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Abstract: Uterine endometrial cancer (EC) incidence and deaths are on the rise. Hormone therapy, a traditional 
treatment regimen for this disease, uses progesterone and its synthetic analogue, progestin, to induce cell differen-
tiation, apoptosis, and inhibition of invasion. This therapy is highly effective for progesterone receptor (PR) positive 
tumors in the short term. However, responsiveness decreases over time due to loss of PR expression; acquired re-
sistance leads to treatment failure and poor prognosis. Primary resistance occurs in advanced, PR-negative tumors. 
Regardless, progestin therapy can be effective if the PR downregulation mechanism is reversed and if functional 
PR expression is restored. Using histone deacetylase inhibitors (HDACi), we inhibited cell proliferation in three EC 
cell lines and restored functional PR expression at the mRNA and protein levels. Two HDACi were tested using an 
endometrial xenograft tumor model: entinostat, an oral drug, and romidepsin, an IV drug. In vitro and in vivo stud-
ies support that entinostat decreased EC tumor growth, induced differentiation, and increased expression of the 
PR-targeted gene, PAEP. These findings supported the approval of a new NIH NCTN clinical trial, NRG-GY011, which 
concluded that dual treatment of MPA and entinostat, decreased expression of the proliferation marker, Ki67, but 
did not increase PR expression relative to single treatment with MPA in this short-term study. Therefore, a more 
potent HDACi, romidepsin, was investigated. Romidepsin treatment inhibited tumor growth and enhanced progestin 
treatment efficacy. More importantly, PR, PAEP, and KIAA1324 expressions were upregulated. Using a chromatin 
immunoprecipitation assay, we verified that HDACi can reverse PR downregulation mechanisms in mice models. 
Other potential drug efficacy markers, such as CD52, DLK1, GALNT9, and GNG2, were identified by transcriptome 
analysis and verified by q-PCR. Many of the upregulated drug efficacy markers predict favorable patient outcomes, 
while downregulated genes predict worse survival. Here, our current data suggests that romidepsin is a more potent 
HDACi that has the potential to achieve more robust upregulation of PR expression and may be a more promising 
candidate for future clinical trials. 
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Introduction

Uterine endometrial cancer is the most com-
mon gynecologic cancer and the fourth most 
common cancer in women [1]. It is estimated 
that 65,950 new cases and 12,550 deaths will 
occur in the United States alone in 2022 [1]. 

The incidences of this disease have increased 
by 50% from 1987 to 2008, with associated 
deaths increasing by 300% [2]. Survival rates 
for endometrial cancer are worse today than in 
1975 (81% vs. 87%, P < 0.05), highlighting the 
need for better treatment strategies. The cur-
rently available treatment options for this dis-

http://www.ajcr.us


Enhancing progestin therapy

5030	 Am J Cancer Res 2022;12(11):5029-5048

Our positive data led to the approval of a 
national clinical trial NRG GY011 to test the 
molecularly-enhanced progestin therapy in 
endometrial cancer patients. Entinostat was 
chosen in this trial due to its safety and oral 
route of administration. 50 patients in total 
were recruited over a span of 4 months. This 
rapid recruitment of patients across the nation 
displays the enthusiasm for such clinical trials 
expressed by patients and clinicians alike. 
Overall, the proliferation marker, Ki67, was 
downregulated in 90% of patient specimens 
treated with MPA + entinostat, compared to 
68% of specimens treated with progestin treat-
ment alone. However, PR expression was not en- 
hanced by the addition of entinostat to proges-
tin. Indeed, the initial down-regulation of PR is 
now considered to be a sign of PR transcrip- 
tional activity [4, 5]. Nevertheless, the sus-
tained loss of PR over the long term likely sig-
nals the initiation of hormone resistance, the 
development of which may be blocked by a 
potent HDACi. In this study, we find that 
romidepsin is a more potent HDACi when com-
pared to entinostat, and when combined with 
MPA, reverses MPA-induced PR loss efficiently 
in all tested mice models and may be even 
more effective at reaching the primary end- 
point of maintaining PR expression. 

Material and methods

Antibodies and reagents

HDAC inhibitors were generously provided by 
Novartis (panobinostat), Celgene (romidepsin), 
Syndax (entinostat), and TopoTarget & Spec- 
trum Pharmaceuticals (belinostat). MPA (USP 
150 mg/ml) was acquired from Pfizer. Western 
blotting antibodies against PRA/B (#3153), 
PRB (#3157), FOXO1 (#2880), Myc (#13987), 
p21 (#2947), p27 (#3686), H3Ace (#9671) and 
cyclin D1 (#2926) were from Cell Signaling.  
ERα (#sc8002) and HR23B/RAD23B antibody 
(#sc137088) were obtained from Santa Cruz. 
β-actin antibody (#A1978) was obtained from 
Sigma-Aldrich. Chromatin immunoprecipitation 
antibodies against Histone H3 tri-methylated  
at lysine 4 (H3K4Me3, #9751), Histone H3 tri-
methylated at lysine 9 (H3K9Me3, #39161), 
Histone H3 tri-methylated at lysine 27 
(H3K27Me3, #9733) and RNA polymerase II 
(#39097) were obtained from Active Motif. The 
SUZ12 antibody (#3737) was obtained from 
Cell Signaling.

ease include surgery, radiation, hormone thera-
py, chemotherapy, and immunotherapy. Com- 
pared to the other treatments, hormone thera-
py provides a safer treatment strategy. 

Progestin-based hormone therapy has been 
used to treat endometrial cancer for over 70 
years, due to the role of progesterone as the 
ultimate tumor suppressor in the endometrium 
[3]. Progestin therapy has been found to be pri-
marily successful in tumors where hormone 
receptors are expressed. PR expression has 
been reported to be positively correlated to 
both a heightened response to progestin treat-
ment and a favorable prognosis, whereas loss 
of PR expression underlies treatment failure 
and poor patient survival. The impact of pro- 
gestin therapy in advanced disease where 
receptors are inherently lost in the tumor (pri-
mary resistance) is thereby limited. In addition, 
resistance to PR can be acquired over the 
course of treatment (acquired resistance), 
reducing the effects of treatment. However, 
progestin therapy can be effective if the PR 
downregulation mechanism is identified and if 
functional PR expression is restored to resensi-
tize endometrial cancer patients to progestin 
therapy. 

