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Abstract

Purpose:Epigenetic changes are implicated inacquired resistance
to platinum. Guadecitabine is a next-generation hypomethylating
agent (HMA). Here, we report the clinical results, along with
pharmacokinetic (PK) and pharmacodynamic analyses of the phase
I study of guadecitabine and carboplatin in patients with recurrent,
platinum-resistant high-grade serous ovarian cancer, primary peri-
toneal carcinoma (PPC), or fallopian tube cancer (FTC).

Experimental Design: Guadecitabine was administered once
daily on days 1 to 5 followed by carboplatin i.v. on day 8 of a
28-day cycle. Patients had eithermeasurable or detectable disease.
Safety assessments used CTCAE v4.

Results: Twenty patients were enrolled and treated.Median age
was 56 years (38–72years). Themediannumber of prior regimens
was 7 (1–14). In the first cohort (N ¼ 6), the starting doses were
guadecitabine 45 mg/m2 and carboplatin AUC5. Four patients
experienced dose-limiting toxicity (DLT; neutropenia and throm-

bocytopenia), leading to dose deescalation of guadecitabine to
30mg/m2 and of carboplatin to AUC4.NoDLTswere observed in
the subsequent 14 patients. Grade�3 adverse events�10% were
neutropenia, leukopenia, anemia, nausea, vomiting, ascites, con-
stipation, hypokalemia, pulmonary embolism, small-intestinal
obstruction, and thrombocytopenia. Three patients had a partial
response (PR), and 6 patients had stable disease (SD) >3months,
for an overall response rate (ORR) and clinical benefit rate of
15% and 45%, respectively. LINE-1 demethylation in PBMCs
and promoter demethylation/gene reexpression in paired tumor
biopsies/ascites were recorded.

Conclusions: Guadecitabine and carboplatin were tolerated
and induced clinical responses in a heavily pretreated platinum-
resistant ovarian cancer population, supporting a subsequent
randomized phase II trial. Clin Cancer Res; 24(10); 2285–93. �2018
AACR.

Introduction
High-grade serous ovarian cancer (HGSOC) is characterized by

unique molecular features that include DNA repair deficiency, a
TP53-mutated signature, and an initial high response rate to
cytotoxic chemotherapy (1). Platinum is a key component of
standard treatment for HGSOC, and development of platinum

resistance is a well-defined clinical phenotype with negative
survival implications (2). Most patients with advanced stage
HGSOC develop platinum-resistant recurrence, which is essen-
tially incurable, with life expectancy of less than a year (3). While
genetic events associated with platinum resistance have been well
characterized (4), emerging evidence also points to epigenomic
alterations, such as DNA methylation and modifications of his-
tonemarks (5, 6) being linked to acquired chemoresistance. Such
changes cause transcriptional repression of tumor suppressor
genes (TSG) and of other genes associated with apoptotic
responses to chemotherapy (7, 8). For example, promoter meth-
ylation causing silencing of TSGs (e.g., BRCA1, MLH1, RASSF1A,
DAPK, DOK2, and OPCML) and of differentiation-associated
transcription factors HOXA10 and HOXA11 (6, 9, 10) has been
connected to tumor initiation and chemotherapy resistance in
HGSOC (7, 8). These observations led to the hypothesis that
inhibition of DNA methylation through pharmacological block-
ade could be used to reverse resistance to platinum.

Several previous single-arm trials used DNAmethyl transferase
(DNMT) inhibitors, also known as hypomethylating agents
(HMA), as resensitizers to platinum (11–13). Prior phase I trials
showed that combinations of platinum and HMAs (e.g., decita-
bine, 5-azacitidine) are tolerable and biologically active, as mea-
sured through global and gene-specific DNA methylation assays
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in peripheral blood mononuclear cells (PBMC) and tumors
(11, 13). Subsequent phase II studies showed promising clinical
efficacy of 5-azacitidine or decitabine and platinum combination
regimens, including long progression-free survival (PFS) and high
response rates (RR) in platinum-resistant ovarian cancer (13, 14),
supporting further investigation of this strategy in recurrent
HGSOC.

