-fluorouracil or 5-fluorouracil
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/doxorubicin (7). The response rates associated with these
regimens were 16% and 15.9%, respectively. The reported
response rates associated with single-agent dacarbazine in
carcinoid tumors are 8% to 16% (2, 7). Only a single
carcinoid tumor patient (2%) responded to temozolomide-
based therapy in our series.

Our results are similar to those of a smaller study of
temozolomide monotherapy in 36 patients with neuroendo-
crine tumors (13). As in our study, 4 of 5 responding patients in
the monotherapy study had low MGMT expression; responses
were uncommon in patients with high MGMT expression. In
contrast to our observations, however, temozolomide mono-
therapy was associated with an overall response rate of 31%
(4 of 13) in patients with bronchial carcinoid tumors. We
identified only 8 bronchial carcinoid tumor patients in our
series, limiting our ability to more formally evaluate the efficacy
of temozolomide in this subpopulation. Interestingly, the
single carcinoid patient who responded to temozolomide in
our study had a bronchial carcinoid tumor. Although several
tumors classified as MGMT “intact” showed heterogeneous
staining in our study, we observed a markedly heterogeneous
pattern of MGMT expression in three atypical bronchial

carcinoid tumors, providing a possible explanation for the
sensitivity of some carcinoid tumors to temozolomide.

Streptozocin-based therapy has been associated with im-
proved OS in patients with pancreatic neuroendocrine tumors
(5). We observed trends toward improved PFS and OS among
temozolomide-treated patients with pancreatic neuroendocrine
tumors when compared with treated patients with carcinoid
tumors in our study. Survival comparisons in our cohort are
limited by both the retrospective nature of our analysis and
potential differences in the treated subpopulations. Neverthe-
less, given the often similar natural history of patients with
these malignancies, our observations raise the possibility that
the higher observed rate of treatment response may also
translate into improved survival in patients with pancreatic
neuroendocrine tumors. Although we also observed a trend
toward improved PFS and OS in patients with MGMT-deficient
compared with MGMT-intact tumors, we cannot rule out the
possibility that MGMT status had an independent effect on
survival. Prospective, randomized studies will be necessary to
confirm these associations.

There remains considerable controversy regarding the opti-
mal method of MGMT analysis in clinical studies. Direct
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analysis of MGMT enzymatic activity generally requires use of
carefully preserved frozen tissue or cell lysates and is not readily
applicable to analysis of archival tumor samples from large
clinical studies (31-33). Epigenetic silencing of the MGMT
gene by CpG island promoter methylation is a common
mechanism of MGMT gene regulation, and promoter methyl-
ation status, assessed by methylation-specific PCR, has been
widely used as a surrogate marker of MGMT activity in clinical
specimens (34). In patients with glioblastoma, MGMT pro-
moter methylation has been associated with improved survival
and benefit from temozolomide in most, although not all,
studies (20, 21, 23, 35-37). Direct measurement of MGMT
protein expression using immunohistochemistry, as was done
in our study, is the technically easiest and perhaps the most
commonly used technique to measure MGMT status in tumor
samples. As with MGMT promoter methylation, low levels of
immunohistochemical MGMT expression have been associated
with improved response to temozolomide in glioblastoma in
many studies, although correlations have not always been
consistent (19, 22-25, 38).

Our observation that MGMT deficiency is more common in
pancreatic neuroendocrine than in carcinoid tumors would
suggest that MGMT promoter methylation status may also be
more prevalent in pancreatic neuroendocrine tumors. How-
ever, previously reported studies of CpG island methylation
in neuroendocrine tumors have found either no significant
difference in MGMT promoter methylation rates between
carcinoid and pancreatic neuroendocrine tumors or higher
rates of promoter methylation in carcinoid tumors compared
with pancreatic neuroendocrine tumors (39, 40). A poor
correlation between MGMT promoter methylation and
immunohistochemical expression of MGMT has been
reported in several studies directly comparing these two
methods (41-43). One study evaluating 31 glioblastoma
samples found evidence of MGMT promoter methylation in
61% of samples but low level immunohistochemical MGMT
expression (<20% nuclear staining) in only 31% (41). In a
second study, substantial numbers of MGMT-positive cells
were detected in the majority (73%) of tumor specimens
carrying a methylated promoter (42). Tumor heterogeneity, as
well as the presence of endothelial cells and other nonneo-
plastic components expressing MGMT in tumor samples, may

References

1. Bukowski R, Johnson K, Peterson R, et al. A phase
Il trial of combination chemotherapy in patients
with metastatic carcinoid tumors. Cancer 1987;60:
2891-5.

2. Bukowski R, Tangen C, Peterson R, et al. Phase |l trial
of dimethyltriazenoimidazole carboxamide in patients
with metastatic carcinoid. A Southwest Oncology
Group study. Cancer 1994;73:1505-8.

3. Engstrom P, Lavin P, Moertel C, et al. Streptozocin
plus fluorouracil versus doxorubicin therapy for meta-
static carcinoid tumor. J Clin Oncol 1984;2:1255-9.

4. Kouvaraki M, Ajani J, Hoff P, et al. Fluorouracil, doxo-
rubicin, and streptozocin in the treatment of patients
with locally advanced and metastatic pancreatic en-
docrine carcinomas. J Clin Oncol 2004;22:4762-71.

5. Moertel C, Lefkopoulo M, Lipsitz S, et al. Streptozo-
cin-doxorubicin, streptozocin-fluorouracil, orchlorozo-
tocin in the treatment of advanced islet-cell carcinoma.
NEnglJ Med1992;326:519-23.

6. Ramanathan RK, Cnaan A, Hahn RG, et al. Phase |l
trial of dacarbazine (DTIC) in advanced pancreatic

139-43.

2005;23:4897-904.

18:158-66.

Clin Cancer Res 2009;15(1) January 1, 2009

islet cell carcinoma. Study of the Eastern Coopera-
tive Oncology Group-E6282. Ann Oncol 2001;12:

7. Sun W, Lipsitz S, Catalano P, et al. Phase II/Ill study
of doxorubicin with fluorouracil compared with
streptozocin with fluorouracil or dacarbazine in the
treatment of advanced carcinoid tumors: Eastern Co-
operative Oncology Group Study E1281. J Clin Oncol

8. Stevens MF, Hickman JA, Langdon SP, et al. Anti-
tumor activity and pharmacokinetics in mice of
8-carbamoyl-3-methyl-imidazo[5,1-d]-1,2,3,5-tetra-
zin-4(3H)-one (CCRG 81045; M&B 39831), a novel
drug with potential as an alternative to dacarbazine.
Cancer Res 1987,47:5846-52.