Multiple mechanisms of PR downregulation 
have been reported by our group and others. In 
our previous report, we systematically summa-
rized that PR expression can be downregulat- 
ed at four levels: 1) ligand-dependent protea-
somal degradation, 2) miRNA fine tuning, 3) 
polycomb repressor complex 2-induced tran-
scriptional repression, and 4) permanent DNA 
methylation. Our group has found that histone 
deacetylase inhibitors (HDACi) have shown to 
be promising solutions to reverse transcription-
al repression and restore functional PR expres-
sion. Previously, HDACi have not been used to 
enhance PR expression in in vivo EC models. 
The objectives of this study are to 1) confirm 
that HDACi can reverse PR downregulation in 
multiple endometrial cancer cell lines, and 2) 
validate the use of HDACi in in vivo models  
and provide a rationale for future clinical trials. 
We hypothesize that progesterone therapy in  
endometrial cancer can be sensitized by com-
bining progestin with epigenetic modulators in 
in vivo models. In this study, we demonstrated 
that the combination of progesterone with 
HDACi can sensitize endometrial cancer to pro-
gesterone therapy which we termed “molecu-
larly enhanced progestin therapy”.
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Cell lines and cell culture

Human endometrial cancer cell lines: ECC1  
and KLE were purchased from the ATCC. 
Ishikawa cells were kindly gifted by Dr. Erlio 
Gurpide (New York University). The ECC1 and 
KLE cells were cultured in RPMI 1640 and the 
Ishikawa cells were cultured in DMEM. All cell 
lines were supplemented with 10% FBS and  
1% penicillin/streptomycin (Gibco). All cell lines 
have been authenticated using STR analysis by 
BioSynthesis.

Cell proliferation assay

Cell proliferation was tested under different 
HDACi treatments and concentrations. 10,000 
cells were seeded into each well of 24 well-
plates (Corning, #3527). Cells were allowed to 
grow for 1 day before being treated with pano-
binostat, romidepsin, entinostat and belino-
stat. Ishikawa and ECC1 cells were treated  
with 0-50 nM of panobinostat and 0-10 nM of 
romidepsin. KLE cells were treated with 0-100 
nM of panobinostat and 0-100 nM of romidep-
sin. All three cell lines were treated with 0- 
2 µM of entinostat. Ishikawa and ECC1 cells 
were treated with 0-0.5 nM of belinostat and 
KLE cells were treated with 0-2 µM of belino-
stat. Crystal violet was added to visualize cell 
proliferation.

Western blotting

Expression of PR, FOXO1, p21, p27, cyclin D1, 
Myc, H3Ace, ERα, HR23B and β-actin were 
assessed by Western blotting as previously 
described [3, 5].

Real-time PCR

Quantitative real-time PCR (qPCR) was per-
formed as previously described [3]. Compari- 
sons of normalized expression values (ΔCt) 
applied to the conventional ΔΔCt fold change 
method [4]. Specific primer sequences are list-
ed in Table 1. 

Mouse model for endometrial cancer

The mouse studies were authorized by the In- 
stitutional Animal Care and Use Committee at 
the University of Iowa. Immunodeficient mice 
were obtained from Jackson Laboratory (NOD.
Cg-Prkdc<scid>, 005557). All mice were main-
tained at the University of Iowa MERF Animal 

Facility under barrier conditions. 106 Ishikawa 
cells in 200 μL of medium were subcutaneous-
ly injected into the right flank regions of the 
mice. After one week, mice were ovariecto-
mized. The mice were randomized into four 
treatment groups: control (n = 6), MPA (n = 7), 
HDACi (n = 7), and MPA + HDACi (n = 7). MPA 
was given once per week, i.m., 1 mg/ml. 
Romidepsin was given twice per week via i.p. 
injection, 2.4 mg/kg in saline. Tumor sizes  
were routinely measured and recorded. Mice 
were euthanized if the tumor length exceeded 
2 cm, displayed an ulcer on their tumor, or 
appeared to be unhealthy. 

H&E staining

A slice of tumor tissue was taken from each 
tumor of the mice during sacrificing and was 
fixed in formalin, embedded in paraffin, sliced, 
and followed by H&E staining. The slides were 
applied with xylene, 100% alcohol, 70% alco-
hol, and tap water. Haematoxylin was applied 
for 4 minutes followed by a 20-second diff- 
erentiation in ammonia after which eosin was 
applied for 20 seconds. 

Transcriptome analysis

Mice treatment was identical to the aforemen-
tioned mouse model section with the follow- 
ing modification: control (n = 3), MPA (n = 3), 
HDACi (n = 3), and MPA + HDACi (n = 3). MPA 
was given once for 6 hours, i.m., 1 mg/ml. 
Romidepsin was given once via i.p. injection, 
4.4 mg/kg in saline for 24 hours. Total RNA  
was extracted using Qiagen RNeasy Kit, fol-
lowed by DNase I treatment to remove DNA. 
RNA quality was assessed using Agilent and 
DropSense. The RNA sequencing library was 
prepared by the University of Iowa Genomic 
DNA Facility. RNA-seq was conducted using 
Illumina TruSeq stranded mRNA (oligo-dT) and 
the Illumina HiSeq4000 sequencing system 
with 75 bp paired end read. Data was analyzed 
by the University of Iowa Bioinformatics CORE 
Facility. 

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay 
was conducted using the SimpleChIP Enzy- 
matic Chromatin IP Kit (Cell Signaling, #9005), 
followed by q-PCR using the primers listed in 
Table 1. Results are representative of at least 
three independent replicates. 
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MRNA correlation analysis and prediction of 
survival

The mRNA expression data was obtained from 
the Cancer Genome Atlas (TCGA) which includ- 
es three sets of data: (1) normal versus tumor 
samples, (2) correlation to PR expression, (3) 
and Kaplan Meier curve prediction of patient 
survival [6, 7]. 

Statistical analysis

Student’s t-test was used for comparisons of 
two groups. All pairwise multiple comparisons 
were performed by one-way ANOVA and com-

parisons between two groups were performed 
by one-tailed two-sample student t-test with  
an overall significance level at 0.05 (P ≤ 0.05). 