Guadecitabine (SGI-110) is a next-generation HMA that is a
dinucleotide of decitabine (5-aza-20-deoxycytidine) and deox-
yguanosine. Guadecitabine is resistant to modification by
cytidine deaminase, prolonging the exposure of tumor cells
to its active metabolite decitabine, compared with parental
decitabine (15). Guadecitabine is being studied as a single
agent in acute myeloid leukemia (AML) and myelodysplasia
(MDS; ref. 16). A phase I study in patients with AML or MDS
identified the maximum tolerated dose of guadecitabine as 90
mg/m2 subcutaneously (s.c.) daily for 5 days and the biolog-
ically active dose of guadecitabine of 60 mg/m2 s.c. daily for 5
days based on evaluation of LINE-1 methylation in PBMC
(16). A recent preclinical study demonstrated that the guade-
citabine and carboplatin combination inhibited the growth of
ovarian cancer xenografts more potently than either drug alone
and induced demethylation along with reexpression of select
TSGs and chemoresponsiveness-associated genes (17), sup-
porting further investigation of this HMA in platinum-resistant
disease.

Here, we report the results of a phase I trial testing a
combination regimen of guadecitabine daily for 5 days fol-
lowed by carboplatin in patients with recurrent platinum-
resistant HGSOC, with planned escalating doses of guadeci-
tabine in a 3þ3 design. This regimen mirrored the combina-
tion strategy of decitabine and carboplatin previously tested
(13), with platinum added at the point of maximal demeth-
ylation, as determined by time-dependent assessment of
LINE-1 methylation in PBMCs. Pyrosequencing and quanti-
tative PCR analyses determined guadecitabine-induced
demethylation and gene expression changes, respectively, in
paired PBMCs and tumor biopsies and PK analyses assessed
the interaction between the two drugs. The combination of
guadecitabine and carboplatin was found to be tolerable and
biologically active, supporting its further testing in a random-
ized trial.

Materials and Methods
Patient population

Patients 18 years and older with platinum-resistant histolog-
ically or cytologically confirmed ovarian cancer, PPC, or FTC who
had previously received carboplatin and paclitaxel treatmentwere
eligible for treatment. Platinum resistance was defined as disease
recurrence within 6 months of the last platinum-containing
regimen. All grade 2 to 3 histological types were eligible. Eligible
patients had acceptable organ function based on laboratory data,
Eastern Cooperative Oncology Group performance status (ECOG
PS) of 0 or 1 andwere at least 3weeks from themost recent dose of
anticancer therapy. There were no limits on the number of prior
regimens allowed, and platinum-based therapy was not required
as the last previous treatment. Patients were required to have
either measurable disease according to Response Evaluation
Criteria in Solid Tumors (RECIST) v1.1 or detectable disease,
defined as baseline values of CA-125 at least twice the upper limit
of normal and (i) ascites and/or pleural effusion attributed to
tumor or (ii) solid and/or cystic abnormalities on radiographic
imaging that do not meet RECIST definitions for target lesions.
Tumor biopsies, paracentesis or thoracentesis to recover tumor
cells before and after treatment were required at baseline and on
cycle 2 day 8, if clinically safe and feasible. Exclusion criteria
included hypersensitivity to carboplatin, prior therapy with
HMAs, progression on platinum treatment, left ventricular ejec-
tion fraction (LVEF) <50%, grade 2 or greater neuropathy, known
brain metastases, other malignancies, active uncontrolled infec-
tions, or other life-threatening illness. The studywas conducted in
accordance with the International Council for Harmonisation
(ICH) Good Clinical Practice (GCP) guidelines, applicable local
regulatory requirements, and the principles enunciated in the
Declaration of Helsinki. The protocol and informed consent form
were reviewed and approved by an Institutional Review Board/
Independent Ethics Committee at each study center prior to
implementation. Patients provided written informed consent
before enrollment. The study is registered on ClinicalTrials.gov,
number NCT01696032.

Trial design and treatment
This was a multicenter, nonrandomized, open-label phase I

study conducted at 7 centers in the United States. Guadecitabine
was administered s.c. once daily on days 1 to 5 followed by
carboplatin i.v. infusion on day 8 of 28-day cycles. Study treat-
ment continued until disease progression, occurrence of unac-
ceptable treatment-related toxicity, or patient withdrawal. In the
dose escalation/deescalation design, cohorts of at least 6 patients
were planned at each guadecitabine dose level to determine the
maximum tolerated dose (MTD). In the absence of DLTs, the
starting dose of guadecitabine of 45 mg/m2 daily on days 1 to 5
was to be escalated only once to the full biologically effective dose
(BED) of 60 mg/m2 daily on days 1 to 5. An earlier study in
patients with hematologic malignancies found that 90 mg/m2

guadecitabine daily on days 1to 5waswell toleratedwith noDLTs
(16); the starting dose for this study was 50% of that dose
(45 mg/m2 daily on days 1–5) to accommodate the expected
overlapping myelosuppression with carboplatin. In the presence
of 1 DLT in 6 patients of the starting dose cohort, the cohort was
to enroll 6 more patients at the same dose level. In the event
that 2 or more DLTs occurred at the starting dose cohort, the next
lower dose level of 30 mg/m2 was to be evaluated. The MTD