9. Middleton MR, Grob JJ, Aaronson N, et al. Random-
ized phase lll study of temozolomide versus dacarba-
zine in the treatment of patients with advanced
metastatic malignant melanoma. J Clin Oncol 2000;

10. Stupp R, Mason WP, van den Bent MJ, et al. Ra-

have contributed to the discordant results observed in these
studies.

We sought to minimize these limitations in our study by
prospectively using a strict definition for MGMT deficiency, in
which specimens were only considered deficient if they showed
complete absence of detectable MGMT in tumor cells by
immunohistochemistry. We further specifically identified non-
neoplastic components of the tumors using these elements as
positive internal controls. Nevertheless, technical limitations
and interobserver variability remain a concern in the interpre-
tation of MGMT immunohistochemical assays. We also cannot
rule out the possibility that mechanisms other than MGMT
expression affect neuroendocrine tumor sensitivity to temozo-
lomide. Parallel DNA repair mechanisms, including the base
excision repair system, may affect temozolomide sensitivity,
resulting in an imperfect correlation between MGMT expression
and treatment response (44, 45).

In summary, MGMT deficiency, as measured immunohisto-
chemically, appears to be more common in pancreatic
neuroendocrine tumors than in carcinoid tumors. Consistent
with this finding, in a retrospective analysis, we observed a 34%
response rate to temozolomide-based therapy in pancreatic
neuroendocrine tumors compared with 2% in carcinoid tumors.
MGMT deficiency was directly associated with temozolomide
response in the patient subgroup with available tumor tissue
and treatment data. Our findings suggest that MGMT status
could be used as a predictive marker to identify neuroendocrine
tumor patients who are likely to respond to treatment with
alkylating agents. Standardization of techniques to assess
MGMT status in tumor tissue, together with prospective trials
to confirm a correlation between MGMT status and treatment
response in neuroendocrine tumor patients treated with
alkylating agents, is warranted.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

M.H. Kulke thanks the Caring for Carcinoid Foundation, Stephen and Caroline
Kaufer Fund for neuroendocrine tumor research, Dr. Raymond and Beverly Sackler,
and Saul and Gitta Kurlat.

diotherapy plus concomitant and adjuvant temozolo-
mide for glioblastoma. N Engl J Med 2005;352:
987-96.

11. Kulke MH, Stuart K, Enzinger PC, et al. Phase Il study
of temozolomide and thalidomide in patients with
metastatic neuroendocrine tumors. J Clin Oncol
2006;24:401-6.

12. Kulke MH, Stuart K, Earle C, et al. A phase Il study of
temozolomide and bevacizumab in patients with
advanced neuroendocrine tumors. Proc ASCO
2006;12:A4044.

13. Ekeblad S, Sundin A, Janson ET, et al. Temozolo-
mide as monotherapy is effective in treatment of
advanced malignant neuroendocrine tumors. Clin
Cancer Res 2007;13:2986-91.

14. Isacoff W, Moss R, Pecora A, et al. Temozolomide/
capecitabine therapy for metastatic neuroendocrine
tumors of the pancreas. A retrospective review. J Clin
Oncol 2006 ASCO Annu Meet Proc 2006;18S:
A14023.

15. Strosberg J, Choi J, Gardner N, et al. First-line

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 30, 2021. © 2009 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

MGMIT Deficiency and Temozolomide-Based Therapy

treatment of metastatic pancreatic endocrine carci-
nomas with capecitabine and temozolomide. J Clin
Oncol 2008;26:A4612.

16. Liu L, Gerson SL. Targeted modulation of MGMT:
clinical implications. Clin Cancer Res 2006;12:
328-31.

17. Gerson SL. Clinical relevance of MGMT in the treat-
ment of cancer. J Clin Oncol 2002;20:2388-99.

18. Middleton MR, Lunn JM, Morris C, et al. O°-
methylguanine-DNA methyltransferase in pretreat-
ment tumour biopsies as a predictor of response to
temozolomide in melanoma. BrJ Cancer 1998;78:
1199-202.

19. Chinot OL, Barrie M, Fuentes S, et al. Correlation
between 0°®-methylguanine-DNA methyltransferase
and survival in inoperable newly diagnosed glioblasto-
ma patients treated with neoadjuvant temozolomide.
J Clin Oncol 2007;25:1470-5.

20. Brandes AA, Tosoni A, Cavallo G, et al. Correlations
between O°-methylguanine DNA methyltransferase
promoter methylation status, 1p and 19q deletions,
and response to temozolomide in anaplastic and re-
current oligodendroglioma: a prospective GICNO
study. J Clin Oncol 2006;24:4746-53.

21. Hegi ME, Diserens AC, GorliaT, et al. MGMT gene
silencing and benefit from temozolomide in glioblasto-
ma. N Engl J Med 2005;352:997-1003.

22. Friedman HS, McLendon RE, Kerby T, et al. DNA
mismatch repair and O°-alkylguanine-DNA alkyl-
transferase analysis and response to Temodal in newly
diagnosed malignant glioma. J Clin Oncol 1998;16:
3851-7.

23. Brell M, Tortosa A, Verger E, et al. Prognostic signif-
icance of O®-methylguanine-DNA methyltransferase
determined by promoter hypermethylation and immu-
nohistochemical expression in anaplastic gliomas. Clin
Cancer Res 2005;11:5167-74.

24. Levin N, Lavon |, Zelikovitsh B, et al. Progressive
low-grade oligodendrogliomas: response to temozo-
lomide and correlation between genetic profile and
0°8-methylguanine DNA methyltransferase protein ex-
pression. Cancer 2006;106:1759-65.

25. Pollack IF, Hamilton RL, Sobol RW, et al. 0°-
methylguanine-DNA methyltransferase expression
strongly correlates with outcome in childhood malig-

www.aacrjournals.org

nant gliomas: results from the CCG-945 cohort. J Clin
Oncol 2006;24:3431-7.

26. Capper D, Mittelboronn M, Meyermann R, et al. Pit-
falls in the assessment of MGMT expression and in its
correlation with survival in diffuse astrocytomas: pro-
posal of a feasible immunohistochemical approach.
Acta Neuropathol 2008;115:249-59.