Results

Multiple HDAC inhibitors inhibit cell prolifera-
tion and restore functional PR expression in 
endometrial cancer cells

To investigate the ability of HDACi to inhibit 
endometrial cancer cell growth, panobinostat, 
romidepsin, entinostat, and belinostat were 
tested in three endometrial cancer cell lines: 
Ishikawa, ECC1, and KLE. A cell proliferation 

Table 1. Specific primer sequences
A. Primers for real-time PCR

Primer name Forward primer (F) Reverse primer (R)
1 ESR1 CCCACTCAACAGCGTGTCTC CGTCGATTATCTGAATTTGGCCT
2 FOXO1 TCGTCATAATCTGTCCCTACACA CGGCTTCGGCTCTTAGCAAA
3 PGR ATGTGGCAGATCCCACAGGAGTTT ACTGGGTTTGACTTCGTAGCCCTT
4 Myc GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
5 p21 TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC 
6 AREG GTGGTGCTGTCGCTCTTGATA CCCCAGAAAATGGTTCACGCT
7 PAEP GAGATCGTTCTGCACAGATGG CGTTCGCCACCGTATAGTTGAT
8 18S AACTTTCGATGGTAGTCGCCG CCTTGGATGTGGTAGCCGTTT
9 KIAA1324 GGAGCTTCATGCCTGCAAAGA CATCAAACCGAATGCCTGTGC
10 CD52 TCTTCCTCCTACTCACCATCAG CCTCCGCTTATGTTGCTGGA
11 DLK1 AGGGTCCCCTTTGTGACCA GCAGGCCCGAACATCTCTATC
12 FOXA3 GAGATGCCGAAGGGGTATCG TGATTCTCCCGGTAGTAAGGG
13 GALNT9 GGAAGCCCTACAACAACGACA GGGTTCGACATGGGGATGTTC
14 GDNF GGCAGTGCTTCCTAGAAGAGA AAGACACAACCCCGGTTTTTG
15 GNG2 CTCAGGCTTTAGGAACTGAAGAG GCTGCCTTGGACACCTTTAT
16 IL1A TGGTAGTAGCAACCAACGGGA ACTTTGATTGAGGGCGTCATTC
17 SCUBE1 TGGACGAGTGTCAGGACAATA GCAGTTCATACCCTCATTGGAG
18 SPIB CCAGCTCTGCTACGAACCC TCCAACGGTAAGTCTTCCTCC
19 TEMEM35A CCCAGAACCGTAACTATTGTGG GTTTCATCTCACTGTAGGCATCC
20 EFHB ATGAACATGGAGATTGGACATCC GCCATCCTTCCCTCACACTTA
21 CTSS TGACAACGGCTTTCCAGTACA GGCAGCACGATATTTTGAGTCAT
22 S100B TGGCCCTCATCGACGTTTTC ATGTTCAAAGAACTCGTGGCA
23 DHRS3 ACTGAGTGCCATTACTTCATCTG CATCACTGTCCATTAGGCTCTTC
24 SPOCK1 ACCCCTGCCTGAAGGTAAAAT GGCTTGCACTTGACCAAATTC
25 UNC5C ACCTGTACTGTAAAGCAAGCC GGACAATGAGACCGGAAGTTT
26 SFRP2 CTGGCCCGACATGCTTGAG GCTTCACATACCTTTGGAGCTT
B. Primers for ChIP assay

Primer name Forward primer (F) Reverse primer (R)
1 chPR GAGGAGGAGGCGTTGTTAGA GCCTCGGGTTGTAGATTTCA
2 chPAEP TCTGCCCTCCTCCTACATAA CAGGCCTCCCACAGTAAAG
3 chMyc TACCCTTCTTTCCTCCACTCT GCATCCTTGTCCTGTGAGTATAA
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xenograft model was used to assess if entino-
stat could enhance progestin therapy. The  
combination of entinostat + MPA reduced 
tumor volume and weight compared to MPA 
and control treatments (Figure 2B-D). In vivo, 
entinostat + MPA induced expression of the  
PR target gene, PAEP, however, did not restore 
PR expression (Figure 2F). Furthermore, dual 
treatment induced cellular differentiation and 
tumor necrosis (Figure 2E). Unlike tumors from 
control or MPA groups, tumors from the entino-
stat + MPA group were 80% necrotic tissue (as 
shown with arrows), which may explain the low 
PR mRNA levels on day 24 (Figure 2E). To- 
gether, these findings resulted in the approval 
of clinical trial NRG-GY011, the first in-human 
trial to evaluate molecularly-enhanced proges-
tin therapy. In this clinical trial, tumor prolifera-
tion marker, Ki67, was downregulated in 90%  
of the dual treatment group compared to 68% 
of the MPA group. However, because PR was 
not shown to be upregulated in the timeframe 
of this study, this trial was deemed a negative 
trial. We next studied whether another, poten-
tially more potent HDACi, romidepsin, could be 
useful for future studies. 

Romidepsin sensitizes progestin therapy and 
restores PR expression in endometrial tumors

Romidepsin, a much more potent HDACi which 
targets only one class of HDACs, provided the 
next logical step to study the effects of HDACi 
on PR expression. As shown in Figure 3A, 3B, 
dual treatment dramatically decreased tumor 
volume over an 18-day course. Furthermore, 
tumor weight of the romidepsin + MPA group 
was significantly lower than the control group 
on day 18 (Figure 3C). Following these find- 
ings, immunoblotting and qRT-PCR analyses 
were completed to assess expression levels of 
PR, PAEP, and KIAA1324 in all tumors. As 
shown in Figure 3D, the addition of romidepsin 
to traditional progestin treatment led to a sig-
nificant expression increase in both the PR 
downstream gene, PAEP, and the tumor sup-
pressor KIAA1324. Furthermore, PRB, FOXO1, 
p21, and H3Ace were shown to be upregulated 
in the romidepsin + MPA treatment group  
compared to MPA treatment alone. HR23B/
RAD23B, a DNA repair protein which also plays 
a role in ubiquitin-mediated proteolysis, was 
found to be downregulated with the treatment 
of HDACi in most tumor samples (Figure 3E).

assay was conducted to determine optimal 
dosage; in all three endometrial cancer cell 
lines, HDACi decreased cell proliferation,  
albeit with different efficacy (Figure 1A). 
Panobinostat and romidepsin more effectively 
inhibited cell proliferation at low nanomolar 
concentrations, however, entinostat and beli-
nostat inhibited cell proliferation at micromolar 
concentrations. Next, immunoblotting was 
used to assess the effects of treatment with 
HDACi on PR and its downstream genes. As 
shown in Figure 1B, various HDACi increased 
the expression of PR and downstream targets 
FOXO1, p27, and p21. Furthermore, expression 
of oncogenes, Myc and CCND1, were decreas- 
ed after treatment with HDACi. QPCR studies 
were used to validate the restoration of func-
tional PR expression at the mRNA level which 
indicates transcriptional regulation by HDACi 
(Figure 1C). At the same time, multiple PR 
downstream genes, including FOXO1, p21, 
AREG, and PAEP were also increased after the 
treatment. The responses to HDACi were cell-
specific. The responsiveness of drugs were  
cell-specific. Notably, AREG and PAEP were 
especially upregulated and exhibited signifi-
cantly higher fold changes with romidepsin in 
Ishikawa and ECC1 cell lines. However, in the 
KLE cell line, PGR and p21 exhibited the great-
est fold changes. Conversely, oncogene Myc 
was decreased which is consistent with altera-
tions on the protein level. Although HDACi can 
increase ERα expression in breast cancer [8], 
we demonstrated that HDACi decreased ERα 
expression in two ER-positive endometrial can-
cer cell lines, Ishikawa and ECC1. In the 
ER-negative KLE cells which have low ESR1 
expression, ESR1 was upregulated 2 to 10  
fold, depending on the treatment. 

