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ABSTRACT
Purpose: Therapy with demethylating agent 5-azacitidine and histone deacetylase 

inhibitor entinostat shows synergistic re-expression of tumor-suppressor genes and 
growth inhibition in colorectal (CRC) cell lines and in vivo studies. 

Experimental Design: We conducted a phase II, multi-institutional study of the 
combination in metastatic CRC patients. Subcutaneous azacitidine was administered 
at 40 mg/m2 days 1-5 and 8-10 and entinostat was given 7 mg orally on days 3 and 
10. An interim analysis indicated toxicity crossed the pre-specified safety boundary 
but was secondary to disease. A 2nd cohort with added eligibility restrictions was 
accrued: prior therapies were limited to no more than 2 or 3 (KRAS-mutated and 
KRAS-wildtype cancers, respectively) and <30% of liver involvement. The primary 
endpoint was RECIST response. Serial biopsies were performed at baseline and after 
2 cycles of therapy.

Results: Forty-seven patients were enrolled (24:Cohort 1, 23:Cohort 2). Patients 
were heavily pre-treated (median prior therapies 4: Cohort 1 and 2.5: cohort 2). 
No responses were observed. Median progression-free survival was 1.9 months; 
overall survival was 5.6 and 8.3 months in Cohorts 1 and 2, respectively. Toxicity 
was tolerable and as expected. Unsupervised cluster analysis of serial tumor biopsies 
suggested greater DNA demethylation in patients with PFS above the median. 

Conclusion: In this first trial of CRC patients with combination epigenetic therapy, 
we show tolerable therapy without significant clinical activity as determined by 
RECIST responses. Reversal of hypermethylation was seen in a subset of patients 
and correlated with improved PFS.
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INTRODUCTION

Technological advancements in genome and 
epigenome science have led to an exponential increase 
in our understanding of cancer, but treatment avenues 
remain suboptimal. Promoter DNA hypermethylation can 
be correlated with inactivation of tumor suppressor genes, 
and has been increasingly recognized as an early and 
central event in carcinogenesis [1]. Such epigenetically 
silenced genes include CDKN2A (p16), MLH1, APC, 
and the secreted frizzled related (SFRP) family and are 
associated with colon cancer [2-5]. Past work from our 
laboratories have confirmed that epigenetic changes are 
a frequent cause of decreased expression of these genes 
[6-8]. Our work has also shown that modulation of DNA 
methylation inhibits colon cancer formation in the Apc 
(Min/+) mice model [9]. Sequencing of the colorectal 
cancer (CRC) epigenome has revealed that these tumors 
contain hundreds of genes that are hypermethylated 
compared to normal tissue [7]. In addition, subsets of CRC 
patients have even greater hypermethylation of promoter 
regions, the CpG island hypermethylator phenotype or 
CIMP [10-11]. Importantly, epigenetic alterations in 
tumors show significantly more commonality between 
patients than do genetic mutations, also described by 
researchers in this group [7]. The complexity of the 
abnormal genome in solid tumors is the likely reason 
that molecularly targeted signal transduction inhibitors 
have had only modest efficacy in non-hematologic 
malignancies. Treatment designed to target abnormal DNA 
methylation in CRC might be a more powerful therapeutic 
strategy. 

However, single-agent treatment in solid tumors 
has been unsuccessful. In cancer, there is substantial 
dysregulation of normal DNA methylation, with a global 
DNA hypomethylation of the CpG dinucleotides across 
the genome, concurrently with DNA hypermethylation 
of promoter associated CpG islands [1]. Epigenetic gene 
silencing due to aberrant DNA methylation is further 
mediated by the formation of repressive chromatin states 

due to changes in histone configuration [12]. Polycomb 
protein complexes affect chromatin configuration by 
interacting with repressive histone marks in the promoter 
regions of genes and with histone deacetylases (HDACs), 
resulting in gene repression through hypo-acetylation 
of histones [12]. These mechanisms can result in gene 
silencing due to a repressive chromatin configuration in 
the presence and absence of DNA methylation. 

Both demethylating drugs and HDAC inhibitors 
have been approved in hematologic malignancies [13-15]. 
In solid tumors, single agent therapy with either treatment 
strategy results in limited tumor response, possibly due 
to high drug doses of drugs causing significant toxicity 
as well as the poor pharmacokinetics of these drugs with 
limited bioavailability [16-17]. Combination therapy of 
demethylating drugs along with HDAC inhibitors has been 
previously shown to promote gene re-expression [18]. We 
hypothesized that combination therapy with DNMT and 
HDAC inhibitors would be effective in reversing abnormal 
gene DNA methylation and thus resulting in therapeutic 
benefit in colorectal cancer patients. We designed a single 
arm phase II study to test this hypothesis in advanced 
colorectal cancer patients.