27. Bennett RA, Pegg AE. Alkylation of DNA in rat tis-
sues following administration of streptozotocin. Can-
cer Res 1981,41:2786-90.

28. Souliotis VL, Boussiotis VA, Pangalis GA, et al.
In vivo formation and repair of 0®-methylguanine in
human leukocyte DNA after intravenous exposure to
dacarbazine. Carcinogenesis 1991,12:285-8.

29. Newell D, Gescher A, Harland S, et al. V-
methyl antitumour agents. A distinct class of an-
ticancer drugs? Cancer Chemother Pharmacol
1987;19:91-102.

30. Gerson SL. Modulation of human lymphocyte 08-
alkylguanine-DNA alkyltransferase by streptozotocin
in vivo. Cancer Res 1989;49:3134-8.

31. SilberJR, Blank A, Bobola MS, et al. Os—methylgua—
nine-DNA methyltransferase-deficient phenotype in
human gliomas: frequency and time to tumor progres-
sion after alkylating agent-based chemotherapy. Clin
Cancer Res 1999;5:807 - 14.

32. Bobola MS, Berger MS, Ellenbogen RG, et al. 0°-
methylguanine-DNA methyltransferase in pediatric
primary brain tumors: relation to patient and tumor
characteristics. Clin Cancer Res 2001,7:613-9.

33. Bobola MS, Silber JR, Ellenbogen RG, et al.
0°%-methylguanine-DNA methyltransferase, O®-ben-
zylguanine, and resistance to clinical alkylators in pe-
diatric primary brain tumor cell lines. Clin Cancer Res
2005;11:2747 -55.

34. Esteller M, Hamilton SR, Burger PC, et al. Inactiva-
tion of the DNA repair gene O°-methylguanine-DNA
methyltransferase by promoter hypermethylation is a
common event in primary human neoplasia. Cancer
Res 1999;59:793-7.

35. Paz MF, Yaya-Tur R, Rojas-Marcos |, et al. CpG
island hypermethylation of the DNA repair enzyme
methyltransferase predicts response to temozolo-
mide in primary gliomas. Clin Cancer Res 2004;10:
4933-8.

345

36. Eoli M, Menghi F, Bruzzone MG, et al. Methylation
of OG—methnguanine DNA methyltransferase and loss
of heterozygosity on 19q and/or 17p are overlapping
features of secondary glioblastomas with prolonged
survival. Clin Cancer Res 2007;13:2606-13.

37. Blanc JL, Wager M, Guilhot J, et al. Correlation of
clinical features and methylation status of MGMT gene
promoter in glioblastomas. J Neurooncol 2004;68:
275-83.

38. Jaeckle KA, Eyre HJ, Townsend JJ, et al. Correla-
tion of tumor O°® methylguanine-DNA methyltrans-
ferase levels with survival of malignant astrocytoma
patients treated with bis-chloroethylnitrosourea: a
Southwest Oncology Group study. J Clin Oncol
1998;16:3310-5.

39. Arnold CN, Sosnowski A, Schmitt-Graff A, et al.
Analysis of molecular pathways in sporadic neuroen-
docrine tumors of the gastro-entero-pancreatic sys-
tem. IntJ Cancer 2007;120:2157 - 64.

40. Chan AO, Kim SG, BedeirA, et al. CpG island meth-
ylation in carcinoid and pancreatic endocrine tumors.
Oncogene 2003;22:924-34.

41. Maxwell JA, Johnson SP, Quinn JA, et al. Quanti-
tative analysis of O°-alkylguanine-DNA alkyltransfer-
ase in malignant glioma. Mol Cancer Ther 2006;5:
2531-9.

42. Sasai K, Nodagashira M, Nishihara H, et al. Careful
exclusion of non-neoplastic brain components is re-
quired for an appropriate evaluation of O®-methylgua-
nine-DNA methyltransferase status in glioma. Am J
Surg Pathol. Epub ahead of print 2008.

43. Grasbon-Frodl EM, Kreth FW, Ruiter M, et al. Intra-
tumoral homogeneity of MGMT promoter hyperme-
thylation as demonstrated in serial stereotactic
specimens from anaplastic astrocytomas and glioblas-
tomas. IntJ Cancer 2007;121:2458-64.

44, Bobola MS, Tseng SH, Blank A, et al. Role of 0°-
methylguanine-DNA methyltransferase in resistance
of human brain tumor cell lines to the clinically relevant
methylating agents temozolomide and streptozotocin.
Clin Cancer Res 1996;2:735-41.

45. Trivedi RN, Almeida KH, Fornsaglio JL, et al. The role
of base excision repair in the sensitivity and resistance
to temozolomide-mediated cell death. Cancer Res
2005;65:6394-400.

Clin Cancer Res 2009;15(1) January 1, 2009

Downloaded from clincancerres.aacrjournals.org on September 30, 2021. © 2009 American Association for

Cancer Research.


http://clincancerres.aacrjournals.org/

AAGCR et
Clinical Cancer Research

06-Methylguanine DNA Methyltransferase Deficiency and
Response to Temozolomide-Based Therapy in Patients with
Neuroendocrine Tumors

Matthew H. Kulke, Jason L. Hornick, Christine Frauenhoffer, et al.

Clin Cancer Res 2009;15:338-345.

Updated version  Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/15/1/338

Cited articles  This article cites 43 articles, 26 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/15/1/338.full#ref-list-1

Citing articles  This article has been cited by 36 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/15/1/338.full#related-urls

E-mail alerts  Sign up to receive free email-alerts related to this article or journal.

Reprints and  To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/15/1/338.
Click on "Request Permissions” which will take you to the Copyright Clearance Center's
(Cco)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on September 30, 2021. © 2009 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/content/15/1/338
http://clincancerres.aacrjournals.org/content/15/1/338.full#ref-list-1
http://clincancerres.aacrjournals.org/content/15/1/338.full#related-urls
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/15/1/338
http://clincancerres.aacrjournals.org/

SCIENTIFIC REPLIRTS

for muscle-invasive bladder cancer
risk stratification and therapy
sy decision-making

Published online: 26 September 2018 . .. . .
ublished ontine eptember © ThomasS. Worst', Cleo-Aron Weis?, Robert Stéhr’, Simone Bertz?, Markus Eckstein’,

. Wolfgang Otto*, Johannes Breyer*, Arndt Hartmann?, Christian Bolenz®, Ralph M. Wirtz®’ &
* Philipp Erben®?