Translational Relevance

Preclinical models suggest that promoter methylation of
tumor suppressor genes is associated with ovarian cancer
progression and development of platinum resistance and that
hypomethylating agents (HMA) able to reverse aberrant DNA
methylationwill resensitize ovarian tumors to platinum.Here,
we report results of a proof-of-principle, dose-finding phase I
clinical trial that tested the combination of a novel HMA,
guadecitabine, and carboplatin in a heavily pretreated, plat-
inum-resistant high-grade serous ovarian cancer patient pop-
ulation. The combination was found to be tolerable and
clinically and biologically active, supporting further testing
in a randomized phase II trial against FDA-approved therapy
for recurrent ovarian cancer.

Matei et al.

Clin Cancer Res; 24(10) May 15, 2018 Clinical Cancer Research2286

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/24/10/2285/2044939/2285.pdf by guest on 27 August 2022



was prespecified as the highest guadecitabine dose level (30–
60 mg/m2 daily on days 1–5) in combination with carboplatin
at which no more than 1 of 6 patients or 2 in 12 experienced a
DLT. Once the MTD was established, a total of 14 patients were
to be treated at that dose and assessed for response.

Study endpoints and assessments
The primary endpoint was the incidence of DLTs and other

adverse events (AE) to determine the MTD. Safety assessments
consisted of procedures and laboratory assessments: recording of
AEs, concomitant medications, complete or symptom-directed
physical examination, weight, vital signs, ECOG performance
status, 12-lead electrocardiograms (ECG), hematology, chemis-
try, and urinalysis. DLTs and AEs were graded by Common
Terminology Criteria for Adverse Events (CTCAE) v4.0. DLT was
defined as any of the following occurring during cycle 1 of therapy
related to guadecitabine or the combination of guadecitabine and
carboplatin: (i) any incidence of grade 4 thrombocytopenia or
neutropenia lasting >7 days; (ii) grade 3 or 4 febrile neutropenia;
(iii) any incidence of grade �3 nonhematologic toxicity, which
could not be appropriatelymanagedby supportive treatment; (iv)
any incidence of failure to recover absolute neutrophil count
(ANC) to 1,000 cells/mm3 and/or platelets to >75,000 cells/mm3

by cycle 1, day 42; (v) any other clinically significant AE placing
patients at undue safety risk or resulting in discontinuation of
treatment.

Efficacy endpoints, which were secondary endpoints in this
study, included objective response rate [ORR: defined as complete
response (CR) and partial response (PR) based on both measur-
able and detectable disease), progression-free survival (PFS) at 6
months, clinical benefit rate (CBR: defined as CRþ PR þ stable
disease for at least 3months), percentage of patients with CA-125
reduction of at least 50%, duration of response (DOR), and
overall survival (OS). Response was assessed using RECIST v1.1
(18) for patients with measurable disease, and modified Rustin
criteria for patients with detectable disease (19, 20). At screening,
disease measurements were obtained using computed tomogra-
phy (CT) scans or magnetic resonance imaging (MRI), as appro-
priate. These were repeated at the end of every other cycle from
cycle 1, day 1 for 6 cycles, then every 3months until clinical and/or
radiographic disease progression was evident.

Pharmacokinetics
Blood samples for determination of Cmax, Cmin, AUC and other

secondary PK parameters were obtained during cycle 1 for assess-
ment of guadecitabine, and its active metabolite decitabine,
concentrations on day 1 at baseline (predose), 15 minutes, 30
minutes, 60 minutes, 90 minutes, and 2 hours, 4 hours, 6 hours,
and 8 hours after dose, and for assessment of carboplatin con-
centrations on day 8 at baseline (predose), 30 minutes into the i.
v.-infusion (end of infusion for patients given carboplatin over 30
minutes), 60minutes (only for patients given carboplatin over 60
minutes to coincide with the end of infusion), and then 30
minutes, 1 hour, 2 hours, 4 hours, and 7 to 8 hours after the end
of carboplatin i.v. infusion.