RESULTS

Candidate gene DNA methylation and expression 
assays

Human CRC cell lines were tested for DNA 
methylation status of selected candidate genes GATA4, 
GATA5, SFRP1, and TPF12 and demonstrated baseline 
DNA methylation variability for each cell line. Treatment 
with azacitidine resulted in DNA demethylation (Figure 
1A-1B) and increased expression of candidate genes 
if they were methylated at baseline and increased with 
addition of entinostat, also called MS-275 (Figure 1C-1D). 
Treatment with entinostat alone had no effect on DNA 
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Figure 1: DNA methylation and gene expression changes with epigenetic therapy in cell lines. 1A. and 1B. MSP-based DNA 
methylation analysis. Candidate tumor suppressor gene methylation of GATA4, GATA5, TFPI2, SRFP1, MLH1 and CDKN2A (p16) was 
measured in four human CRC cell lines: SW480, SW620 HCT116, and RKO. U refers to unmethylated sequence, M indicates methylated 
sequence, while IVD and DKO are positive and negative controls for DNA methylation, respectively. Treatment with 5-azacitidine (AZA) 
caused demethylation of genes methylated at baseline across cell lines. However, no DNA methylation changes were evident after treatment 
with entinostat (MS-275). 1C. and 1D. mRNA expression upregulated with AZA and HDAC (MS-275) treatment. Gel images show the 
mRNA expression levels as detected by semi-quantitative RT-PCR in the same cell lines. Cell lines (SW40, SW620, HCT116 and RKO) 
were treated with 5-azacitidine (AZA) and/or entinostat (MS-275). Treatment with entinostat alone did not result in expression changes of 
genes that are methylated at baseline, except for GATA4 expression in SW620 cells. Treatment with AZA resulted in increased expression 
of genes that are methylated at baseline, with additive effects seen in multiple genes after combining AZA and entinostat.
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demethylation of the candidate genes nor on re-expression, 
except for GATA4 in SW620 cells. 

Patient characteristics

From April 2010 to December 2011, forty-
seven patients enrolled in the study; their demographic 
characteristics are presented in Table 1. Forty-five 

patients were evaluable for primary endpoint evaluation 
(23 patients in Cohort 1 and 22 patients in Cohort 2) after 
one patient in Cohort 1 was deemed ineligible after being 
treated with no baseline biopsy to confirm eligibility, 
and one patient in Cohort 2 withdrew before beginning 
treatment. Patients in both cohorts were heavily pretreated, 
with a median of 4 (range 2-9) prior therapies in Cohort 
1 and 2.5 (range 2-6) prior therapies in Cohort 2. Most 
patients discontinued therapy due to disease progression 

Table 1: Demographics and patient information
Cohort 1 Cohort 2

N 24 23
Age Median (IQR) 57 (28-75) 62.6 (32 - 75)
Sex M:F 13:11 14:9
ECOG N (%)
0
1

13(54.2%)
11(45.8%)

13 (56.5%)
10 (43.5%)

Prior therapies Median (IQR)
Previous oxaliplatin, N (%)
Previous irinotecan, N (%)
Previous EGF inhibitor, N (%)

4.5 (2 - 9)
22 (95.7%)
20 (87.0%)
11 (47.8%)

3 (2 - 6)
20 (90.9%)
20 (90.9%)
4 (18.2%)

Sites of disease N (%)
Liver
Lung
Peritoneal
Nodal
Other

18(75.0%)
19(79.2%)
8(33.3%)
20(83.3%)
9(37.5%)

18(78.3%)
17(73.9%)
12(52.2%)
10(43.5%)
6(26.1%)

Table 2: Toxicities
 Cohort 1 (N = 24) Cohort 2 (N = 22)