Entinostat sensitizes progestin treatment in 
endometrial tumors

Entinostat is not the most active HDACi evalu-
ated in our preclinical studies, however, it was 
chosen for NRG-GY011 based upon its safety 
profile and oral route of administration. The  
efficacy of this drug was very carefully evaluat-
ed in vitro and in vivo. First, entinostat was 
found to increase PR and its target gene ex- 
pression at protein levels (Figure 2A) in three 
endometrial cancer cell lines. This is consis- 
tent with the observation that entinostat 
increased functional PR expression at the 
mRNA level (Figure 1C). Next, an endometrial 
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Figure 1. Multiple HDAC inhibitors inhibit cell proliferation and restore functional PR expression in endometrial 
cancer cells. A. Cell proliferation assay: cell proliferation in Ishikawa, ECC1, and KLE endometrial cancer cell lines 
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was evaluated after different HDACi treatments. B. Western blot analysis of PRB, PRA, FOXO1, p27, p21, Cyclin D1, 
Myc, histone H3 acetylation (H3Ace) and ERα in Ishikawa, ECC1 and KLE cells. β-actin serving as loading control. 
C. QPCR: ESR1, PGR, FOXO1, p21, AREG and PAEP mRNA expression normalized to 18S displayed as mean ± SD.

Figure 2. Entinostat sensitizes progestin treatment in endometrial tumors. A. Western blot analysis of PRB, PRA, 
FOXO1, Myc, p21 and H3Ace in Ishikawa, ECC1 and KLE cells with entinostat treatment. β-actin serving as loading 
control. B-D. Mice were injected subcutaneously with 1 × 106 Ishikawa cells and treated with DMSO, MPA, and MPA 
+ entinostat 2 times a week. Tumor growth was monitored by measuring tumor size 2 times a week for 24 days. 
Ishikawa tumors were harvested after 24 days of drug treatment. B. Tumor picture. C. Tumor weight displayed as 
mean ± SEM. D. Tumor growth displayed as mean + SEM or mean - SEM. *P < 0.05 vs. control. E. H&E staining 
of tumor specimens (scale bar = 50 µm, and magnification = 20x). F. QPCR: AREG, PGR, PAEP, FOXO1, p21 mRNA 
expression in tumor samples were normalized to 18S displayed as mean ± SEM. 
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Figure 3. Romidepsin sensitizes progestin therapy and restores PR expression in endometrial tumors. A-C. Mice 
were injected subcutaneously with 1 × 106 Ishikawa cells, ovariectomized and treated with DMSO, MPA, romidepsin, 
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Consistent with the upregulated KIAA1324 by 
the romidepsin + MPA group (Figure 3D), 
KIAA1324 was found to be a favorable prog-
nostic marker in endometrial cancer as well as 
having a strong correlation with PR (r = 0.657), 
as shown in Figure 3F. Conversely, high HR23B 
expression was found to be associated with 
worse survival rates among endometrial can- 
cer patients, suggesting that downregulation 
will be beneficial for patient survival (Figure 
3F). Indeed, romidepsin + MPA treatment de- 
creases HR23B expression in mice tumors. 

HDACi treatment reverses PR and PAEP tran-
scriptional repression

Epigenetic repression of PR is a key mecha-
nism of PR silencing in endometrial cancer 
reported by our group and others [9-12]. First, 
we confirmed this mechanism using endome-
trial cancer patient tumors. First, we confirmed 
this mechanism using endometrial cancer 
patient tumors. As shown in Figure 4A, PR 
expression was shown to be greatly decreased 
in representative endometrial cancer patient 
tumors (EA54 & EA68) compared to the benign 
endometrial sample (BE458). Similarly, RNA 
Polymerase II and active transcription marker, 
H3K4Me3, were also found to have diminished 
binding to the PR promoter regions when com-
pared to benign samples, while H3K27Me3 
exhibited enhanced binding. Next, we investi-
gated the effect of romidepsin on these mark-
ers. After treatment of romidepsin in mice, 
favorable H3K4Me3 binding was elevated  
while H3K9Me3 binding was decreased in the 
PR promoter region when compared to control 
groups. Binding by RNA Polymerase II was also 
enhanced while the binding by SUZ12, a com-
ponent of the polycomb repressor complex 2, 
was downregulated, as shown in Figure 4B. 
Furthermore, binding to the PAEP promoter 
region by H3K4Me3 and RNA Polymerase II 
increased, while binding by H3K9Me3 and 
SUZ12 decreased (Figure 4C). Additionally, 
greater RNA polymerase II binding to the pro-
moter of oncogene Myc was observed com-

pared to PRB and PAEP in mice tumor samples 
(Figure 4D). Romidepsin was found to reduce 
the binding of RNA polymerase II to the promot-
er region of Myc (Figure 4E). 

Novel romidepsin + MPA drug response genes 

In order to discover the transcriptome altera-
tions associated with romidepsin + MPA treat-
ment, RNA-sequencing was done on 24-hour 
treated samples of four groups: control, MPA, 
romidepsin, and romidepsin + MPA. To deter-
mine genes that the dual treatment may have 
acted through to allow for superior tumor sup-
pression, iPathwayGuide was used to analyze 
RNA-seq data to identify differentially express- 
ed genes. As shown in Figure 5A, iPathway-
Guide found 184 genes that were differentially 
expressed from all three treatment groups 
compared to the control group and 57 genes 
were differentially expressed only in the dual 
treatment group. In Figure 5B and Table 2, 103 
transcripts were identified with the expres- 
sion significantly upregulated or downregulated 
(fold > 2 and false discovery rate (FDR) < 0.02). 
From these potential candidates, several genes 
were chosen. Real-time PCR was used to vali-
date the expression of these genes in each of 
the 4 treatment groups. CD52, DLK1, FOXA3, 
GALNT9, GDNF, GNG2, IL1A, SCUBE1, SPIB, 
TMEM35A, EFHB, CTSS, and S100B were sig-
nificantly upregulated in the dual treatment 
group compared to other treatment groups. 
Meanwhile, DHRS3, SPOCK1, UNC5C and 
SFRP2 were downregulated in the romidepsin + 
MPA group (Figure 5C). Using UCSC Xena to 
analyze the TCGA TARGET GTEx study, strong 
differential expression of several genes identi-
fied from Figure 5B were identified in normal 
and tumor tissue. PRELP, FAM131B, CORIN, 
PRSS30P and GIPC3 were upregulated in the 
dual treatment group and were found to have 
low expression in tumor tissue, while SHISA3, 
SMR3B, DHRS3, PMEPA1 and SFRP2 were 
downregulated in our treatment and found to 
be overexpressed in tumor tissue (Figure 5D). 
Furthermore, upregulated genes CD52, SPIB, 

