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Abstract: Ovarian cancers derived from endometrial cysts, also known as endometriosis in ovaries, are widespread 
histological types in Japan. Several studies suggest that zinc deficiency plays a role in endometriosis; however, the 
biological mechanism of zinc deficiency and endometrial cyst remains unknown. Thus, we investigated the associa-
tion between zinc status and endometrial cysts. We measured the serum zinc levels in patients who had undergone 
surgery for endometrial cysts (n=19) and non-endometrial benign cysts (n=36). We analyzed cell proliferation, mi-
croarray data, and gene expression using N,N,N’,N’-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN), a zinc chela-
tor, in human immortalized endometrial epithelial cells (EMosis). The endometrial cyst group had considerably lower 
serum zinc levels than the non-endometrial benign cyst group. After adjusting for age, body mass index, alcohol 
consumption, smoking, and supplement use, endometrial cysts were markedly associated with serum zinc levels. 
EMosis cells treated with 5 μM TPEN demonstrated extensively increased proliferation compared to untreated cells. 
In the microarray analysis of EMosis cells treated with 5 μM TPEN, the enriched cellular components contained 
nucleoplasm, nuclear parts, and nuclear lumen. The upregulated biological processes included responses to hy-
poxia and decreased oxygen levels. The upregulated Kyoto Encyclopedia of Genes and Genomes pathway included 
the hypoxia-inducible factor-1 signaling pathway. EMosis cells treated with 5 μM TPEN demonstrated increased 
activator 1 (SRA1) expression and decreased AT-rich interaction domain 1A (ARID1A) expression. Protein-protein 
interaction network analysis indicated that ARID1A and SRA1 were associated with SMARCD1 and ATF1 among 
the differentially expressed genes in the microarray. EMosis cells treated with 5 μM TPEN revealed increased SRA1 
mRNA levels and decreased ARID1A mRNA expression, whereas EMosis cells treated with 5 μM TPEN together with 
10 μM zinc did not reveal changes in the mRNA levels of SRA1 or ARID1A compared with those without TPEN. These 
results suggest that zinc deficiency contributes to endometrial cyst development. Accordingly, zinc supplementation 
may suppress endometrial cyst development.
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Introduction

Endometriosis is a common benign gynecologi-
cal disease that occurs in 5-10% of women of 
reproductive age [1]. Endometriosis lesions 
extend primarily through the pelvic region. 
There are various types of lesions, some cau-
sed by endometriosis itself, while others due to 
inflammation. Ovarian endometriotic cysts are 
endometriotic lesions that develop in the ova-
ries [2]. Cyclic bleeding due to endometriosis 

lesions can cause inflammation, scarring, and 
adhesions, resulting in infertility, chronic pelvic 
pain, fatigue, dysmenorrhea, dyspareunia, dy- 
suria, and dysmenorrhea [3]. Endometriosis is 
associated with autoimmune diseases, asth-
ma/allergic diseases, and cardiovascular disea-
ses [3, 4]. Previous studies have shown that 
ovarian clear cell carcinoma and endometrioid 
carcinoma are derived from ovarian endome-
trial cysts [5, 6]. Clear cell carcinoma is a wides-
pread histological type in East Asia, accounting 
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for more than 25% of ovarian cancers, and is 
the second most frequent histological subtype 
in Japan. Ovarian clear cell carcinoma is parti-
cularly chemotherapy-resistant [7]. Prevention 
of ovarian endometrial cyst will serve as a 
major advance in ovarian cancer treatment. 
Therefore, there is a critical need for studies on 
the development, mechanisms, and treatment 
of endometrial cysts, especially in Japan [8].

The current prevailing hypothesis for the deve-
lopment of endometriosis is Sampson’s theory. 
This theory proposes that regurgitated endo-
metrium into the abdominal cavity during men��s-
truation becomes attached to the pelvic cavity 
and grows in size [9]. Moreover, there is evi-
dence that endometriosis involves disruption of 
female hormones, local inflammation, and im- 
mune processes [10]. Familial aggregation of 
endometriosis further suggests a genetic con-
tribution to the disease [11]. Several genetic 
factors have been identified in genome-wide 
association studies [12]. Recent evidence sug-
gests that environmental toxins (such as ph- 
thalates, bisphenol A, or organochlorine pollut-
ants) may play a role in the development of 
endometriosis [13, 14]. However, the only fac-
tors that, to date, have been robustly associat-
ed with endometriosis are reflected in increas- 
ed exposure to menstruation (i.e., early men-
arche, short menstrual cycles, and nonpreg-
nancy) and low body mass index [10, 15]. No 
risk factors have yet been identified that would 
help in the primary prevention of endometriosis 
[4].