Hematologic Grade 1 Grade 2 Grade 3 Grade 4 Grade1 Grade 2 Grade 3 Grade 4
Anemia 4 (16.7%) 4 (16.7%) 3 (12.5%)  9 (40.9%) 3 (13.6%)   
Leukopenia 1 (4.2%) 1 (4.2%)   4 (18.2%) 2 (9.1%) 2 (9.1%)  
Lymphopenia 2 (8.3%) 2 (8.3%) 7 (29.2%)  2 (9.1%) 1 (4.5%)   
Neutropenia  1 (4.2%)   2 (9.1%) 1 (4.5%) 2 (9.1%)  
Thrombocytopenia 6 (25.0%)    4 (18.2%) 1 (4.5%)   
Non-hematologic         
Abdominal pain 2 (8.7%)    1 (4.5%)    
Anorexia 2 (8.3%) 2 (8.3%) 1 (4.2%)  3 (13.6%) 2 (9.1%)   
Chest pain       1 (4.5%)  
Constipation 1 (4.2%) 3 (12.5%)   2 (9.1%) 1 (4.5%)   
Diarrhea 2 (8.3%) 1 (4.2%)   1 (4.5%)    
Fatigue 5 (20.8 %) 6 (25.0%) 3 (13%)  8 (36.4%) 4 (18.2%)   
Hypoglycemia 3 (12.5%) 1 (4.2%)  1 (4.2%) 1 (4.5%)    
Hypokalemia 1 (4.2%)   1 (4.2%)     
Hypocalcemia 1 (4.2%) 1 (4.2%)   2 (9.1%) 1 (4.5%)   
Hypophosphotemia   2 (8.3%)   2 (9.1%) 1 (4.5%)  
Hyponatremia 3 (12.5%)  1 (4.2%)      
Injection site reaction 3 (12.5%)    3 (13.6%)    
Nausea 8 (33.3%) 8 (33.3%) 3 (12.5%)  6 (27.3%) 2 (9.1%)   
Rash Maculo-papular  1 (4.2%)   1 (4.5%)    
Vomiting 8 (33.3%) 3 (12.5%) 2 (8.3%)  4 (18.2%)    
Dyspnea 1 (4.2%)  1 (4.2%)  1 (4.5%)    
Acidosis   1 (4.2%)      
Dehydration  2 (8.3%) 1 (4.2%)      
Urinary tract obstruction     1 (4.5%)
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(83.3% Cohort 1 and 81.8% Cohort 2); other reasons 
for study discontinuation were refusal of treatment (n 
= 3, 6.7%), adverse events (n  = 4, 8.9%), and patient 
non-compliance (n  = 1, 2.2%). The four adverse events 
accounting for study discontinuation reasons were 
recovery from surgery, grade 3 dyspnea and hypoxia, 
wound infection, and small bowel obstruction (all not 
related to study drugs).

Treatment and dose reductions

Forty-six patients were started on the planned doses 
of 5-azacitidine and entinostat and were evaluable for 
toxicity endpoints. Median dose administered per treated 
cycle of azacitidine and entinostat across both cohorts 
was 100% (range 61-104% and 29-100%, respectively). 
Patients were treated for a median of 2 cycles in both 
cohorts (range 1-16).

Treatment safety for both cohorts

Hematological and non-hematological toxicities 
in each cohort are shown in Table 2. In Cohort 1, the 
pre-specified toxicity boundary was crossed (3 patients 
out of the first 9 having grade 3 toxicities). Accrual was 

subsequently halted and a full toxicity analysis including 
review by the Data Safety Monitoring Board (DSMB) 
was performed. The toxicities responsible for crossing 
the toxicity boundary were grade 3 cellulitis (possibly 
related), grade 3 nausea (possibly related), and grade 3 
hypophosphatemia (possibly related). It was determined 
by the DSMB that the toxicity being observed was most 
likely due to progression of disease in this very advanced 
cancer population rather than toxicity due to study 
treatment. The trial was amended to limit the number 
of prior therapies to no more than two (KRAS mutated 
patients) or three (KRAS wild-type patients including an 
epidermal growth factor receptor inhibitor) and disease 
burden to no more than 30% of the liver, in order to enroll 
patients that were more likely to be able to get a full two 
cycles of therapy without clinical deterioration. While 
the pre-specified threshold for toxicity was maintained 
for the new cohort, we excluded grade 3 fatigue, nausea, 
vomiting, abdominal pain, anorexia, and lymphopenia 
from the DSMB toxicity stopping rule based on the review 
of toxicity data in Cohort 1. These events are typically 
related to disease and not attributable to the study agents.

Toxicity was available for 46 patients that started 
treatment. Cohort 1 and Cohort 2 had similar overall 
toxicity profiles (Table 2). There were two grade 4 adverse 
events at least possibly related to study treatment in Cohort 
1 (Hypoglycemia and Hypokalemia) and none reported 

Figure 2: Survival. 2A and 2B. Progression-free survival (PFS) of patients and OS of patients in Cohort 1 and 2

Table 3: Hypermethylation association with survival
Hazard Ratio 95% CI1 P value2

Global %
PFS 0.96 (0.85, 1.08) 0.47
OS 1.02 (0.93, 1.12) 0.66

Promoter %
PFS 0.23 (0.03, 1.56) 0.11
OS 1.21 (0.27, 5.45) 0.8

1 CI: Confidence Interval
2 p-values are from the Likelihood Ratio Tests
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for Cohort 2. The most frequently reported grade 3 drug-
related toxicities were anemia (Cohort 1: 3 (12.5%); 
Cohort 2: 0), lymphopenia (Cohort 1: 7 (29.2%); Cohort 2: 
0), neutropenia (Cohort 1: 0; Cohort 2: 2 (9.1%)), fatigue 
(Cohort 1: 3 (12.5%); Cohort 2: 0), hypophosphatemia 
(Cohort 1: 2 (8.3%); Cohort 2: 1 (4.5%), and nausea 
(Cohort 1: 3 (12.5%); Cohort 2: 0). Overall, hematological 
adverse events were infrequent, with the most common 
hematologic adverse events being anemia (50%) and 
lymphopenia (30.4%). The most frequent non-hematologic 
adverse events were nausea (58.7%), fatigue (56.5%), and 
vomiting (37.0%). 