and Romidepsin + MPA. Tumor growth was monitored by measuring tumor size 2 times a week for 20 days. Ishikawa 
tumors were harvested after 20 days of drug treatment. A. Tumor size displayed as mean ± SEM. *P < 0.05 vs. 
control. **P < 0.01 vs. control. B. Tumor picture. C. Tumor weight displayed as mean ± SEM. D. QPCR: PR, PAEP, 
KIAA1324 mRNA expression in tumor samples were normalized to 18S. Insert, Average ± SEM mRNA expression of 
genes in each group. E. Western blot analysis of PRB, FOXO1, p21, H3Ace and HR23B in harvested mice tumor cells. 
β-actin served as loading control. F. Kaplan-Meier plots of survival data of KIAA1324 and HR23B obtained from The 
Human Protein Atlas in the TCGA endometrial cancer data set (n = 541).
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TMEM35A, EFHB, CTSS, and S100B were cor-
related with favorable survival in endometrial 
cancer patients while downregulated genes 

SHISA3 and JPH2 were correlated with worse 
survival (Figure 5E). More genes were identified 
and listed in Figure 5F and Table 3. Altogether, 

Figure 4. HDACi treatment reverses PR and PAEP transcriptional repression. A. PR expression and binding of RNA 
polymerase II (RNA PII), H3K4Me3 and H3K27Me3 to the PR promoter region in the benign tissue (BE458) sample 
and two endometrial tumor samples (EA54 & EA68). *P < 0.05 vs. control. B, C. ChIP followed by q-PCR determined 
binding of H3K4Me3, H3K9Me3, RNA PII and SUZ12 to the different promoter regions in mice tumor samples in 
control (con C1) and romidepsin treated samples (Romi A1 & Romi B1). *P < 0.05 vs. control. B. In the PR promoter 
region. C. In the PAEP promoter region. D. ChIP followed by q-PCR determined the binding of RNA PII to the promoter 
regions of PR, PAEP, and Myc in Ishikawa mice tumor samples. *P < 0.05 vs. control. E. ChIP followed by q-PCR de-
termined the binding of RNA PII to the Myc promoter region in control (con C1) and romidepsin treated mice tumors 
(Romi A1 & Romi B1).
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these altered genes provide clinical evidence 
supporting direct or indirect regulation of sev-
eral transcripts by romidepsin + MPA; these 
genes may also serve as drug efficacy markers 
for future clinical trials. 

Discussion

Progestin therapy has long been used to treat 
endometrial cancer due to its tolerability and 

ease of administration; it has been shown to be 
very effective for patients with PR-positive 
tumors in the short term [3, 13, 14]. It is often 
prescribed to preserve patient fertility or to 
help patients who cannot undergo surgery [4]. 
However, as treatment progresses, PR is found 
to be significantly downregulated, eventually 
leading to endocrine resistance [13, 15]. In 
patients with PR negative tumors, primary 

Figure 5. Novel Romidepsin + MPA drug response genes. A. IPathwayGuide Meta Analysis was used to identify 1,019 
differentially expressed genes among the three treatment groups relative to the control group. B. Heatmap of dif-
ferentially expressed genes, color-coded to show change in expression levels based on treatment. C. qPCR: CD52, 
DLK1, FOXA3, GALNT9, GDNF, GNG2, IL1A, SCUBE1, SPIB, TMEM35A, EFHB, CTSS, S100B, DHRS3, SPOCK1, 
UNC5C and SFRP2 mRNA expression in mice tumor samples were normalized to 18S. Insert, qPCR: downregulated 
genes DHRS3, SPOCK1, UNC5C and SFRP2 mRNA expression in mice tumor samples were normalized to 18S. D. 
UCSC Xena was used to compare expression of differentially expressed genes in normal tissue from the TCGA TAR-
GET GTEx dataset for normal tissue (n = 78) and endometrial tumor samples (n = 57). Red represents higher gene 
expression while blue represents lower gene expression. Ranges, median log expressions, and p-values are labeled. 
E and F. Kaplan-Meier plots of survival data obtained from The Human Protein Atlas of differentially expressed 
genes in the TCGA endometrial cancer data set (n = 541).



Enhancing progestin therapy

5041	 Am J Cancer Res 2022;12(11):5029-5048

Table 2. Fold change of 103 genes in heatmap com-
pare with control
A. Fold change of upregulated genes compare with control

Gene Name MPA Romidepsin MPA + Romi
1 TMEM151A 1.57 8.72 5.44
2 TTYH1 2.63 8.27 6.63
3 ELOVL2 1.67 7.52 6.07
4 CALY 1.99 8.08 8.04
5 PRSS30P 0.77 6.96 8.29
6 MUC15 1.00 4.09 5.64
7 DCX 1.14 7.33 13.50
8 UGT2B28 0.82 3.99 5.38
9 DPPA2 2.21 4.16 6.78
10 NRXN1 2.46 10.98 18.21
11 TREML2 1.40 4.25 6.65
12 AKR1C2 1.44 2.41 5.62
13 AC108865.1 2.43 7.03 7.22
14 LINC01305 2.19 5.75 6.68
15 MX2 1.92 6.08 7.73
16 IL1A 2.36 6.45 11.76
17 GRIN3B 2.83 7.19 7.84
18 EFS 4.10 11.06 10.88
19 LINC00616 1.70 5.98 5.59
20 NTSR1 2.46 5.11 5.26
21 SLC1A2 1.47 5.63 6.31
22 ELF5 1.44 5.85 5.29
23 CD5 2.70 24.42 22.43
24 AC005381.1 1.90 8.65 8.25
25 ENPP2 1.36 6.56 5.63
26 IQGAP2 1.87 7.06 6.43
27 CTSE 1.51 9.03 6.82
28 CPLX2 2.07 3.18 5.13
29 GSTA1 2.29 3.00 6.23
30 ALOX15 1.17 4.77 5.07
31 S100B 2.85 12.49 20.72
32 GDNF 1.65 7.77 24.56
33 GNG2 2.16 4.24 6.90
34 ATP6V1G2 2.84 3.62 5.42
35 TMEM35A 3.60 9.53 12.68
36 FOXA3 4.83 18.72 18.92
37 SOX18 2.27 7.71 14.76
38 PGAM2 1.70 5.80 6.61
39 ENAM 8.46 20.35 21.04
40 AP000757.1 2.41 8.42 7.67
41 IGF2 2.55 8.21 5.88
42 LINC02158 1.42 3.40 5.94
43 MYBPC2 6.13 22.99 20.60
44 LINC01571 1.20 2.79 5.15
45 SCUBE1 1.33 6.99 16.18