Pharmacodynamics
Exploratory pharmacodynamic (PD) endpoints included glob-

al LINE-1DNAmethylation analysis in PBMCs andovarian tumor
DNA, and methylation status of selected genes in tumor tissue
before and after treatment. Changes in LINE-1 methylation levels

in PBMCs were assessed at day 1, day 8, and day 15 of cycle 1, and
day 1 and day 8 of cycles �2. Ascites or pleural fluid, or tumor
biopsies (guided visually or by CT or ultrasound, according to
institutional standards)were obtained at screening (baseline) and
posttreatment (cycle 2, day 8 before carboplatin dose), if safe
and feasible. DNA was extracted from PBMCs and tumor
biopsies or ascites using the DNeasy Blood and Tissue Kit
(Qiagen) at Covance. DNA concentrations were measured
using a NanoDrop ND1000 Spectrophotometer. Sodium bisul-
fite conversion of genomic DNA was performed using the
EpiTect Fast Bisulfite Conversion Kit (Qiagen) followed by
pyrosequencing analysis for LINE-1 elements using a PyroMark
Q24 platform at Astex. Pyrosequencing of specific gene pro-
moters was performed by EpigenDx Inc. RNA was isolated from
tumor biopsies or ascites using the AllPrep DNA/RNA/Protein
Mini Kit (Qiagen) following the manufacturer's protocol. Total
RNA was reverse transcribed and analyzed by qRT-PCR with the
LightCycler 480 SYBR Green I Master kit (Roche). Primers for
selected genes were from Fisher Scientific. mRNA expression
levels were determined using LightCycler software version 3.5
(Roche Applied Science), normalized to EEF1a1b, and using
the 2�DDCT method of relative quantification.

Statistical design and analyses
The sample size of at least 14 patients at the MTD provided a

51% probability of observing at least one adverse reaction to
treatment if the true incidence of such reaction were 5% at the
MTD. Also, 14 patients allowed the rejection of a response rate of
20% or more with a 95% confidence if no responses were
observed in 14 patients treated at the MTD. The analysis data
sets for efficacy and safety included all patients who received at
least 1 dose of study treatment.

Descriptive statistics were used to summarize patient charac-
teristics, and safety, efficacy, PD and PK endpoints. DOR, PFS and
OS were estimated using the Kaplan–Meier method. Median
durations of response, PFS, and OS as well as their corresponding
95% confidence intervals (CI) were also provided.

Results
Patients

Twenty-one patients enrolled and 20 patients were treated; 1
patient declined rapidly prior to initiation of treatment. Six
patients were treated at the first dose level of guadecitabine
45 mg/m2 and carboplatin AUC5 and 14 patients were treated
at guadecitabine 30 mg/m2 and carboplatin AUC4. All patients
had measurable disease. Median age was 56 (range, 38–72;
Table 1). All patients had platinum-resistant high-grade serous
adenocarcinoma: 18 ovarian cancer, 1 FTC, and 1 PPC. The group
was heavily pretreated with 14 patients having received �5 prior
regimens. The median number of prior regimens was 7.0 (range,
1–14), and themedian number of prior platinum-based regimens
was 2.5 (range, 1–11).

Safety
The primary objective of stage 1 of the studywas to assess safety

and tolerability and determine the MTD for stage 2. Six patients
were enrolled in the first cohort at 45 mg/m2 guadecitabine and
carboplatin AUC5. In this cohort, 4 of 6 patients had DLTs (grade
4neutropenia in all 4patients, andgrade4 thrombocytopenia in 2
patients). One patient was withdrawn from treatment due to the
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DLTs, guadecitabine was reduced to 30 mg/m2 for subsequent
cycles in this cohort for 4 of the 5 remaining patients, and1patient
who did not experience any DLTs continued at 45 mg/m2. Two
patients also had the carboplatin dose reduced toAUC4 starting at
cycle 2. For cohort 2, guadecitabine was reduced to 30mg/m2 and
carboplatin was given at AUC4. Initially 6 patients were enrolled
in cohort 2, and then another 8patientswere enrolled for a total of
14. No DLTs were encountered among the 14 patients treated at
this dose level; therefore, guadecitabine 30 mg/m2 on days 1 to 5
and carboplatin AUC4 on day 8 was subsequently declared the
MTD. Themedian number of treatment cycles administeredwas 4
(range, 1–12). Causes for treatment discontinuation were pro-
gressive disease (12 patients), AEs (4 patients), patient decision (1
patient), and investigator decision (3 patients). Dose delays were
required for 30% of cycles delivered to patients in cohort 1, and
26% of cycles delivered to patients in cohort 2. Five of 6 patients
enrolled in cohort 1 and all patients in cohort 2 received >95% of
the intended dose across all cycles. Eighteen of 20 subjects (90%)
received at least 1 treatment with growth factor support.