Deletions of the cell cycle control gene CDKN2A are described as progression markers of non-muscle
invasive bladder cancer and to be associated with fibroblast growth factor 3 (FGFR3) mutations. The
prognostic role of CDKN2A RNA expression in muscle invasive bladder cancer (MIBC) is under discussion.
In 80 MIBC patients (m/f 60/20) who underwent radical cystectomy the expression of CDKN2A and

: FGFR3 was examined with qRT-PCR (test cohort). The MDA cohort (n =57) and the TCGA cohort

. (n=365) served for validation. The expression of drug target genes and TCGA molecular subtypes

- was correlated with CDKN2A expression. In the test cohort CDKN2A"9" patients (n = 8; 10.0%) had a

© significantly shorter recurrence-free (p = 0.018) and disease-specific (p = 0.006) survival compared to the
rest of the cohort. A similar stratification was seen in the validation cohorts (CDKN2AM9": n =7, 12.3%,
p=0.001; n=46,12.6%, p=0.011). In the TCGA cohort these patients had a comparably low expression
of drug target genes. The expression of CDKN2A significantly differed among TGCA molecular subtypes.
71.7% of CDKN2A"9" were TCGA basal squamous tumours but also show divergent molecular features

: compared to this group. In summary CDKN2A RNA expression-based risk stratification of MIBC allows

. the identification of a CDKN2A"S" poor prognosis group with low expression of drug target genes.

. For several decades radical cystectomy (RC) is the standard therapy of muscle invasive bladder cancer (MIBC).
- Yet, due to a high recurrence rate, 5-year overall survival (OS) of patients with locally advanced tumours is only
: around 50%’. In the hospital routine decisions on adjuvant, neoadjuvant and palliative medication still mainly
rely on clinical parameters. Though deemed crucial in terms of risk stratification and identification of patients
in need for a more aggressive treatment, molecular profiling for individual therapy decision-making is still in
it's infancy in MIBC??. Furthermore, expression data can give valuable information about drug target gene
expression*°.
In the light of bladder cancer initiation several frequent genetic aberrations have been identified. Papillary/
non muscle-invasive and non-papillary/muscle-invasive bladder cancer are typically seen as two different molec-
- ular entities”. In both groups alterations of “forerunner genes” are seen as an initial event. Whilst in papillary
© tumours, genetic alterations are mainly restricted to these genes, high risk NMIBC and MIBC often show altera-
© tions of major tumour suppressor genes as RBI or TP53%°.
Loss of heterozygosity (LOH) in the 9p region is one of this typical early events in the formation of bladder can-
cer and frequently occurs in non-invasive precursor lesions like hyperplasia, dysplasia or carcinoma in situ'%13.
One of the genes found in this region is CDKN2A, which codes for the cell cycle control protein p16. LOH of
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Male 60 (75.0%) | 55(76.4%) | 5(62.5%) | oo
Female 20 (25.0%) |17 (23.6%) |3 (37.5%) |P~"

Age 66 (46-93) | 66 (46-85) | 72 (54-93) | t-test p=0.081
T2 19(23.8%) | 18(25.0%) | 1(12.5%)

T3 47 (58.8%) | 42(58.3%) | 5(62.5%) |p=0.677
T4 14(16.5%) |12(16.7%) |2 (25.5%)

NO 48 (60.0%) |44 (61.1%) | 4 (50.0%)

N1 32(40.0%) | 28(38.9%) |4(50.0%) |p=0.543

Nx — — —

Table 1. Patient characteristics of the test cohort.

Male 49(85.9%) |43 (86.0%) | 6(85.7%) | o0,
Female 8 (14.1%) 7 (14.0%) 1(143%) |P=%

Age 66 (41-89) | 66 (41-89) | 61 (41-85) | t-test p=0.302
Tl 2(3.5%) 1(2.0%) 1(14.2%)

T2 12(21.1%) | 12(24.0%) | 0(0.0%) 0086

T3 35(61.4%) | 31(62.0%) |4(57.1%) |P="

T4 8(14.0%) | 4(8.0%) 2(28.6%)

NO 22(38.6%) | 19(38.0%) |3 (42.9%)

N1 9(15.8%) | 8(16.0%) |1(142%) |p=0.969

N2 26(45.6%) | 23 (46.0%) | 3 (42.9%)

Table 2. Patient characteristics of the MDA cohort.

CDKN2A and decreased expression of the p16 protein are mainly described as a predictor of progression in non
muscle-invasive bladder cancer (NMIBC)'*. Homozygous deletion of CDKN2A4, is also associated with muscle
invasion in FGFR3-mutated (fibroblast growth factor receptor 3) tumours'.

On the protein level a meta-analysis'®, including data from 17 immunohistochemistry studies with 1032 sub-
jects, investigated the p16 expression in various disease stages and found a significant association between a low
expression of p16 and recurrence-free survival in patients with all stages of bladder cancer. When stratifying for
T stages this correlation was markedly stronger for NMIBC, but was not found for MIBC (>T2). The same was
found for progression-free survival (PFS). The authors concluded that the p16 expression is affected by clinico-
pathologic stage and its relevance is mainly to be seen in NMIBC.

Another study found altered p16 protein expression, defined as either no expression of p16 or a very strong
p16 expression, to be associated with a worse outcome of MIBC'. These results support a more complex role of
CDKN2A and the p16 protein in MIBC.

We therefore aimed to stratify patients with MBIC according to their CDKN2A expression. Since immuno-
histochemistry is limited in case of quantification and sample comparison, RNA-based methods like qRT-PCR
or next generation sequencing are robust alternatives for quantification and stratification of gene expres-
sion. The value of CDKN2A mRNA expression has not been systematically investigated in MIBC, yet, but
qRT-PCR has already proved to be a valuable tool to determine CDKN2A copy number status'®. The CDKN2A
RNA-expression-based risk stratification was validated in the MDA and the TCGA cohort. Furthermore we rea-
nalysed TCGA data to reveal correlations of CDKN2A with drug target gene expression and molecular subtypes.

Results

CDKN2A RNA expression allows risk stratification of MIBC patients. When stratifying for dis-
ease-specific death using the partition test, the test cohort of 80 patients with MIBC could be divided into two
groups with different CDKN2A expression (CDKN2A"8" with n =8, 10.0%; CDKN2A""" with n=72, 90.0%).
Clinicopathologic data did not differ significantly between these groups (Table 1).