Treatment efficacy

Cohort 1

Amongst 23 evaluable patients in Cohort 1, median 
follow-up was 5.8 months (range 1 - 38.9). No RECIST 
criteria tumor responses were observed. Median PFS was 
1.9 months (95% CI = 1.6 -3.5; Figure 1A) and median 
OS was 5.6 months (95% CI = 3.0 - 7.7; Figure 2A). The 
six-month survival rate was 0.5 (95% CI = 0.3 - 0.7). 
Three patients had stable disease on therapy at the second 
restaging at month 4 and beyond.
Cohort 2

Amongst 22 evaluable patients in Cohort 2, median 
follow-up was 7.5 months (range 1.8-35.6). No RECIST 
criteria tumor responses were observed. Median PFS was 
1.9 months (95% CI = 1.7 - 2.2; Figure 2A) and median 
OS was 8.3 months (95% CI = 5.8-12.8; Figure 2B). The 
six-month survival rate was 0.7 (95% CI = 0.5 - 0.9). 
One patient had stable disease on therapy at the second 
restaging at month 4 and beyond.

DNA methylation analyses

Biopsy feasibility

Study-specific biopsies were obtained in 37 patients 
(82%) at baseline and 19 on treatment at cycle 2 (42%). Of 
the 19 paired biopsies obtained, 18 had acceptable quality 
DNA for DNA methylation characterization.
DNA demethylation with treatment and association 
with clinical endpoints

Genome-wide DNA methylation distributions of 
each of the 18 paired pre and post-treatment samples 
is illustrated in Figure 3. The plots exhibit an expected 
distribution of b-values with distinctive spikes in 
density of hypomethylated (0 < β-value < 0.2) and 
hypermethylated (0.8 < β-value < 1) probes. Interestingly, 
a majority of samples (n  = 13, 72%), indicated by blue 
asterisks, exhibit a decrease in methylation levels of 

hypermethylated probes after treatment. Conversely, only 
8 (44%) samples exhibit an increase in methylation levels 
of hypomethylated probes post treatment.

Unsupervised clustering of patient samples based 
on change in DNA methylation of promoter CpG Islands 
after treatment point to two distinct groups as indicated 
by the dendrogram (Figure 4). Sample annotation post-
clustering indicates a possible association of change in 
DNA methylation with progression-free survival status in 
at least a subset of patients, though not overall survival 
(Supplementary Figure 1A and 1B). Patients with better 
survival rates show distinctive DNA demethylation for 
a considerable number of promoter CpG Island probes. 
Figure 4A groups patients based on PFS above or below 
the median, while Figure 4B groups patients based on OS 
beyond or less than 6 months (one patient was alive and 
lost to follow up before 6 months as indicated by NA). 

Statistical analyses pointed to a number of promoter 
CpG island probes that were differentially methylated 
between higher and lower survival times. Based on PFS, 
213 probes were found to be differentially methylated 
between patients with low and high survival times at a 
level of statistical significance (p≤ 0.05); Supplemental 
Table 1 lists the genes associated with these probes. 
However, multiple testing correction resulted in a high 
false discovery rate (FDR) or q-value of 0.976 for the 
213 probes. Similarly, 181 probes were differentially 
methylated based on OS with a p-value cut-off of 0.05 but 
with a FDR of 1. 

We assessed the association of global and promoter 
demethylation levels with patient survival (Supplementary 
Table 2). Using Cox proportion hazards models, we 
analyzed the correlation between promoter and global 
demethylation percentage with PFS and OS. No significant 
association was found between promoter demethylation 
and patient progression or survival [PFS: HR = 0.23, 
95%CI:0.03-1.56, p  = 0.11; OS: HR = 1.21, 95%CI:0.27-
5.45, p = 0.8 (Table 3)].

DISCUSSION

Our study failed to meet its primary RECIST 
criteria tumor response rate endpoint, with rare patients 
that had prolonged stable disease up to 10 months. These 
data corroborate previously published phase I studies 
evaluating combinations of DNMT inhibitors and HDAC 
inhibitors in advanced solid tumors and lung cancer and 
the study of this combination in advanced breast cancer 
reported concurrently to this study. The totality of these 
studies suggest that this combination of epigenetic therapy 
has minimal, if any efficacy in these solid tumors [19, 20-
21].