resistance prevents promising outcomes 
from progestin therapy. Thus, in tumors 
displaying either acquired or primary 
resistance, it is necessary to find treat-
ment options that can ameliorate this 
event and resensitize tumor cells to pro-
gestin. In this study, we found that supple-
menting traditional progestin therapy, 
MPA, with HDACi, entinostat and romidep-
sin, enhanced tumor suppression through 
epigenetically regulating the transcription 
of PR and other key genes. Our data sug-
gests that romidepsin would be a promis-
ing candidate for future clinical trials to 
noticeably restore functional PR expres-
sion and sensitize progestin therapy. 

It has been known that HDACi-induced 
histone hyperacetylation allows transcrip-
tional activation of a distinct set of genes 
resulting in inhibition of cell proliferation, 
induction of terminal differentiation and 
apoptosis, and enhancement of antitu-
mor immune responses [16, 17]. Further, 
HDACi also have non-histone targets and 
regulate protein expression at the post-
translational level. HDACi have been wide-
ly applied to treat various cancers; four 
HDACi have already been FDA-approved 
to treat lymphoma and leukemia (SAHA, 
panobinostat, romidepsin, and belino- 
stat) with tolerable side effects [17]. 
Specifically, romidepsin is a potent HDACi 
that targets class 1 HDACs [18], has been 
applied in the clinic for over a decade, and 
has been shown to be safely utilized in the 
clinic. 

Restoration of PR expression through 
HDACi utilization in endometrial cancer 
cells has been reported by our group and 
others [9-11]. Following our studies, Ando 
et al. reported that panobinostat can 
recover PR expression on the mRNA level 
and further enhance progestin’s effect on 
inhibiting endometrial cancer cell viability 
in vitro, however, no tumor regression  
was investigated in this study [19]. 
Romidepsin has also been shown to sup-
press endometrial cancer cell prolifera-
tion and induce apoptosis by upregulating 
p53 and p21 in vitro which is consistent 
with our findings [20]. A newer preclinical 
HDACi, MHY2256, has been tested in 
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46 FXYD4 1.29 8.25 8.10
47 UBE2L6 1.66 8.40 6.51
48 RAC2 1.55 5.96 5.72
49 TMEM59L 0.92 12.84 7.17
50 GIPC3 0.85 20.35 11.74
51 RTBDN 0.91 17.97 13.38
52 COMP 1.03 7.85 5.33
53 CALB1 0.90 6.02 5.33
54 SNCG 1.00 4.97 5.28
55 YPEL4 1.73 22.35 23.38
56 TMEM119 0.71 18.46 17.09
57 TNNT1 1.37 16.45 11.11
58 SLC17A7 1.35 14.19 9.33
59 ATP1B2 1.17 8.25 6.24
60 SLC7A10 1.00 104.16 83.16
61 C2CD4C 0.57 24.12 9.55
62 HLA-DOA 1.08 14.05 6.39
63 GPR4 1.70 31.70 24.22
64 FAM131B 1.24 23.52 14.87
65 PIANP 1.89 25.33 15.53
66 PRELP 1.38 34.72 17.70
67 CEND1 1.08 31.09 16.49
68 AC007384.1 1.26 13.42 6.17
69 ALPL 1.29 10.50 6.91
70 FSD1 1.07 21.10 10.63
71 LCK 0.82 7.32 5.87
72 NRXN2 3.63 13.97 9.82
73 CGB2 0.54 9.48 5.17
74 CRB2 6.61 5.50 5.05
75 CORIN 5.18 4.15 5.51
76 DLK1 16.63 13.01 28.47
77 RS1 5.07 7.40 7.25
78 CHST13 3.72 13.41 12.33
79 SPIB 7.29 11.54 13.30
80 LINC02223 4.65 14.83 13.39
81 CD52 6.64 6.77 15.59
82 JAKMIP1 2.89 5.58 6.12
83 INSC 3.88 4.32 6.04
84 RBP4 2.71 3.94 5.22
85 CST1 4.91 6.81 12.80
86 GALNT9 9.68 9.79 23.79
87 KCNJ5 3.77 2.73 5.43
B. Fold change of downregulated genes compare with control

Gene Name MPA Romidepsin MPA + Romi
1 NRG1 0.99 0.27 0.18
2 DHRS3 0.36 0.26 0.15
3 TTN 0.80 0.47 0.19
4 SHISA3 0.67 0.18 0.20
5 AC008443.4 0.56 0.19 0.12

mice models and was found to induce  
cell death through acetylation of p53 in 
endometrial cancer [21]. Therefore, this is 
the first time PR expression has been 
evaluated through HDACi treatment in in 
vivo models to enhance existing hormone 
therapies. 

In our studies, well-studied PR down-
stream genes FoxO1, p27, p21, Cyclin D1 
and Myc were used as markers for PR 
function [3, 9, 22, 23]. Tumor suppres- 
sors FoxO1, p27, and p21 were upregu-
lated at both the protein (Figure 1B) and 
mRNA levels (Figure 1C) by HDACi treat-
ment, with the exception of p27 in KLE 
cells. In contrast, expression of onco-
genes, cyclin D1 and Myc, was decreased 
upon HDACi treatment. Myc was especial-
ly downregulated in Ishikawa and ECC1 
cells. More importantly, upregulation of 
FoxO1 and p21 by romidepsin was also 
observed in in vivo EC tumor models 
(Figure 3D). Of note, MPA treatment also 
increased p21 expression which is con- 
sistent with its reported role in cell cycle 
arrest [3]. These proteins may serve as 
potential drug effect markers. 