Zinc is an essential trace element involved in a 
wide variety of cellular processes, including cell 
proliferation, cell differentiation [16, 17], DNA 
synthesis [18], cell membrane stabilization, 
structural maintenance [19, 20], redox balance 
[21, 22], and apoptosis [23, 24]. A previous 
study revealed that low zinc intake was asso-
ciated with endometriosis [25]. Patients with 
endometriosis have decreased zinc levels in 
their blood compared to patients without endo-
metriosis [26, 27], suggesting that zinc defi-
ciency could contribute to endometriosis. How- 
ever, previous studies have focused on all types 
of endometriosis patients, including patients 
with endometrial cysts [26, 27]. Moreover, no 
studies have identified the mechanism by 
which low zinc leads to the development of 
endometriotic cysts. The biological mechanis-

ms linking zinc deficiency and endometrial 
cysts have not yet been clarified.

In this study, we hypothesized that zinc defi-
ciency causes changes in gene expression that 
promote endometrial cyst development. To veri-
fy this hypothesis, we conducted a study using 
clinical samples and immortalized epithelial 
cells derived from endometrial cysts [28].

Materials and methods

Measurement of zinc in serum

This study included 55 patients undergoing sur-
gery for benign ovarian tumors at the Fukui 
University Hospital, Eiheiji-cho, Japan between 
2018 and 2019. Two pathologists confirmed 
the ovarian tumor pathology in the specimens 
obtained after surgery. The exclusion criteria 
included malignancy, infectious bacterial peri-
tonitis, renal failure, liver cirrhosis, corticoste-
roid treatment, immunosuppressive drug use, 
and chemotherapy. Written informed consent 
was obtained from all enrolled patients. Serum 
samples were collected approximately two 
weeks before surgery. Patients were instructed 
not to eat or drink anything other than water 
before blood sampling was carried out. We 
stored all samples in a freezer at -80°C until 
measurement. The colorimetric method was 
used to measure the serum zinc and copper 
levels. This study was approved by the Ethics 
Review Board of the Fukui University Hospital 
(approval no. 20160021).

Materials and cell culture

Human immortalized endometrial epithelial 
cells derived from endometrial cysts (EMosis) 
[28], provided by Prof. Satoru Kyo (Shimane 
University, Izumo, Japan) and Prof. Yoichi 
Kobayashi (Kyorin University, Tokyo, Japan), 
were cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine 
serum (Biowest, Kansas, MO, USA) and 1.0% 
penicillin/streptomycin (Gibco, Billings, MT, 
USA) at 37°C and 5% CO2 in an incubator 
(Panasonic, Tokyo, Japan). The N,N,N’,N’-
tetrakis (2-pyridylmethyl) ethylenediamine (TP- 
EN), a zinc chelator, and zinc sulfate were  
purchased from Sigma-Aldrich (St. Louis, MO, 
USA).
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Cell proliferation assay

We seeded EMosis cells (1×104 cells/well) in 
96-well culture plates. After culturing for 24 h, 
the cells were exposed to 0, 5, and 10 μM TPEN 
for 4 or 24 h. A WST-1 reagent kit (Roche Japan, 
Tokyo, Japan) was used to determine cell prolif-
eration. The experiments were performed six 
times.

Microarray

EMosis cells were plated in 6.0-cm dishes and 
incubated for 48 h. Thereafter, cells were incu-
bated with fresh medium that contained either 
0 or 5 μM TPEN for 4 h. Microarray analysis was 
performed according to a previously reported 
method [29]. The RNeasy Kit (Qiagen, Hilden, 
Germany) was used to collect total RNA from 
cells following the manufacturer’s instructions. 
RNA quality assessment was carried out using 
the Agilent 2100 Bioanalyzer (Santa Clara, CA, 
USA). All samples had RNA integrity of 8.7 to 
9.1, which is acceptable for a microarray. We 
performed the microarray using Clariom S 
assay (Applied Biosystems, Foster City, CA, 
USA) following the manufacturer’s instructions. 
The Subio Platform (Subio Inc., Tokyo, Japan) 
was used to examine the data. The following 
criteria were used to designate differentially 
expressed genes (DEGs): (1) difference in ex- 
pression >2-fold between cells treated with 0 
and 5 μM TPEN, and (2) a significant difference 
(P<0.1, two-sided t-test) between cells treated 
with 0 and 5 μM TPEN. We used the shinyGO 
web tool (http://bioinformatics.sdstate.edu/
go/) for Gene Ontology (GO) enrichment analy-
sis to determine the GO cellular components 
(CC), GO biological processes (BP), and GO 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways associated with the DEGs. 
The false discovery rate (FDR) was calculated, 
and a p-value of less than 0.05 was defined as 
significant [30]. We performed protein-protein 
interaction (PPI) network analysis using the 
Network Analyst web tool (http://www.networ- 
kanalyst.ca) to identify DEGs that interacted 
with AT-rich interaction domain 1A (ARID1A) 
and steroid receptor RNA activator 1 (SRA1) 
[31].