We must measure these results against the efficacy 
of these agents seen in hematological malignancies, from 
myelodysplasia and acute leukemias (DNMT inhibitors) 
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to cutaneous lymphomas [HDAC inhibitors [12-15, 22]. 
Malignant hematologic conditions may be more heavily 
regulated by epigenetic abnormalities at baseline, and thus 
more susceptible to an epigenetic therapeutic strategy. 
Work from our group and others suggest this is not the 
case; solid tumors including CRC display widespread 
epigenetic dysregulation with functional consequences 
including inhibition of cellular differentiation, tumor 
suppressor gene silencing including as p16 and p53, 

and regulators of pro-survival pathways such as Wnt/B-
catenin, as just a few examples (2-5).

A logical explanation for the lack of efficacy of the 
combination therapy in this study may be differences in 
tumor cell exposure to the therapy. Malignant hematologic 
cells, by virtue of their location in the highly vascular bone 
marrow or the circulation itself, would potentially have 
significantly greater exposure to systemic agents. Prior 
studies by Silverman et al. showed that, in patients with 

Figure 3: 3A. Global methylation levels in pre and post treatment samples. Each density plot depicts the distribution of methylation 
levels across all probes in each of 18 patients before and after treatment as indicated by black and red curves respectively. Blue asterisks 
(*) indicate thirteen samples that show decrease in methylation level of hypermethylated probes post-treatment. The X-axis represents 
the beta values while the Y-axis represents methylation density. 3B. Unsupervised hierarchical clustering of patients based on changes 
in promoter CpG Island methylation post-treatment and their association with survival. Patient samples are subjected to unsupervised 
clustering (without clinical annotation) based on their overall change in promoter CpG Island methylation after treatment. Dendrogram at 
the top reflects similarity of patients based on methylation patterns. Nodes of the dendrogram are annotated as (A) Progression free survival 
(PFS) above or below the median or (B) Overall survival beyond or less than 6 months; patients alive and lost-to-follow-up before 6 months 
were censored and coded as NA Subset of patients with similar survival rates show similar change in methylation patterns. Heatmaps depict 
the delta β values (post β- pre β) at each of the 6219 promoter CpG Island probes in consideration for eighteen patients. Green and red 
colors in the heatmap represent decrease and increase in methylation respectively in the post-treatment compared to pre-treatment samples. 
Black represents small or no change.
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hematologic malignancies such as MDS, several months 
of therapy was required before responses were observed 
[23]. Our correlative studies also suggest that sub-
optimal exposure to our study drugs may have occurred 
in multiple patients. Paired tumor biopsies in 18 patients 
showed multiple patients with no DNA demethylation 
and others with only modest magnitude of effect (Figure 
3). Interestingly, those patients with greater DNA 
demethylation were in the group of patients with a PFS 
greater than the median versus those below the median, in 
an unsupervised clustering analysis of patients. Still, this 
potential benefit did not translate into an overall survival 
difference between these two groups, and there was no 
correlation of degree of demethylation with PFS or OS 
(Supplementary Table 1). We do not have complete data 
regarding subsequent therapy, which may have an impact 
on an overall survival endpoint. The patient numbers 
are small and these analyses are hypothesis-generating 
in terms of the clinical impact of pharmacodynamics 
modulation of DNA methylation in mCRC patients with 
epigenetic agents. The correlative studies on this trial were 
not planned to assess for changes in histone acetylation, as 
these changes have not correlated with disease behavior in 
any previously reported studies of HDAC inhibitors.

Do these agents have any anti-tumor effect and 
where do we take epigenetic therapy in colorectal cancer 
in the future from here? We have demonstrated that, upon 
exposure to these agents, gene expression is increased 
across many genes, both preclinically in this report, as well 
as in patients in previously reported work, with epigenetic 
modulating treatment [24-25]. In particular, our group 
has reported that azacitidine and entinostat treatment 
upregulated immune-related genes and create a CpG 
island methylator phenotype (CIMP)-like gene expression 
pattern, which correlates with the gene expression seen in 
microsatellite high (MSI-H) colorectal tumors [11,26]. In 
a high impact publication, MSI-H colorectal cancer was 
recently been shown to be highly responsive to immune 
checkpoint inhibitor therapy [27]. 

A future approach for epigenetic therapy in 
colorectal cancer emerges when we combine these data 
with results from a phase I/II study of advanced non-small 
cell lung cancer (NSCLC), where patients had improved 
tumor response rates to immune checkpoint inhibitors 
as well as cytotoxic chemotherapy after entinostat 
and azacitidine administration [19]. Using epigenetic 
agents as priming therapy for both cytotoxic agents and 
immunotherapy is being explored in multiple tumor types. 