Kaplan-Meier analysis for recurrence-free survival (RFS, Fig. 1a) and disease-specific survival (DSS, Fig. 1b)
showed significant differences (p=0.018 and p =0.006) between these groups, with CDKN2A"s" having a worse
prognosis (median RFS 16.3 months and median DSS 11.2 months) compared to patients with CDKN2A!®Y
tumours (median RFS 74.2 months and median DSS 131.7 months).

By using the partition test in the MDA cohort of 57 bladder cancer patients a similar cut-off for CDKN2A
expression could be defined. As in the test cohort, those patients with the highest CDKN2A expression (n=7;
12.3%) had a worse prognosis (p = 0.001; median DSS 25.3 months, for CDKN2A median DSS was not reached;
Fig. 2a).

When applying the partition test to the TCGA cohort, again a small group of patients with the highest
CDKN2A expression (n=46; 12.6%) with a poor prognosis could be identified (p =0.011; Fig. 2b). The median
overall survival (OS) of CDKN2A"s" was 18.0 months, compared to 38.2 months in the CDKN2A"" group
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Figure 1. Stratification of the test cohort (n=80) for CDKN2A expression identified a subgroup of 8/80
(10.0%) patients with the highest CDKN2A expression who had a much worse RFS (a) and DSS (b) compared to

the rest of the cohort.
b
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Figure 2. Validation in (a) the MDA cohort and (b) the TCGA cohort confirmed the poor prognosis of a
similar proportion of patients (a: 12,3% and b: 12,6%) with the highest CDKN2A expression. (n.d. = not
defined).

(n=319; 87.4%). Clinicopathologic data did not differ significantly between the CDKN2A expression groups in
the MDA and the TCGA cohort (Table 2 and Table 3).

Further dissection of the bigger group of CDKN2A™" tumours in the test cohort and the TCGA cohort did not
result in similar subgroup sizes, but yet resulted in different cut-offs with significant differences in prognosis, with
patients with an intermediate expression of CDKN2A having a better prognosis as those with a low expression
(Supplementary Figure 1).

Expression of drug target genes in dependence on CDKN2A expression. In the TCGA cohort
there was a negative correlation between CDKN2A and FGFR3 in all MIBC (p = —0.406; p < 0.001). In the
test cohort there was also a trend towards a negative correlation between FGFR3 and CDKN2A (p=—0.217,
p=0.053). Yet, inter-group comparison did not show a significant difference in FGFR3 expression between
CDKN2A™* and CDKN2AM¢! tumours (p = 0493; Fig. 3a). In the TCGA cohort the FGFR3 expression differed
significantly between the CDKN2A expression groups (p < 0.001; Fig. 3b).

Stratification for CDKN2A expression also showed a significantly lower expression of ESR2 in CDKN2AM¢h
tumours (p < 0.001, Fig. 3¢c). For the other tested drug target genes (AR, ESR1, ERBB2, PDCDI, CD274 and
CTLA4) no significant differences in the two CDKNZ2A expression groups were seen. Over all MIBC patients
from the TCGA cohort AR was negatively correlated with CDKN2A expression (p=—0.183; p=0.004) and
PDCD1, CD274 and CTLA4 were positively correlated with CDKN2A expression (p=0.176; p < 0.001; p=0.327;
P <0.001; p=0.171; p < 0.001). Detailed results are given in Supplementary Table 1.
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Figure 3. (a) In the test cohort there was no difference in the FGFR3 expression in the CDKN2A expression
groups. (b) In the TCGA cohort FGFR3 was significantly lower expressed in CDKN2A"&" tumours. CDKN2A®™
tumours had also a higher expression of ESR2 (c). (*p < 0.05; **p < 0.01; ***p < 0.001).

Male 269 (73.7%) 239 (74.9%) 30 (65.2%) —0.162
Female 96 (26.3%) 80 (25.1%) 16 (34.8%) p=0
Age 68 (34-90) 68 (34-90) 68 (44-90) t-test p=0.989
T2 118 (32.3%) 104 (32.6%) 14 (30.4%)
T3 190 (52.1%) 164 (51.4%) 26 (56.6%) p=0.785
T4 57 (15.6%) 51 (16.0%) 6 (13.0%)
NO 217 (59.5%) 191 (59.9%) 26 (56.6%)
N1 125 (34.2%) 108 (33.9%) 17 (36.9%) p=10.908
Nx 23(6.3%) 20 (6.2%) 3(6.5%)
Neoadjuvant treatment
Yes 9(2.47%) 9 (2.8%) 0(0.0%) p=0.249
No 356 (97.5%) 310 (97.2%) 46 (100.0%)
Adjuvant chemotherapy
Yes 62 (17.0%) 58 (18.2%) 4(8.7%)

p=0.0582
No 158 (43.3%) 131 (41.1%) 27 (58.7%)
NA 145 (39.7%) 130 (40.7%) 15 (32.6%)
Adjuvant radiotherapy
Yes 7 (1.9%) 7(2.2%) 0(0.0%)

p=0.167
No 227 (62.2%) 193 (60.5%) 34 (73.9%)
NA 131 (35.9%) 119 (37.3%) 12 (26.1%)

Table 3. Patient characteristics of the TGCA cohort.

CDKN2A CNV status, downstream target expression and molecular subtypes. In the TCGA
cohort patients with CDKN2A!" expression frequently had CDKN2A deletions (38.9%% homozygous dele-
tion, heterozygous deletions: 26.0%) in comparison to more balanced genotypes in the CDKN2AMs" group (—1:
21.7%, balanced: 34.8%, +1: 43.5%, Supplementary Figure 2a). Chi?® test proved this difference to by significant
(p <0.001). Vice versa, upon stratification of CDKN2A expression for CDKN2A CNV there was also a significant
difference between CNV groups (Kruskal-Wallis p < 0.001, Supplementary Figure 2b).

Supplementary Figure 3a illustrates the CDKN2A expression in the CDKN2A expression groups of the TCGA
cohort. CDK4, despite being negatively regulated by CDKN2A, showed a slightly, but not significantly higher
expression in CDKN2AMg" (p < 0.139; Supplementary Figure 3b). RBI, which is regulated by CDK4, showed a
significantly lower expression in CDKN2A"" (p < 0.001, Supplementary Figure 3c) and the downstream tran-
scription factor gene E2F3 was significantly higher expressed in CDKN2A"#! tumours (p < 0.001, Supplementary
Figure 3d). In the complete cohort a positive correlation was observed between CDKN2A and CDK4 gene expres-
sion (p=0.222, p <0.001) and E2F3 gene expression (p=0.212, p < 0.001) and a negative correlation between
CDKN2A and RBI p=—0.479 (p < 0.001).