Gene expression analysis

EMosis cells were plated in 6.0-cm dishes, 
grown for 48 h, and then incubated in a medi-

um containing 5 μM TPEN and 5 μM TPEN with 
10 μM zinc for 24 h. The RNeasy Kit and 
SuperScript IV VILO Master Mix kit (Invitrogen, 
Carlsbad, CA, USA) were used to collect total 
RNA from the cells and synthesize cDNA. 
Amplifying cDNA was done using the Power 
SYBR Green Master Mix kit (Applied Biosy- 
stems) with primers targeting gene sequences 
for 36B4, SRA1, and ARID1A. Gene expression 
was quantified and analyzed by real-time poly-
merase chain reaction (RT-PCR) using the 
StepOnePlus system (Applied Biosystems). The 
following gene-specific primer sequences were 
used: 36B4 forward, 5’-GCTGCAGCCCCAGCT- 
AAGGT-3’; 36B4 reverse, 5’-TAAGTTGGTTGCTT- 
TTTGGT-3’; SRA1 forward, 5’-CTCCCTTCTTAC- 
CACCACCA-3’; SRA1 reverse, 5’-TGCAGATACA- 
CAGGGAGCAG-3’ [32]; ARID1A forward, 5’-CA- 
GTACCTGCCTCGCACATA-3’; and ARID1A re- 
verse, 5’-GCCAGGAGACCAGACTTGAG-3’ [33]. 
Standardized SRA1 and ARID1A expression 
levels were calculated against 36B4 expres-
sion levels, and data are presented as the fold 
change in mRNA levels. All experiments were 
performed in triplicate.

Statistical analyses

Continuous and categorical variables were 
expressed as mean ± standard deviation and 
frequencies or proportions. Continuous vari-
ables were compared using the Student’s t- 
test, Welch’s test, Mann-Whitney U test, and 
one-way analysis of variance adjusted with the 
Dunnett’s method. The association between 
serum zinc levels and endometrial cysts or non-
endometrial cysts was evaluated using multi-
variate linear regression analysis models. We 
used EZR (Saitama Medical Center, Jichi 
Medical University, Saitama, Japan), which is a 
graphical user interface for R (The R Founda- 
tion for Statistical Computing, Vienna, Austria), 
to conduct statistical analyses [34], and P< 
0.05 was defined as statistically significant.

Results

Patients with endometrial cysts had lower zinc 
concentrations in serum

Table 1 presents the patient data for analyzing 
the association of serum zinc levels with endo-
metrial cysts. Nineteen patients had endome-
trial cysts, whereas 36 had non-endometrial 
cysts. The histology of non-endometrial cysts  
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Table 2. Histology of non-endometrial cysts
N

Mature cystic teratoma 12
Serous adenoma 15
Mucinous adenoma 8
Fibroma 1

Table 1. Serum zinc and patient characteristics

Endometrial cyst Non-endometrial 
cyst

p-
value

N 19 36
*Age mean (SD), yrs. 42.4 (7.7) 47.0 (20.1) 0.224
‡BMI median (range) 21.6 (19-29.3) 21.85 (17-40.8) 0.832
†Alcohol, % (n) 63.2 (12) 38.9 (14) 0.099
†Current or past smoking, % (n) 36.8 (7) 16.7 (6) 0.109
†Supplement 21.1 (4) 22.2 (8) 1
¶Alb mean (SD) g/dL 4.3 (0.3) 4.4 (0.4) 0.124
‡GOT median (range) IU/L 19.3 (10.0-35.0) 20.4 (13.0-44.0) 0.729
‡GPT median (range) IU/L 13.0 (7.0-38.0) 15.0 (9.0-49.0) 0.399
¶ALP mean (SD) IU/L 176.3 (58.2) 232.8 (83.3) 0.011
¶Cu mean (SD) μg/dL 101.4 (22.9) 104.3 (20.9) 0.64
¶Zn mean (SD) μg/dL 77.00 (10.02) 84.69 (13.30) 0.032
*Welch’s test for statistical analysis. †Fisher’s exact test for statistical analysis. ‡U 
test for statistical analysis. ¶T-test for statistical analysis. Alb, albumin; ALP, alkaline 
phosphatase; BMI, body mass index; GOT, glutamate oxaloacetate transaminase; GPT, 
glutamate pyruvate transaminase; IU, international units.

is presented in Table  
2. Alcohol consumption, 
smoking, nutritional sup-
plement use, albumin, 
aspartate aminotransfera- 
se, alanine aminotransfer-
ase, and serum copper lev-
els were not significantly 
different between patients 
with endometrial cysts and 
those with non-endome- 
trial cysts. Patients with 
endometrial cysts had sig-
nificantly lower alkaline 
phosphatase levels (ALP) 
(P=0.011) and serum zinc 
levels (P=0.032) than th- 
ose with non-endometrial 
cysts. After adjusting for 
age, BMI, alcohol consum- 
ption, smoking, and sup-
plement use, a linear re- 

gression analysis revealed that endometrial 
cysts were significantly associated with serum 
zinc levels (regression coefficient 7.98, 95% 
confidence interval [CI] 0.36-15.59, P=0.040).