Figure 4: Unsupervised hierarchical clustering of patients based on changes in promoter CpG Island methylation 
post-treatment and their association with survival. Patient samples are subjected to unsupervised clustering (without clinical 
annotation) based on their overall change in promoter CpG Island methylation after treatment. Dendrogram at the top reflects similarity 
of patients based on methylation patterns. Nodes of the dendrogram are annotated as A. Progression free survival (PFS) above or below 
the median or B. Overall survival beyond or less than 6 months; patients alive and lost-to-follow-up before 6 months were censored and 
coded as NA Subset of patients with similar survival rates show similar change in methylation patterns. Heatmaps depict the delta β values 
(post β- pre β) at each of the 6219 promoter CpG Island probes in consideration for eighteen patients. Green and red colors in the heatmap 
represent decrease and increase in methylation respectively in the post-treatment compared to pre-treatment samples. Black represents 
small or no change.
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In NSCLC, azacitidine and entinostat are being evaluated 
as priming agents for the anti-PD1 agent nivolumab 
(NCT01928576). We are enrolling a similar strategy of 
romidepsin (HDAC inhibitor), cc-486 (oral azacitidine) or 
both with anti-PD1 pembrolizumab in microsatellite stable 
colorectal cancer. Zhou et al. published work showing 
entinostat resulted in synergistic tumor reduction in in 
vivo models when combined with combination immune 
checkpoint inhibitors against PD1 and CTLA4; a clinical 
trial of that triplet is now enrolling (NCT024553620) [28].

Epigenetic agents are also being tested in solid 
tumors to reverse chemoresistance or prime for increased 
sensitivity to cytotoxic and hormonal chemotherapy, 
with trials in ovarian, breast, lung, and colon cancer 
presently accruing. Matei et al. showed a 35% response 
rate in platinum-resistant ovarian cancer and 6-month 
PFS of 53% with a combination of decitabine followed 
by carboplatin [29]. In heavily pretreated NSCLC, 21% of 
patients responded to subsequent therapies after treatment 
with entinostat and azacitidine [19]. In a randomized 
phase II trial of exemestane with or without entinostat in 
advanced breast cancer patients progressing on hormonal 
therapy, overall survival was increased significantly by 8.3 
months [30]; these findings are now being further tested 
in a phase III study. In CRC, we are presently enrolling 
a randomized phase II trial of SGI-110 and irinotecan, 
in irinotecan-pretreated patients after recently reported 
the phase I study suggesting possible activity of that 
combination [31].

Our data suggest that using epigenetic therapy with 
DNMT and HDAC inhibitor combinations alone may 
have no activity in colorectal cancer. Novel epigenetic 
agents such as bromodomain inhibitors and lysine 
methyltransferase inhibitors are now entering the clinic 
and may have potential of single-agent activity [32-33]. 
Until then, we also await the results of ongoing clinical 
trials of these agents in combination with traditional 
chemotherapeutic drugs and immunomodulatory agents 
to hopefully uncover a possible therapeutic benefit of 
epigenetic agents in CRC. 

MATERIALS AND METHODS

Colorectal cancer cell lines

Human colorectal cell lines (SW480, SW620, 
HCT116, and RKO) were acquired from American Type 
Culture Collection (ATCC) and cultivated and maintained 
under recommended conditions. Cell lines were treated 
with varying doses of 5-azacitidine (AZA: up to 500 nM) 
for three days and/or entinostat (MS-275) up to 1 µM for 
one day; in the combination treatment group, entinostat 
was given for 24 hours after the third day of azacitidine 
treatment was completed. In brief, cells were plated 

24 hours prior to the addition of drugs. After 24 hours, 
drug(s) was added and allowed to incubate for 3 days, 
while changing the media and drug every 24 hours for 
AZA treatment. DNA and RNA were obtained by standard 
protocols from the above cell lines, and were used for 
Illumina Infinium HumanMethylation450 (HM450) DNA 
methylation and Agilent 44K Expression array analyses 
[34].

Gene expression and methylation array

SW480 and SW620 cell lines were analyzed for 
gene expression profiles using Agilent Human 4×44K 
expression arrays (Agilent Technologies, Santa Clara, 
CA, USA), while DNA methylation analysis was 
conducted using the HM450 BeadChip (Illumina, Inc., 
San Diego, CA, USA). Data were processed using R and 
Bioconductor-based software tools (PMID: 25633503, 
15461798).