When correlated with copy number status, there was a significant difference in the distribution of updated
TCGA subtypes!? (Chi? p=0.016; Table 4 and Fig. 4a). Tumours with basal squamous and neuronal expression
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Figure 4. (a) In the TCGA cohort the distribution of TCGA RNA-expression subtypes significantly differs
according to CDKN2A copy number status (Chi? 0.016). (b) Vice versa there were significant differences in

the CDKN2A expression in these subtypes (bas squam = basal squamous, lum = luminal, lum inf=luminal
infiltrated, lum pap =luminal papillary, neur = neuronal). Of the analyzed, typically subtype defining, genes,
KRT20, GATA3 and FOXA1 showed a differing expression in the CDKNZ2A expression groups (c—e). (*p < 0.05;
#kp < 0.01; #+¥p < 0.001).

-1 22 12 20 34 3 p=0.016

no deletion 65 9 26 38 9

Table 4. Chi®-square test showed significant difference in the distribution of TCGA subtypes according to copy
number status.

phenotype were overrepresented in the group of tumours with no deletion. Luminal tumours mainly had a
homozygous deletion. Tumours from the basal squamous group on average showed the highest CDKN2A
expression and tumours from the luminal group had a comparably low CDKN2A expression. Over all groups
Kruskal-Wallis test showed a significantly different distribution, with 33 of 46 tumours (71.7%) in the CDKN2AMish
group being classified as basal squamous (Fig. 4b).

When looking at specific genes, typically determining RNA expression subtypes, GATA3 (p=—0.162;
p=0.002) and FOXAI (p=—0.299; p < 0.001) showed an inverse correlation with the CDKN2A expression. Both
genes also showed a significantly lower expression in CDKN2A"" tumours compared to CDKN2A™" tumours
(both p <0.001; Fig. 4d,e). Furthermore KRT20 was significantly lower expressed in CDKN2AM¢" tumours
(p=10.028; Fig. 4c). Detailed results are given in Supplementary Table 2.

Discussion

Deletions of CDKN2A and the underexpression of p16, the protein coded by CDKN2A, are well-investigated
molecular risk factors for tumour progression in NMIBC. Based on this, one could conclude that deletion or
underexpression of CDKN2A/p16 is also an indicator of increased aggressiveness and worse prognosis in MIBC.
Yet, some data point to a more complex situation in MIBC. For instance, gene expression studies have shown dis-
tinct RNA expression patterns for Ta tumours and MIBC, with T1 tumours showing either one or the other sig-
nature®. To more deeply investigate the role of CDKN2A expression in tumour prognosis and its association with
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drug target genes like FGFR3, we performed qRT-PCR expression profiling and reanalysis of existing CDKN2A
and FGFR3 RNA expression data of MIBC after RC. Compared to immunohistochemistry studies of p16,
RNA-testing with qRT-PCR has the advantages of a higher dynamic width and a higher sensitivity. Furthermore
qRT-PCR testing allows an observer-independent interpretation of quantifiably results.

In the three analyzed cohorts the groups with the highest expression of CDKN2A (10.0-12.6% of the exam-
ined patients) were identified to have a worse prognosis compared to the remaining patients. This is controversial
to previous assumptions derived from findings in NMIBC, where deletion of CDKNZ2A, typically going along with
alowered expression, is deemed as a marker for poor prognosis>*22.

However, already in 2004 it was shown that both a low and a high expression of the p16 protein can be a
predictor of worse outcome after RC. The overall prevalence of altered p16 protein expression was 54% of the
analyzed tumours. The results of last-mentioned study show that both high and low expression of CDKN2A and
p16, respectively, are associated with a worse outcome of MIBC patients. Though we could not find similar cut-off
values in the different cohorts to distinguish between patients with low and intermediate expression of CDKN2A
in the present study, patients with an intermediate expression seem to have the best prognosis, pointing to a
diverse role of CDKN2A as prognosis marker in MIBC.

Functionally it is well known that impaired function or expression of p16, either due to CDKN2A deletion,
mutation or hypermethylation, leads to cell cycle deregulation via overactivation of CDK4 and CDK6, which
results in hyperphosphorylation of retinoblastoma protein (RB), the protein product of RBI. The subsequent lib-
eration of E2F transcription factor family members mediates changes in gene expression, promoting the transition
from G1 to S phase?. Besides this mechanism, loss of RBI also results in tumour formation and progression.

This close relation between CDKN2A/p16 and RB has been repeatedly described in urinary bladder cancer®°.
Yet, this does not intuitively explain why those MIBC with the highest CDKN2A expression show a poor prog-
nosis. Sjodahl et al. reported two different genomic circuits operative in urothelial carcinomas: one defined by
high FGFR3 and CCNDI1 expression, low CDKNZ2A expression, often associated with CDKN2A loss and the other
one defined by E2F3 amplifications and overexpression, RB1 deletions and low expression and high CDKN2A/
p16 expression”’. Whilst the first circuit is mainly found in tumours termed urobasal A and urobasal B, the latter
circuit was mainly associated with genomically unstable tumours®**?°. These tumours also on the protein level
typically showed no or low expression of KRT5 and KRT14, aberrant expression of KRT20 and a low expres-
sion of EGFR, but a high expression of ERBB2. According to this immunohistochemistry-based classification,
genetically unstable tumours had a worse DSS compared to urobasal tumours, but better than squamous cancer
cell-like tumours in a mixed population of NMIBC and MIBC?. Recent work from our own group has also shown
high CDKN2A expression to be associated with shorter progress-free survival in T1 urothelial carcinoma*®. The
group of CDKN2AM8h MIBC consistently identified in a proportion between 10.0 and 12.6% in all three datasets
analyzed in the present study therefore might reflect a subgroup of genomically instable tumours, which account
for 21.5% of advanced bladder cancers as described by Sjodahl et al.?’. The reported overexpression of CDKN2A
in genomically unstable tumours could be a sign of an in vain countermeasure to reduce cell cycle activity, which
is deregulated due to other molecular aberrations.