Zinc deficiency enhanced the proliferation of 
immortalized endometrial epithelial cells

Figure 1 shows the results of the WST-1 assay 
in the EMosis cells. The proliferation of EMosis 
cells treated with 5 μM TPEN for 4 h was sig- 
nificantly higher than that of untreated cells 
(P<0.05). No significant difference was ob- 
served between the untreated cell and those 
treated with 10 μM TPEN for 4 h or 5 μM TPEN 
for 24 h. The proliferation of EMosis cells treat-
ed with 10 μM TPEN for 24 h was significantly 
lower than that of untreated cells (P<0.001).

Zinc deficiency is involved in BP and the KEGG 
pathway for hypoxia

Figure 2A-C shows the top 10 most enriched 
CC, BP, and KEGG pathways, ranked by -log10 
(FDR p-value). All enriched CC, BP, and KEGG 
pathways, including the DEGs, are listed in 
Tables 3-5. The enriched CC contained nucleo-
plasm, nuclear parts, and nuclear lumen. The 
enriched BPs included responses to hypoxia 
and decreased oxygen levels. The enriched 
KEGG pathways included the hypoxia-inducible 
factor-1 (HIF-1) signaling pathway.

Figure 1. TPEN increased the proliferation of im-
mortalized endometrial cells. Cells treated with 5 
μM TPEN for 4 h demonstrated increased cell pro-
liferation compared to cells without TPEN treatment 
(P<0.05). All data were analyzed using a one-way 
analysis of variance followed by Dunnett’s test. a; 4 
h, 0 μM vs 5 μM, P<0.05. b; 24 h, 0 μM vs 10 μM, 
P<0.001. OD: optical density; TPEN: N,N,N’,N’-tetra-
kis 2-pyridylmethyl ethylenediamine.



Zinc deficiency and ovarian endometriosis

1053	 Am J Cancer Res 2023;13(3):1049-1066

Figure 2. Zinc deficiency was associated with biological processes and the KEGG pathway for hypoxia. Microarray 
analysis was performed to determine the zinc deficiency-induced differentially expressed genes in EMosis cells. 
(A-C) The top 10 enriched cellular components (CC), biological processes (BP), and KEGG pathways in ascending 
order of -log 10 (FDR p-value). The enriched CC contained nucleoplasm, nuclear parts, and nuclear lumen. The 
enriched BPs included responses to hypoxia and decreased oxygen levels. The enriched KEGG pathways included 
the HIF-1 signaling pathway. The gene expression of SRA1 and ARID1A was validated by RT-PCR (D, E). The EMosis 
cells treated with 5 μM TPEN for 4 h demonstrated significantly increased SRA1 mRNA expression and decreased 
ARID1A mRNA expression compared to the cells without TPEN (all P<0.05). KEGG: Kyoto Encyclopedia of Genes 
and Genomes; EMosis cells: endometrial epithelial cells; FDR: false discovery rate; HIF-1: hypoxia-inducible factor-1; 
SRA1: steroid receptor RNA activator 1; ARID1A: AT-rich interaction domain 1A; RT-PCR: real-time polymerase chain 
reaction.

SRA1 expression was induced and ARID1A 
expression was suppressed by zinc deficiency

It is known that endometriosis is an estrogen-
dependent disease, and nuclear receptors may 
contribute to its development [35]. Thus, we 
extracted DEGs using the GO molecular func-
tion of the nuclear receptor. Among the upregu-
lated and downregulated DEGs, three upregula-

ted and 11 downregulated genes were identifi- 
ed (Table 6). Previous studies have demon-
strated that SRA1 and ARID1A are associated 
with estrogen [36, 37]. SRA1 and ARID1A 
mRNA expression was validated (Figure 2D, 
2E). The EMosis cells treated with 5 μM TPEN 
for 4 h revealed markedly increased SRA1 and 
decreased ARID1A mRNA expression compar- 
ed to the untreated cells.
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Table 3. Activated Cellular Component in EMosis-CC/TERT1 cells treated with 5 μM TPEN
Enrichment 
FDR

Genes 
in list Functional Category Genes

6.44E-10 140 Nucleoplasm AFF4 EED ZBTB25 FBL KDM4C MYCT1 KDM6B MED10 SAP130 KANSL1L TRMT10A POLR2H SAP30 JUNB HDAC3 JUN HEXIM1 ZNF407 KDM7A 
BIRC3 ATP6V0A1 USP28 RRM2B MXD1 CTDP1 JMJD6 P4HA2 PIAS2 ALKBH5 SNAP23 BTAF1 RBFOX2 TRMU RNMT POLI NXT2 USP11 KLF5 
HCFC1R1 IMPAD1 UBXN8 BNIP3L ZNF175 HBP1 PLEKHA8 SHB ACBD5 PTGES3 KDM3A ABCB6 CACYBP GADD45A HSPH1 ATF1 NQO2 OARD1 
STK35 ZBTB1 THOC6 SLX1A USPL1 BHLHE40 HILPDA TXNL4B EIF4A3 CTSK PIP5K1A EAF1 FEM1C TNIP1 RBAK POMZP3 NPAT IPMK LSM11 
FBXO32 EMSY RUNX1 CHTOP RYBP YEATS2 PCF11 RAB8B MAPK7 POLR3D ING2 UBE2V2 MAP3K2 PFKFB3 MLLT3 NMNAT1 CSTF3 SERTAD2 
SIAH2 C11ORF54 SP1 STK40 POM121 LONP1 XRCC2 ADARB1 FANK1 HSPA1B HSPA1A PPP1R10 SRA1 ZNF432 ETV3 GZF1 THAP1 ASCC1 CIART 
PPID BNIP3 ARL6IP4 SNAPC1 NEDD4L RORA HSP90AA1 TRMT6 NR4A3 NR4A1 SNAI1 UPF3B IPPK EGLN3 DNAJB1 USP37 CENPO ANP32A ESCO1 
SMYD2 METTL21A NOCT ATF3 DDIT3 IMP3 MAFF TRIM33 PPME1