Methylation-specific polymerase chain reaction 
(MSP)

The DNA methylation status of four candidate 
genes previously reported to be methylated in CRC 
(GATA4, GATA5, SFRP1, and TFPI2) was tested by MSP 
[35]. Primer sequences used in this study were published 
previously [36]. DNA was extracted using standard 
protocol. Bisulfite conversion was carried out using EZ 
DNA Methylation kit (Zymo Research Corporation) as 
recommended by the manufacturer. PCR was performed 
in a 25 µl reaction volume containing 0.5 µl of Platinum 
Taq DNA polymerase (Invitrogen), 2 µl of template DNA 
and 35 cycles were used at 57°C annealing temperature. In 
vitro methylated DNA (IVD) as a positive control for DNA 
methylation and HCT116 (DNMT1/DNMT3B knockout; 
DKO) DNA as a negative control for DNA methylation 
were used as positive and negative controls, respectively. 
Amplification products were analyzed using agarose gel 
electrophoresis using GelStar™, Stain (Cambrex Bio 
Science).

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA for the aforementioned genes was 
extracted from the above mentioned cell lines. cDNA 
was synthesized from a total of 1µg of total RNA using 
random primers and superscript III reverse transcriptase 
as previously described [37]. Three independent 
cDNA samples were quantified in triplicate by real-
time RT-PCR (PCR conditions initial denaturation 
95°C for 5 min, denaturation at 95°C for 30 sec, 
annealing at 55°C for 30 sec, and finally extension 
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step at 72°C for 30 sec for 40 cycles) using the SYBR 
green PCR mix (BioRad). mRNA expression was 
determined using following primer sequences (5’ to 
3’):: GATA4 (F: CTGGCCTGTCATCTCACTACG,R: 
GGTCCGTGCAGGAATTTGAGG), GATA5 
(F: TCGCCAGCACTGACAGCTCAG, R: 
TGGTCTGTTCCAGGCTGTTCC), SFRP1 (F: 
CCAGCGAGTACGACTACGTGAGCTT, R: 
CTCAGATTTCAACTCGTTGTCACAGG), and 
TFPI-2 (F: GGGCCCTACTTCTCCGTTAC). Gene 
expression data were normalized to ACTB expression 
(F: TTCTACAATGAGCTGCGTGTG and R: 
GGGGTGTTGAAGGTCTCAAA). 

Patients

Patients were eligible for the trial if they had 
histologically confirmed metastatic colorectal cancer, 
any number of prior therapies, able to undergo tumor 
biopsy, and measurable disease by Response Evaluation 
Criteria in Solid Tumors (RECIST) version 1.0, Eastern 
Cooperative Oncology Group performance status < 1, 
and adequate hepatic, renal, and hematologic function. 
Exclusion criteria included chemotherapy within four 
weeks and previous exposure to HDAC inhibitors or 
DNMT inhibitors. Institutional review boards of the 
participating centers approved this protocol. All patients 
gave written informed consent.

After enrollment of the first 24 patients on study, 
the study was halted for safety analyses due to crossing 
pre-specified boundaries of grade 3 toxicities in the first 
9 patients. The study was then amended to allow no more 
than 2 or 3 prior systemic therapies in the metastatic 
setting (KRAS mutated and KRAS wild type) and limit 
liver disease burden to < 30% with centralized imaging 
review to confirm prior to enrollment. The remainder of 
the eligibility criteria remained constant, and a new cohort 
was enrolled with modified statistical considerations. The 
first 24 patients are labeled as Cohort 1, and the next 23 
patients in the second group are labeled as Cohort 2.

Study design

This open-label, single-arm study was opened 
through the Mayo-Clinic Phase 2 Consortium and 
sponsored by the National Cancer Institute (NCI) Cancer 
Therapeutics Evaluation Program (CTEP). The primary 
objective was to evaluate the efficacy of subcutaneous 
5-azacitidine and entinostat in pretreated, metastatic 
colorectal cancer. The primary endpoint was confirmed 
tumor response rate, defined as the percentage of patients 
who show a complete response (CR) or partial response 
(PR) as the objective status on two consecutive evaluations 
at least four weeks apart. Secondary endpoints included 
time to progression, safety and toxicity assessments, and 
correlative science studies.

Enrolled patients were treated with subcutaneous 
5-azacitidine 40 mg/m2 days 1-5 and days 8-10 combined 
with oral entinostat (7 mg flat dose) on days 3 and 10 for 
28 day cycles based on the previously reported NSCLC 
trial [19]. Patients were treated until disease progression 
or unacceptable adverse events. A maximum of four weeks 
was permitted for treatment delays due to toxicity.

Assessments

Patients were evaluated for toxicity each day of 
the treatment schedule according to the National Cancer 
Institute Common Toxicity Criteria, version 4.0 (NCI-
CTC v4.0). Radiographic tumor response was evaluated 
every 8 weeks with radiographic scans that were reviewed 
at each site according to RECIST. 