Common treatment-related AEs included neutropenia (65%),
nausea (55%), fatigue (50%), anemia (50%), injection site reac-
tion (45%), thrombocytopenia (40%), leukopenia (35%), and
vomiting (25%; Table 2). Six of 6 and 11of 14 patients enrolled in
cohorts 1 and 2, respectively, had a �3 grade AE (Supplementary
Table S1). Grade �3 AEs occurring in more than 1 patient
included neutropenia (50% in the 30 mg/m2 group, and 100%
in the 45 mg/m2 group), leukopenia (29% and 33%, respective-
ly), anemia (14% and 67%), nausea (14% and 33%), vomiting
(14% and 17%), ascites (7% each), constipation (14% and 0%),
hypokalemia (14% and 0%), pulmonary embolism (7% and
17%), small intestinal obstruction (14% and 0%), and throm-
bocytopenia (0% and 33%). The 2 events of �grade 3 thrombo-
cytopenia occurred in patients in cohort 1 after treatment with 45
mg/m2 guadecitabine and carboplatin AUC5, but did not occur in

cohort 1 after dose reduction. Eight patients experienced carbo-
platin hypersensitivity reactions, but only 1 discontinued treat-
ment permanently and 2 suspended treatment temporarily. One
patient had a grade 3 carboplatin hypersensitivity reaction that
was considered serious due to need for hospitalization; all other
carboplatin hypersensitivity reactions were grade 1 or 2. Twelve
patients (60%) had at least 1 serious AE. Serious AEs included
nausea and vomiting (each in 4 patients), neutropenia (in 3
patients), constipation, small intestinal obstruction, and pulmo-
nary embolism (each in 2 patients), and anemia, febrile neutro-
penia, thrombocytopenia, diarrhea, adverse drug reaction, pain,
cholelithiasis, cellulitis, pneumonia, sepsis, postoperative fever,

Table 1. Patient characteristics

G þ C G þ C
30 mg/m2 45 mg/m2 Total

Demographics and baseline characteristics (N ¼ 14) (N ¼ 6) (N ¼ 20)

Age (y)
Median 55.81 55.66 55.81
Range (min–max) 38.6–71.9 38.2–72.6 38.2–72.6

Race, n (%)
Asian 0 1 (17) 1 (5)
Black or African American 1 (7) 0 1 (5)
White 12 (86) 5 (83) 17 (85)
Other 1 (7) 0 1 (5)

Ethnicity, n (%)
Hispanic or Latino 1 (7) 0 1 (5)
Not Hispanic or Latino 13 (93) 6 (100) 19 (95)

Diagnosis, n (%)
Serous ovarian cancer 13 (93) 5 (83) 18 (90)
Primary peritoneal carcinomatosis 0 1 (17) 1 (5)
Fallopian tube cancer 1 (7) 0 1 (5)

ECOG performance status, n (%)
0 7 (50) 4 (67) 11 (55)
1 7 (50) 2 (33) 9 (45)
2 0 0 0

Number of prior regimens, n (%)
1–2 1 (7) 2 (33) 3 (15)
3–4 3 (21) 0 3 (15)
�5 10 (71) 4 (67) 14 (70)

Abbreviation: G þ C, guadecitabine and carboplatin.

Table 2. Treatment-related AEs occurring in 3 or more patients

G þ C G þ C
30 mg/m2 45 mg/m2

Adverse event (N ¼ 14) (N ¼ 6)

Any related event 13 (93) 6 (100)
Neutropenia 7 (50) 6 (100)
Nausea 9 (64) 2 (33)
Fatigue 8 (57) 2 (33)
Anemia 6 (43) 4 (67)
Injection site reaction 7 (50) 2 (33)
Thrombocytopenia 3 (21) 5 (83)
Carboplatin reactiona 5 (36) 3 (50)
Leukopenia 5 (36) 2 (33)
Vomiting 3 (21) 2 (33)
Injection site pain 4 (29) 0
Constipation 3 (21) 1 (17)
Hyponatremia 3 (21) 1 (17)
Adverse drug reaction 2 (14) 1 (17)
Infusion-related reaction 1 (7) 2 (33)
Pyrexia 1 (7) 2 (33)

Abbreviation: G þ C, guadecitabine and carboplatin.
aCarboplatin reaction includes events coded as drug hypersensitivity, adverse
drug reaction, and infusion-related reaction.
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transaminases increased, decreased appetite, failure to thrive, pain
in jaw, cerebrovascular accident, seizure, mental status changes,
and pleural effusion (each in 1 patient). Seven patients (35%)had
a serious AE that was considered related to treatment (4 of the 7
patients with related serious AEs were in the 45 mg/m2 group).
Treatment-related serious AEs included neutropenia (in 3
patients), and anemia, febrile neutropenia, thrombocytopenia,
nausea, adverse drug reaction, sepsis, and pain in jaw (in 1 patient
each). One treatment-related death was recorded at the first dose
level (sepsis). An additional patient died due to disease progres-
sion within 30 days of study treatment.