4.06E-09 164 Nuclear part SNAPC1 SPAG4 AFF4 EED ZBTB25 NXT2 BNIP3L FBL KDM4C MYCT1 UPF3B PRKRIP1 KDM6B MED10 SAP130 CENPO NUP58 TXNL4B KANSL1L 
TRMT10A LSM11 POLR2H SAP30 POLR3D JUNB HDAC3 HSPA6 DDIT3 BNIP3 JUN IMP3 SPTY2D1 HEXIM1 POM121 ADARB1 SMG5 HSPA1B 
HSPA1A ZNF407 POM121C KDM7A BIRC3 ATP6V0A1 USP28 RRM2B MXD1 CTDP1 JMJD6 P4HA2 PIAS2 ALKBH5 SNAP23 BTAF1 SCD RBFOX2 
TRMU RNMT POLI USP11 KLF5 HCFC1R1 IMPAD1 UBXN8 ZNF175 HBP1 PLEKHA8 SHB ACBD5 PTGES3 PARP11 KDM3A ABCB6 CACYBP GADD45A 
MXI1 HSPH1 ATF1 NR4A1 NQO2 OARD1 GZF1 STK35 ZBTB1 THOC6 THAP1 SLX1A WBP2 USPL1 BHLHE40 HILPDA DNAJB2 MFAP1 SLC16A3 EI-
F4A3 CTSK PIP5K1A EAF1 FEM1C TNIP1 RBAK POMZP3 NPAT IPMK PDK1 FBXO32 EMSY RUNX1 CHTOP ATF3 RYBP YEATS2 PCF11 RAB8B MAPK7 
ING2 UBE2V2 ZEB2 MAP3K2 PFKFB3 PPID MLLT3 NMNAT1 CSTF3 SERTAD2 SIAH2 C11ORF54 DDX41 SP1 STK40 LONP1 XRCC2 FANK1 PPP1R10 
SRA1 ZNF432 FAM156A GMCL1 RGS2 ETV3 HSPA2 DNAJB9 DNAJB1 ASCC1 AGPAT5 CIART ERN1 ARL6IP4 IPPK NEDD4L RORA HSP90AA1 TRMT6 
NR4A3 SNAI1 EGLN3 USP37 ANP32A ESCO1 SMYD2 METTL21A NOCT MAFF TRIM33 PPME1

1.78E-08 151 Nuclear lumen AFF4 EED ZBTB25 FBL KDM4C MYCT1 UPF3B PRKRIP1 KDM6B MED10 SAP130 CENPO KANSL1L TRMT10A POLR2H SAP30 JUNB HDAC3 JUN 
IMP3 SPTY2D1 HEXIM1 ADARB1 ZNF407 KDM7A BIRC3 SNAPC1 ATP6V0A1 USP28 RRM2B MXD1 CTDP1 JMJD6 P4HA2 PIAS2 ALKBH5 SNAP23 
BTAF1 SCD RBFOX2 TRMU RNMT POLI NXT2 USP11 KLF5 HCFC1R1 IMPAD1 UBXN8 BNIP3L ZNF175 HBP1 PLEKHA8 SHB ACBD5 PTGES3 KDM3A 
ABCB6 CACYBP GADD45A MXI1 HSPH1 ATF1 NQO2 OARD1 GZF1 STK35 ZBTB1 THOC6 THAP1 SLX1A WBP2 USPL1 BHLHE40 HILPDA TXNL4B 
EIF4A3 CTSK PIP5K1A EAF1 FEM1C TNIP1 RBAK POMZP3 NPAT IPMK PDK1 LSM11 FBXO32 EMSY RUNX1 CHTOP ATF3 RYBP YEATS2 PCF11 
RAB8B MAPK7 POLR3D ING2 UBE2V2 ZEB2 MAP3K2 PFKFB3 PPID MLLT3 NMNAT1 CSTF3 SERTAD2 SIAH2 C11ORF54 SP1 STK40 POM121 
LONP1 XRCC2 FANK1 HSPA1B HSPA1A PPP1R10 SRA1 ZNF432 GMCL1 RGS2 ETV3 HSPA2 DNAJB9 DNAJB1 ASCC1 CIART BNIP3 ARL6IP4 IPPK 
NEDD4L RORA HSP90AA1 TRMT6 NR4A3 NR4A1 SNAI1 EGLN3 USP37 ANP32A ESCO1 SMYD2 METTL21A NOCT DDIT3 MAFF TRIM33 PPME1