Correlative analysis

Translational explorations included changes in 
global DNA gene methylation as well as correlation of 
these events with clinical outcomes. Tumor biopsies 
were performed at baseline as well as after two cycles 
of therapy. Peripheral blood was obtained at baseline, 
cycle 1 day 3 and 10, and day 1 of each subsequent cycle. 
Tissue samples were evaluated for DNA demethylation 
and analyzed using the Illumina Infinium HM450 DNA 
methylation BeadChip (Illumina).

Statistical considerations for clinical trial

Cohort 1 was designed as a two-stage, phase II study 
that required a total of 37 patients to discriminate between 
true confirmed response rate of ≤5% and ≥20% at a type I 
error of 9% and power 90%. If one or more patients of the 
first 12 patients had a confirmed CR (complete response) 
or PR (partial response), an additional 25 patients would 
be enrolled. If 4 or more of 37 patients had a confirmed 
PR or CR, this combination would be considered to have 
activity in this patient population and would merit further 
clinical study. 

Cohort 2 was also designed as a two-stage, phase II 
study that required a total of 37 patients to discriminate 
between true confirmed response rate of ≤5% and ≥20% at 
a type I error of 9% and power 90%. In this cohort, if 2 or 
more patients of the first 20 patients had a confirmed CR 
or PR, an additional 17 patients would be enrolled. Again, 
if 4 or more of 37 patients had a confirmed PR or CR, this 
combination would be considered to have activity in this 
patient population and would merit further clinical study.

Progression-free survival (PFS) and overall survival 
(OS) were defined from start of therapy to progression 
of disease and death of any cause, respectively, or last 
date of follow-up and were analyzed using Kaplan-
Meier methods. Patients lost to follow-up were censored. 
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Response rates were calculated with 95% exact confidence 
intervals (CI). Toxicities were summarized using NCI-
CTC v3.0, and the maximum grade per patient was used 
as the summary measure. 

Statistical considerations for preclinical cell line 
studies

All data were analyzed using R: A Language and 
Environment for Statistical Computing [38]. Expression 
normalization of cell line data was performed using the 
limma R package as previously described [39]. Pathways 
enriched with a false discovery rate (FDR) less than 
0.25 and a normalized enrichment score (NES) >2.15 
(upregulated gene sets), or < -2.15 (downregulated gene 
sets) were chosen. These criteria represented the top 
~30% of all upregulated gene sets as determined by the 
NES score. Genes were defined as demethylated if they 
met the following criteria: 1) a high basal β-value (fraction 
methylated compared to normal) > 0.5 and a ∆β(AZA-Mock) 
< -0.25, 2) expressed at low basal levels in the untreated 
cells (lower than the median of the entire group) AND 3) 
expressed at higher levels in the AZA-treated cells (>2-
fold from untreated). The only HM450 probes included 
in the analysis were those that recognized promoter CpG 
islands. Demethylated/re-expressed genes were required to 
meet both DNA demethylation and re-expression criteria 
in at least one cell line. 

Statistical considerations for clinical correlative 
studies

Raw files obtained from processing of DNA samples 
using Illumina’s Infinium HM450 array were analyzed 
using R Bioconductor Package Minfi (v.1.11) [38]. Data 
were preprocessed using subset quantile within array 
normalization (SWAN) method. Density plots for β-value 
distribution depicting global DNA methylation levels were 
generated from all probes in the array without any filtering 
with β values in the x-axis and density in the y-axis. 

Promoter CpG Island probes were identified from 
the annotation provided by Illumina. For promoter 
methylation analysis, only those with β-value higher 
than 0.4 in at least one of the samples were considered, 
resulting in 6219 probes. ∆β values (βPost-βPre) for the 
selected probes were used for performing an unsupervised 
hierarchical clustering using Heatmap.2 package in R 
using Euclidean distance measure. Values were scaled 
by rows. Sample annotation based on survival (above or 
below median PFS or above or below 6 month OS) were 
included in the dendrogram post-clustering. 

The ∆β-values for 6219 promoter probes were 
subjected to Wilcoxon rank sum test to identify probes 
that were differentially methylated at a level of statistical 
significance between each of two groupings of patients 

based on whether or not they do well in the PFS or OS 
metric. False discovery rates (FDRs, i.e., q-values) were 
calculated due to the large number of tests [40-41].

Overall DNA demethylation was assessed globally 
(genome-wide) and within promoter regions. For 
calculating global and promoter DNA demethylation 
percentage for each patient, probes with a delta β cut-off of 
0.2 were considered. Additionally any probes belonging to 
X and Y chromosomes were also filtered out. Percentage 
of DNA demethylation was calculated by dividing number 
of probes fulfilling the above criteria by total number of 
probes expressed as a percentage. Association between 
PFS and OS and global and promoter DNA demethylation 
was analyzed using cox proportional hazard model.
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