Controversial to an association with the genomically unstable subtype is the fact, that 71,7% of the tumours
with CDKN2AY! from the TCGA cohort are termed as basal squamous according to the 2017 TCGA publica-
tion'. Yet, this group (35% of MIBC in the TCGA cohort), also comprises 41% of tumors with CDKN2A deep
deletions, meaning that CDKN2A"eh tumours, which do not show any homozygous deletion of CDKN2A, are in
part not a representative, but a highly selected subgroup of basal squamous tumours. In line with this and unlike
reported for basal squamous tumors in the TCGA publication, CDKN2AM" tumours also do not show an eleva-
tion of PDCD1, CD274 and CTLA4 expression.

With regard to drug target gene expression, CDKN2A expression showed a negative correlation with FGFR3
expression in the TCGA cohort and a trend towards a negative correlation in the test cohort. The TCGA publica-
tion from 2014 proposed a correlation between CDKNZ2A deletion or underexpression and activating mutations
of FGFR3 or FGFR3 overexpression®. They also reported an inverse correlation between CDKN2A and FGFR3
RNA expression. According to their mutational data they proposed three subtypes of bladder cancer: (A) focally
amplified, (B) papillary CDKN2A-deficient and FGFR3-mutant and (C) TP53/cell-cycle-mutant. The study of
Rebouissou and colleagues confirmed a high incidence of CDKN2A deletions (hemizygous 23.7%, homozygous
17.5%) and FGFR3 mutations (62.1%) in NMIBC'". In MIBC the rates of CDKN2A deletions were even higher
(hemizygous 27.9%, homozygous 22.5%). Both in NMIBC and in MIBC there was a significant coincidence of
CDKN2A deletions and activating mutations of FGFR3 and NMIBC tumours with this feature had an increased
progression rate.

Due to their low FGFR3 expression, patients with CDKN2AMg" tumours presumably do not seem to be suit-
able candidates for a therapy targeting FGFR3, whilst patients with a high FGFR3 expression might benefit from
such an approach. The tyrosine kinases inhibitor Pazopanib is already approved for the treatment of advanced
or metastatic kidney cancer and certain sarcoma entities, but there is only limited data about its application in
MIBC: A small phase II trial on 19 unselected patients with metastatic bladder cancer reported a median PFS of
only 1.9 months®. Another phase II study of 41 unselected patients with metastatic bladder cancer after failure
of chemotherapy reported an overall initial response rate of 17%, but PFS and OS were poor*2. However, there
were also two patients with sustained long-term response. The RNA expression of FGFR3 in these tumours is not
reported in the trial. Another group reported a case of a woman with a metastatic bladder cancer carrying an acti-
vating FGFR3 mutation®. This patient showed a durable remission of more than 6 months upon treatment with
Pazopanib. In vitro results also suggest a synergistic effect of Pazopanib with Docetaxel in the treatment of bladder
cancer cells*, pointing to a potential role of Pazopanib in combination therapy of cases with a suitable molecular
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profile. Besides Pazopanib, several other substances targeting FGFRs are currently under investigation® and
AZ12908010, AZD4547, PD173074, TKI-258/Dovitinib, SU5402 and BGJ-398 showed promising results in
vitro®®=3, Yet, clinical data is scarce and partially controversial: By systemic administration of Dovitinib biolog-
ically active concentrations could be consistently achieved in 13 patients with NMIBC*’. However, long-term
administration was not possible due to frequent toxicities. In another study Dovitinib showed a better tolerability
but the antineoplastic effect in patients with FGFR3-mutated and FGFR3 wild type urothelial bladder cancer was
poor*!. For AZD4547 a case of long term response is described*>. BGJ-398 showed an overall response rate of 36%
in patients with pretreated advanced or metastatic urothelial carcinoma and was well tolerated*.

Besides a low FGFR3 expression, CDKN2A"8" tumours also showed a low ESR2 expression and AR was nega-
tively correlated with CDKN2A. CDKN2A expression was positively correlated with PDCD1, CD274 and CTLA4
expression. Yet, this did not result in a differential expression in CDKN2A"%" tumours. In general the expression
of the tested drug target genes was rather low in CDKN2A"¢" tumours. Therefore they may represent a high risk
population both in terms of prognosis and limited treatment options.

Correlation of CDKN2A with the downstream markers CDK4, RBI and E2F3 in the TCGA cohort also point
to a more complex role of CDKN2A in the biology of MIBC: Unlike to be assumed by the known mechanism of
CDKN2A-CDK4 interaction, with CDKN2A typically deactivating CDK4, the expression of both genes is not
inversely but positively correlated. Furthermore, the tumour suppressor RB1, which is the subsequent gene in this
signaling cascade*, is significantly downregulated upon increasing CDKN2A expression, indicating a more active
cell cycle despite a high CDKN2A expression. Since the P16 protein mainly functionally regulates downstream
targets via binding of CDK4 and CDKG®, preventing them from interaction with cyclin D, which then results in
reduced phosphorylation of RB1, phosphorylation data of RB1 would offer a more precise information about the
pathway activity downstream of P16. Yet, there are currently no larger datasets analyzing RB1 phosphorylation
status in bladder cancer.

The 2014 TCGA publication, comprising data from 131 MIBC, described four different subtypes based on
RNA expression data?. These subtypes are mainly determined by the expression of luminal cytokeratins KRT8 and
KRT18, basal cytokeratins KRT5, KRT6A, KRT6B, KRT6C, KRT15, the transcription factors GATA3 and FOXA1
and uroplakins. The updated 2017 publication'® suggests five molecular subtypes and implemented elements
from other subtyping approaches®*#°. We correlated the expression of CDKN2A with the aforementioned subtype
determining genes. In the TCGA cohort there was a negative correlation with GATA3 and FOXAI (p=—0.162
and —0.299), which are urothelial differentiation markers. For both genes also a significantly lower expression
was seen in CDKN2A"¢" tumours. And also KRT20, typically associated with luminal tumours, showed a lower
expression in this group. Fitting to this TCGA basal squamous tumours have the highest CDKN2A expression,
whilst tumours from the luminal TCGA subtype group had an exclusively low expression.

Our results are limited by the fact that both our CDKN2A PCR assay and the RNA expression analysis in the
MDA and the TCGA cohort do not discriminate between the CDKN2A transcripts. Therefore further analyses
substratifying between the transcripts for p16 and p14 could add valuable information.