0.00090047 49 Nucleoplasm part AFF4 EED FBL KDM4C KDM6B MED10 SAP130 KANSL1L POLR2H SAP30 HDAC3 ZNF407 ATP6V0A1 USP28 PIAS2 ALKBH5 POLI IMPAD1 BNIP3L 
HBP1 GADD45A STK35 ZBTB1 THOC6 USPL1 BHLHE40 PIP5K1A EAF1 NPAT LSM11 CHTOP YEATS2 RAB8B MAPK7 POLR3D ING2 MLLT3 NMNAT1 
C11ORF54 HSPA1B HSPA1A PPP1R10 ETV3 THAP1 ASCC1 EIF4A3 CIART ARL6IP4 PCF11

0.006030162 3 Transcription factor AP-1 
complex

JUNB JUN DDIT3

0.018260045 34 Nuclear body FBL ATP6V0A1 USP28 PIAS2 ALKBH5 POLI IMPAD1 BNIP3L HBP1 GADD45A STK35 ZBTB1 THOC6 USPL1 BHLHE40 SAP130 PIP5K1A EAF1 NPAT 
LSM11 CHTOP RAB8B MAPK7 POLR3D NMNAT1 C11ORF54 HSPA1B HSPA1A PPP1R10 THAP1 ASCC1 EIF4A3 CIART ARL6IP4

0.021715976 2 CHOP-ATF3 complex DDIT3 ATF3

0.029594035 4 Integral component of mito-
chondrial outer membrane

MGARP FUNDC2 ABCB6 BNIP3

0.03197158 4 Intrinsic component of mito-
chondrial outer membrane

MGARP FUNDC2 ABCB6 BNIP3

0.044981646 2 SREBP-SCAP-Insig complex INSIG2 INSIG1
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Table 4. Activated Biological Process in EMosis-CC/TERT1 celsl treated with 5 μM TPEN
Enrichment 
FDR

Genes 
in list Functional Category Genes

1.02E-10 100 Cellular response to 
stress

USP28 ATG5 HSP90AA1 PPP1R15A HSPA2 EDA2R DNAJB2 GABARAPL1 RRAGA ANKZF1 MAP2K1 UBE2V2 MAP3K2 HSPA6 DDIT3 ERN1 HSPA1B 
HSPA1A LONP1 HERPUD1 UBA5 DNAJA1 TGFB2 GADD45B PGK1 VEGFA FAM162A IL1A GADD45A TNFRSF10B INSIG2 DNAJB1 WDR45B BAG3 ATF3 
RELL2 HDAC3 EIF2AK3 ACER2 INSIG1 RRM2B PTGS2 PIK3C3 NFE2L1 ADNP2 POLI UBXN8 CCDC47 CHORDC1 STC2 ID2 ERRFI1 SLC2A1 NR4A3 
ZBTB1 DNAJB9 EGLN3 SLX1A KDM6B EDEM1 ASCC1 PMAIP1 ADM KLF10 EMSY STC1 DDIT4 ING2 ZEB2 PRKCE FZD4 BNIP3 JUN XRCC2 ERO1A 
NDRG1 HILPDA BNIP3L PPP1R10 RORA SNAI1 OARD1 TMX1 SMYD2 PDK1 HK2 MAPK7 PJA2 MGARP FBXW11 ALKBH5 FKBP14 PTGES3 HSPH1 
EGLN1 NUP58 CNOT8 POLR2H POM121 POM121C

2.75E-09 24 Response to unfolded 
protein

HSPA2 HSPA6 ERN1 HSPA1B HSPA1A EIF2AK3 DDIT3 HERPUD1 STC2 DNAJB9 EDEM1 ATF3 ERO1A DNAJB5 BAG3 HSPA4L HSP90AA1 DNAJA1 
PPP1R15A FKBP14 HSPE1 HSPH1 DNAJB1 DNAJB2

9.63E-09 25 Response to topologically 
incorrect protein

HSPA2 ANKZF1 HSPA6 ERN1 HSPA1B HSPA1A EIF2AK3 DDIT3 HERPUD1 STC2 DNAJB9 EDEM1 ATF3 ERO1A DNAJB5 BAG3 HSPA4L HSP90AA1 
DNAJA1 PPP1R15A FKBP14 HSPE1 HSPH1 DNAJB1 DNAJB2