Efficacy
All patients had measurable disease and were assessed by

RECIST. Efficacy outcomes are summarized in Supplementary
Table S1. Because all but one patient in the 45 mg/m2 guadeci-
tabine group was dose reduced to 30 mg/m2 for the second and
subsequent cycles, efficacy was analyzed for all patients com-
bined. Three patients had a PR and 6 patients had SD >3months,
resulting in an ORR (CR þ PR) of 15% (3 of 20 patients) and a
CBR (CRþPRþSD) of 45% (9 of 20 patients). The median DOR
was 225 days (7.5 months) for the 9 patients with CBR. For the 3
patientswhoexperienced aPR, thedurations of responsewere 1.8,
4.2, and 7.5months. Median PFSwas 111 days (3.7months), and
the rate of PFS at 6 months was 35%. Median OS was 327 days
(10.9months) and theOS rate at 6months was 70%. Themedian
best reduction in CA-125 was 24%. Five of 15 evaluable patients
(33%) had a CA-125 reduction of at least 50%.

Pharmacokinetics
PK analyses of guadecitabine and decitabine were conducted

on samples collected at cycle 1 day 1. After a single s.c. dose of 45
or 30 mg/m2 of guadecitabine, the plasma exposure profile for
parent guadecitabine lasted up to 8 hours or longer if extrapo-
lated. The average peak guadecitabine concentration (Cmax) was
96.2 ng/mL at the 30mg/m2 dose and 109ng/mL at the 45mg/m2

dose and occurred within 2 hours after dose (median Tmax). The
mean extent of exposure (measured as AUC0-t) was 232 ng� h/mL
at the 30 mg/m2 dose and 363 ng � h/mL at the 45 mg/m2 dose.
The elimination of guadecitabine from plasma was fast with a
mean T1/2 el of 0.93 to 2.2 hours (Fig. 1A; Supplementary Table S2).
As a result of the PK profile of parent guadecitabine in plasma,
its active metabolite decitabine was rapidly and continuously
formed via conversion, achieving an exposure window of >8 hours
(Fig. 1B; Supplementary Table S3). Decitabine was detected at
the first sampling time of 15 minutes after dose and peaked at a
Cmax of 22.6 ng/mL and 26.3 ng/mL for the 30 and 45 mg/m2

guadecitabine doses, respectively. The mean decitabine AUC0-t

was 68.3 ng � h/mL and 105 ng � h/mL for the 30 mg/m2 and
45 mg/m2 guadecitabine dose, respectively. The elimination of
decitabine from plasma was fast with a mean T1/2 el of 1.25 to
1.30 hours. The ratio of mean decitabine to mean guadecitabine
AUC values was 0.72, calculated based on conversion to nmol/L,
suggesting that more than 70% of guadecitabine was converted
to the active metabolite, as measured in systemic circulation.

Pharmacodynamics
To determine the biological activity of the regimen, methyla-

tion of LINE-1 was measured by quantitative bisulfite sequencing
in DNA extracted from PBMCs collected on days 1 and 8 of each
cycle of treatment. The average LINE-1 demethylation at day 8

across multiple cycles compared with baseline was 19%, with
no difference being observed between the 6 patients treated at
45mg/m2 (cohort 1) and the 14 patients who received 30mg/m2

(cohort 2). The average baseline LINE-1 methylation was 75%
(range, 67%–82%) and was reduced to 60% after guadecitabine
(range, 47%–72%; Fig. 2A). Importantly, the decreased levels of
methylation observed during cycle 1 were maintained or decreas-
ed further during subsequent cycles (Fig. 2B), demonstrating pre-
served biological activity of the regimen throughout treatment.
Of 9 patients experiencing significant LINE-1 hypomethylation
in PBMCs, 7 had stable disease or a PR; while 2 of 3 patients
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Figure 1.

PK analyses measured plasma concentrations of guadecitabine (A) and of
the metabolite, decitabine (B), in plasma specimens during cycle 1 day 1.
Average concentrations (�SD) from patients enrolled in the two cohorts
(45 mg/m2, n ¼ 5 patients, and 30 mg/m2, n ¼ 14 patients) are presented
for each time point.
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without significant PBMC hypomethylation experienced stable
disease or a response (Fig. 3A); thus, a correlation between clinical
and biological response cannot be made in this patient set.