As a principal inducer, ERα has a strong 
correlation with PR in breast and endo- 
metrial cancer [23, 24]. Previously, our 
group has shown that ERα upregulation is 
not necessary to induce PR upregulation 
through treatment with HDACi [23]. This 
effect is replicated in Figure 1B, 1C as PR 
expression is shown to be upregulated 
despite ERα loss. Romidepsin downregu-
lated ERα in two ER-positive endometri- 
oid endometrial cancer cell lines Ishikawa 
and ECC1. ERα repression by all HDACi, 
except entinostat, is more dramatic in 
ECC1 cells which harbor high basal ERα 
levels. In ER-negative KLE cells, romidep-
sin treatment increased ERα expression 
to similar levels observed in ECC1 and 
Ishikawa. HDACi-induced ERα repression 
was also reported by Fiskus et al. [25]. 

Next, we aimed to understand the molec-
ular mechanism of HDACi-induced PR 
upregulation. Compared to endometrial 
tumors, PR level is significantly lower in 
2D cell culture as reported in uterine leio-
myomas [26, 27]. Consequently, HDACi 
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6 AC011498.2 0.68 0.29 0.19
7 AC115099.1 1.13 0.18 0.15
8 PMEPA1 0.59 0.19 0.09
9 AC007743.1 0.45 0.17 0.16
10 RBMS3 0.44 0.25 0.12
11 SPOCK1 0.29 0.26 0.11
12 SMR3B 0.59 0.25 0.19
13 SFRP2 0.42 0.16 0.21
14 JPH2 0.25 0.18 0.16
15 UNC5C 0.24 0.18 0.09
16 CEACAM6 0.26 0.47 0.19

have a significantly higher impact on PR  
expression in cell lines. As shown in Figure 1B, 
1C, HDACi induce PR expression at the tran-
scriptional level by increasing PR mRNA expres-
sion. This mechanism was further validated 
using tissue ChIP as shown in Figure 4. 
However, when Ishikawa cells were grown in 
vivo, PR expression was much higher when 
compared to 2D cell cultures. In the presence 

Table 3. Correlation of MPA + HDACi drug response 
genes

Gene Pearson’s rho p-value
1 GDNF 0.2508 8.244e-10
2 SCUBE1 0.1952 2.055e-6
3 EFHB 0.3170 4.490e-15
4 CTSS 0.1591 1.142e-4
5 CD52 0.2131 2.064e-7
6 ENPP2 0.2348 9.631e-9
7 CTSE 0.09096 2.808e-2
8 SLC1A2 0.4768 2.028e-34
9 ELF5 0.2049 6.011e-7
10 GRIN3B 0.2140 1.824e-7
11 ALOX15 0.2612 1.505e-10
12 GSTA1 0.1046 1.147e-2
13 MYBPC2 0.1110 7.278e-3
14 TMEM119 0.1932 2.620e-6
15 ATP1B2 0.2154 1.514e-7
16 GIPC3 0.1297 1.699e-3
17 ALPL 0.1782 1.509e-5
18 DCX 0.1751 2.126e-5
19 FAM131B 0.1495 2.919e-4
20 C2CD4C 0.08856 3.252e-2
21 PRELP 0.1184 4.211e-3
22 NRXN2 0.1182 4.256e-3
23 CORIN 0.1474 3.550e-4
24 SFRP2 -0.2010 9.993e-7

of MPA, ligand-induced PR activation fol-
lowed by proteasomal degradation is the 
dominant mechanism to downregulate  
PR expression [28, 29]. In this respect, 
romidepsin restores PR expression by 
preventing PR degradation rather than 
epigenetic regulation. As shown in Figure 
3D, 3E, MPA activates PR, evidenced by 
an upper-shifted band. This activation is 
followed by proteasomal degradation. 
Combination of MPA with romidepsin 
greatly rescues PR expression at the pro-
tein level with both activated and inacti-
vated forms, but not at the mRNA level, 
suggesting that romidepsin might prevent 
MPA-induced proteasome degradation. 
HR23B exists as a possible key factor that 
links HDAC inhibition and proteasome 
degradation. 

HR23B has been found to be closely tied 
to HDACi and is involved in DNA excision 
repair and the transportation of ubiquiti-
nated proteins for proteasomal degrada-
tion [30]. HDACi treatment has been 
reported to both increase and decrease 
HR23B expression [31-33]. As shown in 
Figure 3E, the addition of romidepsin led 
to the downregulation of HR23B which 
may be a potential mechanism for the pre-
vention of functional PR degradation in 
the cell. In endometrial cancer patients, 
lower HR23B expression has been associ-
ated with better survival (Figure 3F). There- 
fore, downregulation of HR23B would be 
beneficial for patient outcomes. Further 
research may be needed to validate 
HR23B’s role in PR regulation. 

KIAA1324 (EIG121/ELAPOR1), an estro-
gen-induced gene, is a reported tumor 
suppressor due to its anti-proliferative 
and pro-apoptotic effects by blocking 
oncogene GRP78 and has been shown to 
be suppressed by HDACi in gastric cancer 

[34]. It is reported that high expression of 
KIAA1324 correlates with good survival for 
prostate, breast, and endometrioid ovarian 
cancer [35-37]. As shown in Figure 3F, it has 
been linked to significantly better survival in 
endometrial cancer patients and has a very 
strong association to PR expression. KIAA1324 
was found to be upregulated by romidepsin 
treatment in vivo (Figure 3D), suggesting it may 
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be a promising drug effect marker. Indeed, the 
expression of KIAA1324 is high in estrogen-
related type I endometrioid endometrial can-
cer, a low-grade endometrial cancer with gener-
ally good prognosis. Contrastingly, KIAA1324 
expression is extremely low in non-estrogen 
related type II endometrial cancer, a higher 
grade endometrial cancer associated with 
worse prognosis [38]. 

As shown in Figure 3, we have demonstrated 
that romidepsin is effective at preventing 
acquired hormone resistance by rescuing PR 
expression through blocking ligand-triggered 
proteasomal degradation. Similar to our previ-
ous reports, we found that romidepsin is also 
effective at reversing PR repression at the tran-
scriptional level (Figures 1C and 4). As shown in 
Figure 4A, low PR expression in endometrial 
tumors can be attributed to less active tran-
scription, as demonstrated by decreased RNA 
polymerase II binding on the PR promoter 
region. Romidepsin treatment indeed reverses 
this transcriptional repression by recruiting 
active transcription factor, H3K4Me3, and RNA 
polymerase II, while diminishing repressive fac-
tor, H3K9Me3, and SUZ12 binding on the PR 
promoter region as previously reported [9]. In 
summary, we propose two potential mecha-
nisms underlying romidepsin-induced PR 
expression: (1) prevention of proteasome deg-
radation and (2) derepression at the transcrip-
tional level. 