1.99E-07 63 Response to abiotic 
stimulus

CLCN6 OPN3 HSP90AA1 VEGFA HSPA2 JUNB HSPA6 JUN HSPA1B HSPA1A USP28 ALKBH5 PGK1 FAM162A IL1A EGLN1 BAG3 DDIT4 PTGS2 NFE2L1 
DDHD2 DNAJA1 CHORDC1 BIRC2 STC2 ID2 ERRFI1 SLC2A1 BHLHE40 DNAJA4 ADM STC1 HK2 LZIC ANGPTL4 PRKCE BNIP3 LONP1 XRCC2 ERO1A 
NDRG1 GADD45A TNFRSF10B EGLN3 HILPDA PMAIP1 BCL10 PLOD2 MAP3K2 BNIP3L RORA TGFB2 ZBTB1 PDK1 PPID EIF2AK3 MGARP PTGES3 
HSPH1 DNAJB1 NUP58 POM121 POM121C

7.84E-07 13 Chaperone-mediated 
protein folding

HSPE1 HSPA2 DNAJB1 DNAJB2 DNAJB5 HSPA6 HSPA1B HSPA1A PTGES3 PPID ERO1A CHORDC1 HSPH1

2.16E-06 28 Response to hypoxia VEGFA ALKBH5 PGK1 FAM162A EGLN1 DDIT4 BIRC2 STC2 SLC2A1 ADM STC1 HK2 ANGPTL4 PRKCE BNIP3 LONP1 ERO1A PTGS2 NDRG1 EGLN3 
HILPDA PMAIP1 PLOD2 BNIP3L RORA TGFB2 PDK1 MGARP

2.37E-06 150 Heterocycle biosynthetic 
process

SNAPC1 RRM2B CTDP1 GPBP1 PFKP EED NFE2L1 PGK1 KLF5 PTGES3 AMPD2 ETV3 KLF7 DNAJB1 MED10 SAP130 DNAJB5 ING1 KLF10 CIART 
HK2 SAP30 PCF11 ING2 JUNB HDAC3 DCAKD NMNAT1 JUN SPTY2D1 SP1 HEXIM1 SMG5 ID2 ZNF395 MXD1 RORA JMJD6 HSP90AA1 TGFB2 CREM 
RBFOX2 ZNF175 KDM4C VEGFA ABCB6 NR4A3 MXI1 BHLHE41 ATF1 NR4A1 SNAI1 INSIG2 GZF1 ZBTB1 EDA2R THAP1 BHLHE40 EGLN1 ASCC1 BCL10 
NPAT RUNX1 AK4 ATF3 YEATS2 POLR2H ZEB2 MAP3K2 MLLT3 FZD4 DDIT3 MAFF INSIG1 FAM83G TRIM33 HSPA1A AK2 KDM7A ALDH18A1 AFF4 
FBXW11 ZBTB25 UPRT ADNP2 POLI HBP1 ALDOC BIRC2 LOX IL1A KDM3A PANK2 PAICS PPAT ZNF331 WBP2 KDM6B MICAL2 FGF7 VGLL4 EAF1 RBAK 
ZNF41 VLDLR PDK1 AGPAT5 CNOT8 EMSY RYBP DDIT4 POLR3D PDE7B SERTAD2 SIAH2 DDX41 ZFP69B IL1RAP SERTAD1 SRA1 ZNF407 ZNF432 
MAPK7 IPPK USPL1 SMYD2 BAG3 MAP2K1 PPID EIF2AK3 FANK1 HSPA1B RLF TNIP1 PIAS2 BTAF1 LDHA NEDD4L PTGS2 SCD RNMT PFKFB4 EGLN3 
NUP58 NOCT LSM11 PFKFB3 CSTF3 POM121 POM121C

2.37E-06 10 Chaperone cofactor-de-
pendent protein refolding

HSPE1 HSPA2 DNAJB1 DNAJB5 HSPA6 HSPA1B HSPA1A PTGES3 ERO1A HSPH1

2.44E-06 148 Nucleobase-containing 
compound biosynthetic 
process

SNAPC1 RRM2B CTDP1 GPBP1 PFKP EED NFE2L1 PGK1 KLF5 PTGES3 AMPD2 ETV3 KLF7 DNAJB1 MED10 SAP130 DNAJB5 ING1 KLF10 CIART 
HK2 SAP30 PCF11 ING2 JUNB HDAC3 DCAKD NMNAT1 JUN SPTY2D1 SP1 HEXIM1 SMG5 ID2 ZNF395 MXD1 RORA JMJD6 HSP90AA1 TGFB2 CREM 
RBFOX2 ZNF175 KDM4C VEGFA NR4A3 MXI1 BHLHE41 ATF1 NR4A1 SNAI1 INSIG2 GZF1 ZBTB1 EDA2R THAP1 BHLHE40 EGLN1 ASCC1 BCL10 NPAT 
RUNX1 AK4 ATF3 YEATS2 POLR2H ZEB2 MAP3K2 MLLT3 FZD4 DDIT3 MAFF INSIG1 FAM83G TRIM33 HSPA1A AK2 KDM7A AFF4 FBXW11 ZBTB25 
UPRT ADNP2 POLI HBP1 ALDOC BIRC2 LOX IL1A KDM3A PANK2 PAICS PPAT ZNF331 WBP2 KDM6B MICAL2 FGF7 VGLL4 EAF1 RBAK ZNF41 VLDLR 
PDK1 AGPAT5 CNOT8 EMSY RYBP DDIT4 POLR3D PDE7B SERTAD2 SIAH2 DDX41 ZFP69B IL1RAP SERTAD1 SRA1 ZNF407 ZNF432 MAPK7 IPPK USPL1 
SMYD2 BAG3 MAP2K1 PPID EIF2AK3 FANK1 HSPA1B RLF TNIP1 PIAS2 BTAF1 LDHA NEDD4L PTGS2 SCD RNMT PFKFB4 EGLN3 NUP58 NOCT LSM11 
PFKFB3 CSTF3 POM121 POM121C