Tumor biopsies were obtained from14 patients at baseline and
paired tumor biopsies (one at baseline and one during treatment,
generally at C2D8) were available for 10 patients. Nine pairs of
tumor snap-frozen biopsies yielded sufficient amount of high-
quality DNA and RNA for methylation and gene expression
analyses. Methylation of the promoter of several genes previously
identified as being epigenetically silenced or having a role in
therapy resistance (11, 13, 21–23) was assessed. Overall, treat-
ment-induced hypomethylation of tumor suppressor genes
RASSF1A (Ras associated domain proteinmember 1A) andDOK2
(docking protein 2), the cancer testis antigen genesMAGEA2 and
MAGEA11, and the receptors FZD1 (frizzled 1) and ESRRA
(estrogen-related receptor alpha) genes (Fig. 3A) was observed
in tumor tissue; however, this did not reach statistical significance,

due to large variability among the few samples analyzed. Gene-
specific demethylation was generally associated with increased
expression of the related transcripts, as measured by qRT-PCR
(Fig. 3B).

Discussion
The results of the first stage of this trial demonstrate feasibility

and tolerability of repetitive administration of guadecitabine and
carboplatin combination therapy in women with heavily pre-
treated platinum-resistant ovarian cancer, supporting further test-
ing of the regimen in the preplanned randomized portion of the
study. As predicted by the known toxicity profiles of HMAs in
other settings (24, 25) and by the results of the phase II trial of
guadecitabine as single agent in recurrent AML (26), treatment-
na€�ve AML (27) and MDS (data on file), the DLT in this trial
was grade 4 neutropenia. These results are consistent with
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Figure 2.

PD analyses. A, Average LINE-1 methylation levels in PBMCs across multiple treatment cycles (number of cycles for each subject identified by n in the x-axis).
Pretreatment methylation is shown as the mean LINE-1 methylation on day 1 of each analyzed cycle; posttreatment methylation is shown as the mean LINE-1
methylation on day 8 of each analyzed cycle. Patients treated with 45 mg/m2 are noted with †. Patients who showed lower relative demethylation than
average and higher basalmethylation aremarkedwith a star.B,Relative LINE-1 demethylation (day8 vs. day 1) in PBMCs in each cycle of treatment for 12 patientswho
received more than 2 cycles of treatment. Patients showing increased LINE-1 demethylation after cycle 1 are on the left side of the figure, patients without
increased LINE-1 demethylation are on the right side. SD, stable disease; PR, partial response.
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observations from previous trials testing decitabine and carbo-
platin (11, 28, 29) or 5-azacitadine and carboplatin (14), where
severe and prolonged neutropenia was also recorded. Adminis-
tration of repetitive lower doses of the HMA has been found to be
better tolerated compared with bolus administration (29). While
most patients received the intended dose intensity, dose delays
were encountered in approximately one third of patients. Gua-
decitabine and carboplatin dose reductions to 30mg/m2 daily for
5 days and toAUC4, respectively, anduse of growth factor support
in 90%of patients enabled safe delivery of the regimen in cohort 2
of this study, without additional severe toxicity. Mild gastroin-
testinal toxicity, fatigue, and injection site reactions were other
commonAEs in this trial. Carboplatin-associated hypersensitivity
reactions, which hadbeenpreviously reportedwith the decitabine
and carboplatin combination (11, 13, 29),were also recorded in 8
patients enrolled on this trial, higher than the anticipated rate of
allergic reactions upon reexposure to platinum (30). It had been
speculated that HMAs might elicit immune reactivation by
unmasking antigens silenced epigenetically (31), which may
contribute to this phenomenon.

PD and PK analyses revealed that guadecitabine administered
daily for 5 days induced potent global demethylation, as mea-
sured by pyrosequencing of LINE-1 repetitive elements in PBMCs.
The level of guadecitabine-induced LINE-1 demethylation was
similar to that seen in the AML trial, despite a lower dose (16) and
wasmore pronounced (almost double) than previously observed
with decitabine at 10 mg/m2 daily for 5 days (11). Systemic
plasma AUC exposures of the active metabolite decitabine in this

population appeared to be higher based on guadecitabine dose-
adjusted comparison with those seen in myeloid malignancies
(16) and may explain the increased demethylation observed in
this trial. Perhaps the longer exposure window to the active
metabolite, decitabine, as demonstrated through the PK analyses
performed here, permitting prolonged exposure of PBMCs to the
active metabolite, explains the sustained demethylating effects.
Importantly, both doses of guadecitabine tested in this trial
induced similar levels of demethylation, providing reassurance
that the lower dose found to be clinically tolerable in cohort 2 of
this trial could be taken forward for efficacy assessment in the
randomized portion of this study. Additionally, guadecitabine-
induced demethylation was sustained or increased during subse-
quent cycles of treatment consistent with previous observations
in hematologic malignancies where multiple cycles of adminis-
tration of HMAs are required to reach biological and clinical
effects (24).