Furthermore the three analyzed cohorts are not directly comparable due to the different techniques (QRT-PCR
in the test cohort, RNA expression microarray in the MDA cohort and RNAseq in the TCGA cohort) used for
quantification and different data normalization protocols.

Taken together the CDKN2A RNA expression does not present as a continuum. On the one hand this indicates
that quantifiably tools can be helpful to accurately deduce prognosis from CDKN2A RNA expression. On the
other hand this also reflects a more complex biology behind the variation of CDKN2A expression in MIBC. In
line with this, the expression of CDKN2A and p16 differs among molecular subtypes.

With the chosen approach we were able to identify a subgroup of patients with high CDKN2A expression with
poor prognosis and comparably low expression of drug target genes. These tumours seem to partly correspond
to both the basal squamous subtype described in the 2017 TCGA classification!? and the genomically unstable
tumours described by Sjodahl et al.?®. CDKN2A therefore might be a valuable component in the molecular risk
stratification of MIBC and a potential indicator for targeted therapy decision-making.

Methods

Study population, RNA isolation and qRT-PCR. The test cohort consisted of 80 patients (mean age 66
years, range 46-93 years) with MIBC who underwent radical cystectomy at the Mannheim University Hospital
Center between January 1998 and December 2006. Clinical and pathological data were retrospectively obtained
from medical records (ethics approval 2016-814R-MA of the medical ethics committee II of the medical faculty
Mannheim of the University of Heidelberg).

RNA extraction was performed as described before*®. 10 um sections from FFPE tissue samples were used
for RNA extraction with a commercially available bead-based extraction method (XTRACT kit; STRATIFYER
Molecular Pathology GmbH, Cologne, Germany). RNA was eluted with 100 pl elution buffer and stored at —80°C
until used.

The RNA expression of CDKN2A and FGFR3 was determined in relation to the housekeeping gene calmod-
ulin 2 (CALM?2) using 1-step qRT-PCR with validated TagMan gene expression assays (STRATIFYER catalogue
numbers: CDKN2A: MP672, FGFR3: MP599 and CALM2: MP501). Primers and labeled hydrolysis probes were
selected using Primer Express® Software (Applied Biosystems/Life Technologies, Karlsruhe, Germany) and were
controlled for single nucleotide polymorphisms. All primers, probes and amplicons were checked for their spec-
ificity against nucleotide databases at NCBI using Basic Local Alignment Search Tool (BLAST). Primers and
probes were purchased from Eurogentec S.A. (Seraing, Belgium). For each primer/probe set, the amplification effi-
ciency was tested, aiming to reach comparable efficiency of >90% (efficiency range from 97.7 to 99.7%). Primers
and hydrolysis probes were diluted to 100 uM, using a stock solution with nuclease-free water (Life Technologies
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GmbH, Darmstadt, Germany). qRT-PCR was applied for the relative quantification of CDKN2A and FGFR3.
For PCR, 0.5 uM of each primer and 0.25uM of each probe were used. All quantitative reverse-transcription
PCRs were performed in triplicates using the SuperScript® I1I Platinum® One-Step qRT-PCR kit (Invitrogen/Life
Technologies, Darmstadt, Germany) according to the manufacturer’s instructions. Experiments were performed
on a Stratagene Mx3005p (Agilent Technologies, Waldbronn, Germany) with 30 min at 50 °C and 2 min at 95°C
followed by 40 cycles of 15s at 95°C and 30s at 60 °C. PCR amplification of each gene was performed in triplicates
in each patient. Expression relative to CALM2 was determined using the 40- ACT method.

Reanalysis of existing datasets. 57 patients with MIBC (mean age 66 years, range 41-89) from the MDA
cohort* and 365 patients with MIBC (mean age 68 years, range 34-90 years) identified from the TCGA (The
Cancer Genome Atlas) project served for outcome validation. Illumina array RNA expression data of the MDA
cohort was downloaded from Gene Expression Omnibus (GSE48276).

TCGA RNA sequencing expression data (z-score normalized data) of CDKN2A and the drug target genes
FGFR3, AR, ESR1, ESR2, ERBB2, PDCDI1 (PD1), CD274 (PDL1) and CTLA4 were downloaded from CBioPortal?’.
Furthermore the expression of TCGA molecular subtype determining genes KRT5, KRT6A, KRT6B, KRT6C,
KRTS8, KRT14, KRT18, KRT20, UPKI1A, UPKI1B, UPK2, UPK3A, UPK3B, GATA3 and FOXA1, of the CDKN2A
downstream target genes CDK4 and RB1, the copy number variation (CNV) data of CDKN2A and the annotated
updated TCGA RNA expression subtypes!® were extracted.

Statistics. Statistical analyses were performed using SAS JMP version 11.0 (SAS Institute, Cary, NC, USA)
and Graphpad PRISM (Version 7.0; Graph Pad Software Inc., La Jolla, CA, USA). Cut-Off definitions were done
by partitioning tests for decision trees to determine different CDKN2A expression groups. Student’s t-test and
Chi? test were used to compare for differences in the distribution of clinical parameters, TCGA subtypes and
CDKN2A CNV data between the CDKN2A expression groups.

Kaplan Meier analyses were performed for DSS and RFS in the test cohort and for DSS and OS in the valida-
tion cohorts and were tested for significance using Log-Rank test.

Both in the test cohort and in the TCGA cohort CDKNZ2A expression was correlated with FGFR3 expression
using Spearman correlation. In the TCGA cohort CDKNZ2A expression was also correlated with the expression of
AR, ESR1, ESR2, ERBB2, PDCD1, CD274, CTLA4, KRT5, KRT6A, KRT6B, KRT6C, KRT8, KRT14, KRT18, KRT20,
UPKIA, UPK1B, UPK2, UPK3A, UPK3B, GATA3, FOXAI, CDK4, RBI, E2F2 and KI67.

Student’s t-test was used to test for differences in gene expression in the CDKN2A expression groups in the
test cohort and the TCGA cohort. For the analysis of CDKN2A expression according to CDKN2A copy number
status and RNA-expression subtypes Kruskal-Wallis test with post hoc Dunn’s test for multiple comparisons was
performed in the TCGA cohort. Graphs were designed with Graphpad Prism. P-values < 0.05 were deemed sta-
tistically significant.

Ethical approval. All procedures performed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. Due to its retrospective character, for this
type of study formal consent is not required.
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