Compared to entinostat, romidepsin is more 
efficient in restoring PR expression in endome-
trial tumors in in vivo models. Three reasons 
can explain the lesser effectiveness of entino-
stat on restoring PR expression (Figure 2F): (1) 
entinostat is a less potent HDACi with IC50 = 
3.9-7.8 µM to inhibit HDAC1-3 [39], (2) long 
treatment window; to achieve a better tumor 
volume reduction, the mice were given MPA 
and/or entinostat for over three weeks, gener-
ating significant tumor necrosis and decreased 
PR expression, and (3) alteration of mice 
estrous cycle; estrogen and progesterone 
secreted from the mouse ovary can change PR 
expression by 10-fold. Based on the aforemen-
tioned reasons, we chose romidepsin as the 
next candidate drug and modified our protocol. 
Three reasons might account for the success  
of romidepsin restoring functional PR expres-
sion: (1) romidepsin is a much more potent 
HDACi with IC50 = 8-17 nM to inhibit HDAC1-3, 

(2) the mice were ovariectomized to ablate the 
rapidly cycling hormone production, and (3) the 
mice were treated over a shorter time course  
to prevent massive tumor necrosis but long 
enough to reach the PR upregulation window.

To search for novel drug effect markers, our 
transcriptome analysis identified 103 tran-
scripts whose expression was significantly 
upregulated (n = 87) or downregulated (n = 16) 
(fold > 2 and false discovery rate (FDR) < 0.02). 
These altered genes provide in vivo evidence 
supporting direct or indirect regulation of many 
new transcripts by romidepsin + MPA. We 
selected 17 altered genes and validated them 
with real-time PCR (Figure 5C). These genes 
are related to endometrium function or tumor 
progression: CD52, a glycosylphosphatidylino-
sitol (GPI)-anchored protein, was upregulated 
15.59-fold after treatment of romidepsin + 
MPA in mice tumor samples (Figure 5C). CD52 
has been found to be dramatically increased  
by progestin treatment in pregnant mice and 
rats and is decreased in women refractory to 
embryo implantation [40]. Higher expression of 
CD52 also led to increased anti-tumor immune 
cell infiltration in breast cancer [41]. According 
to the Cancer Genome Atlas Database, CD52 is 
a strong predictor of favorable survival in endo-
metrial cancer (Figure 5E). DLK1, Delta-Like 
Non-Canonical Notch Ligand 1, is an inhibitor  
of the PI3K/Akt pathway and leads to inhibitory 
effects on chondrogenesis and was increased 
28.47-fold after dual treatment (Figure 5C). A 
study found that increasing expression of DLK1 
and SCUBE1 resulted in significantly decreased 
prostate cancer tumor size and the inhibition of 
the tumorigenic activities of human prostate 
cancer-associated fibroblasts [42]. GALNT9 (an 
initiator of O-glycosylation) is also a favorable 
marker and was upregulated 23.79-fold (Figure 
5C). Literature suggests GALNT9 is a putative 
tumor suppressor due to its downregulation by 
DNA methylation from breast to brain metasta-
sis [43]. Low expression of GALNT9 predicts 
worse progression-free survival for breast can-
cer and neuroblastoma patients [43, 44]. G- 
protein γ2 subunit (GNG2), observed 18.72- 
fold increase in expression through dual treat-
ment. It has been shown to be a tumor suppres-
sor in malignant melanomas, and Mazur et al. 
have reported that PR directly binds to GNG2 in 
decidualized human endometrial stromal cells, 
modulating its expression [45]. A 13.3-fold 
increase was observed in SPIB (Spi-B trans- 
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cription factor) after romidepsin + MPA treat-
ment. SPIB functions as a tumor suppressor in 
colorectal cancer by triggering NFkB and JNK 
signaling. SPOCK1 is a Ca2+-binding matricellu-
lar glycoprotein belonging to the SPARC family 
and was downregulated 0.11-fold by romidep-
sin + MPA treatment. SPOCK1 is upregulated in 
colorectal cancer and promotes cell prolifera-
tion through the PI3K/AKT signaling pathway 
[46, 47]. High expression of SPOCK1 correlates 
with a poor prognosis and promotes tumor 
growth in multiple tumor types, including breast 
cancer and lung cancer [47-49]. Knockdown of 
SPOCK1 inhibits tumor cell proliferation and 
invasion in non-small cell lung cancer, ovarian 
cancer and colon cancer [50-53]. Secreted 
Frizzled Related Protein 2 (SFRP2), is an onco-
genic factor that was suppressed 0.60-fold in 
the romidepsin + MPA treatment group. 
Progesterone has been shown to abrogate 
SFRP2 expression in the endometrium [54], 
suggesting increased PR activity is the underly-
ing mechanism for this gene suppression in our 
study. SFRP2 modulates the Wnt signaling 
pathway, leading to cell proliferation, differenti-
ation, and tumorigenesis [54, 55]. These genes 
may serve as potential drug effect markers for 
romidepsin + MPA treatment, however, more 
studies are needed to validate these genes.

The strength of this study is that we confirmed 
that PR expression can be restored in three 
endometrial cancer cell lines with four clinical-
grade HDACi. Two HDACi were used to test drug 
efficacy in in vivo endometrial tumor models. To 
support that the restored PR expression is 
functional, multiple well-studied PR target 
genes were tested. Dozens of novel romidepsin 
+ MPA drug efficacy markers were also pro-
posed in this study. The limitation of this study 
is that only one endometrial tumor model was 
used and a small number of patient tumor sam-
ples were tested. In the future, various endo-
metrial tumor models and a larger endometrial 
tumor sample size may further support our 
data. Taken together, our study supports that 
romidepsin is a promising HDACi that can sen-
sitize progestin therapy in future endometrial 
cancer clinical trials. It is noteworthy that with 
an enhanced understanding of PR biology, it is 
now more clear that PR upregulation as an  
endpoint in response to targeted agents in 
combination with progestins must be studied in 
the long-term, not just in the short-term. This is 
because the initial drop in PR in response to 
progestins is expected during ligand-depen-

dent downregulation and signals hormone/PR 
transcriptional activity [5]. The ability of an 
HDACi to stave off the eventual silencing of PR 
expression and activity in the long-term is the 
goal of our current studies, where we propose 
that romidepsin has such an impact. 
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