The hypothesis addressed by the design of the trial is that
guadecitabine will resensitize platinum-resistant tumors to plat-
inum. This hypothesis is supported by preclinical studies, which
have shown that treatment of platinum-resistant ovarian cancer
cell lines and xenografts with an HMA reverses the resistant
phenotype (17, 32, 33). One potential explanation is that the
HMA would induce reexpression of TSGs or proapoptotic genes
silenced epigenetically, permitting a response to chemotherapy.
Examples of such TSGs repressed by DNA methylation include
MLH1, BRCA1, DOK2, RASSF1, and others. Here, we observed
demethylationofDOK2 andRASSF1 in response to treatment, but
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Figure 3.

Gene-specific methylation and expression
levels in tumor biopsies. A, Promoter
methylation was measured for selected
genes in tumor DNA obtained before and
after treatment. Bars, average values �SD;
n, number of patients included in each
analysis. B, Gene expression levels were
quantified by qRT-PCR in tumor RNA
obtained before and after treatment. Bars,
average values �SD; n, number of patients
included in each analysis.
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basal levels of promoter methylation were low for both BRCA1
(7%) andMLH1 (4%). However, it has been challenging to point
to a specific gene responsible for reversal of platinum resistance,
particularly because a correlation between DNAmethylation and
gene expression has been difficult to prove in vivo. Additionally,
variability and heterogeneity of tumor samples have limited the
ability to point to a specific gene or mechanism reactivated in
response to treatment-induced promoter hypomethylation in
tumor tissue. We also acknowledge that tumor biopsies and
malignant ascites samples analyzed here contain both tumor and
stromal cells, whichmight impact results. However, bioinformat-
ics analyses using deconvolution strategies on transcriptomic and
methylomic data extracted from paired biopsies obtained from
enrolled patients estimated that tumor content exceeded 60%and
the observed global hypomethylation effects were independent of
infiltrating immune cells (34).

A previous attempt to preselect patients based on levels of
MLH1 promoter methylation to enrich for a population likely to
respond to decitabine in a prior trial was not successful due to a
lower than predicted baselineMLH1 promoter methylation (29),
similar to that observed in our patient population. Thus, previous
studies testing this hypothesis in xenografts or in humans have
concluded that global effects of HMAs alter cancer-associated
pathways, rather than specific transcripts (13, 17). Direct induc-
tion of multiple antitumorigenic mechanisms in tumor cells may
include TGFb andhedgehog signaling, immune reactivation path-
ways, and other metabolic networks (13, 17). Furthermore,
guadecitabine has been shown to increase DNA damage induced
by platinum by facilitating DNA adduct formation in vitro and in
vivo, perhaps by modifying chromatin accessibility (17). Addi-
tionalmethylomic and transcriptomic analyses of tumor biopsies
collected from this trial were recently reported (34).

The level of clinical activity observed in this trial (ORR of 15%
and CBR of 45%) is remarkable for a heavily pretreated patient
population, where 70% of the patients had more than 5 lines of
prior therapy; however, we acknowledge that patients with aggres-
sive platinum refractory disease were excluded from the study and
that the size of the trial is small. Information on germline BRCA 1
or 2 mutational status was not collected, but given the small
number of patients, it is not likely that presence of BRCA muta-
tions impacted the observed effects. The data are consistent with
our previous reports using low-dose decitabine and carboplatin in
platinum-resistant ovarian cancer (11, 13) and justified proceed-
ing with the stage 2 of the trial comparing this regimen in a

randomized fashion to FDA-approved physician choice chemo-
therapy. Interestingly, lower response rates were observed in trials
using bolus administration of HMAs with short half-life (e.g.,
decitabine; ref. 29), consistent with the concept that these agents
are active only in cells in S-phase and that repeated daily admin-
istration captures more responsive cells, increasing the chances of
inducing demethylation and a response. Full assessment of the
clinical efficacy of the combination will be provided by the
randomized phase of the trial and will be integrated with bio-
logical correlates derived from pre and posttreatment analyses.
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