2.44E-06 28 Response to decreased 
oxygen levels

VEGFA ALKBH5 PGK1 FAM162A EGLN1 DDIT4 BIRC2 STC2 SLC2A1 ADM STC1 HK2 ANGPTL4 PRKCE BNIP3 LONP1 ERO1A PTGS2 NDRG1 EGLN3 
HILPDA PMAIP1 PLOD2 BNIP3L RORA TGFB2 PDK1 MGARP

3.14E-06 147 Macromolecule modifica-
tion

UBE3C UBA6 USP28 NEDD4L ATG5 CTDP1 TRIB2 P4HA2 FBXW11 PIK3C3 UBA5 PPP1R15A ALKBH5 TGFB2 GADD45B TRMU ATG4A FBL VEGFA LOX 
KDM3A GADD45A P4HA1 PRKRIP1 EDA2R USP37 CCNG2 ESCO1 WDR45B RNF217 NGLY1 PLOD2 PIGA MAP2K1 UBE2V2 MAP3K2 B3GNT2 PRKCE 
HDAC3 HEXIM1 ADARB1 DZIP3 PJA2 PPME1 KDM7A BIRC3 JMJD6 PIAS2 HSP90AA1 DNAJA1 TRMT6 VCPKMT USP11 KDM4C BIRC2 PARP11 ERRFI1 
PPP4R4 OARD1 EGLN3 USPL1 EGLN1 FGF7 BCL10 SMYD2 METTL21A TRMT10A TNIP1 FBXO32 KLHL21 RYBP YEATS2 RELL2 PPID EIF2AK3 RAB6A 
ERN1 TRIM33 HSPA1B HSPA1A SCYL3 HERPUD1 OPN3 PTGS2 EED NFE2L1 RNF24 METTL4 RNMT RIOK3 ZC3HAV1 FKBP14 WSB1 CHORDC1 PTP4A1 
HBEGF CNPPD1 RGS2 RLF PPP1R3C NQO2 STK35 HSPA2 KDM6B MED10 EDEM1 HERC3 ARRDC4 KANSL1L FEM1C VLDLR PDK1 ATF3 SAP30 ABCA1 
MAPK7 ING2 ZEB2 USP32 PPP1R3B NMNAT1 FZD4 JUN SIAH2 STK40 SLC39A10 FUT11 PPP1R10 KCTD11 WBP2 DNAJB2 CHTOP METTL2B ACER2 
ARRDC3 METTL2A DDIT4 TNFRSF10B STC2 ASCC1 NUP58 RRAGA MCFD2 POM121 SERTAD1 ERO1A POM121C
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3.30E-06 149 Aromatic compound 
biosynthetic process

SNAPC1 RRM2B CTDP1 GPBP1 PFKP EED NFE2L1 PGK1 KLF5 PTGES3 AMPD2 ETV3 KLF7 DNAJB1 MED10 SAP130 DNAJB5 ING1 KLF10 CIART HK2 
SAP30 PCF11 ING2 JUNB HDAC3 DCAKD NMNAT1 JUN SPTY2D1 SP1 HEXIM1 SMG5 ID2 ZEB2 ZNF395 MXD1 RORA JMJD6 HSP90AA1 TGFB2 CREM 
RBFOX2 ZNF175 KDM4C VEGFA ABCB6 NR4A3 MXI1 BHLHE41 ATF1 NR4A1 SNAI1 INSIG2 GZF1 ZBTB1 EDA2R THAP1 BHLHE40 EGLN1 ASCC1 BCL10 
NPAT RUNX1 AK4 ATF3 YEATS2 POLR2H MAP3K2 MLLT3 FZD4 DDIT3 MAFF INSIG1 FAM83G TRIM33 HSPA1A AK2 KDM7A AFF4 FBXW11 ZBTB25 
UPRT ADNP2 POLI HBP1 ALDOC BIRC2 LOX IL1A KDM3A PANK2 PAICS PPAT ZNF331 WBP2 KDM6B MICAL2 FGF7 VGLL4 EAF1 RBAK ZNF41 VLDLR 
PDK1 AGPAT5 CNOT8 EMSY RYBP DDIT4 POLR3D PDE7B SERTAD2 SIAH2 DDX41 ZFP69B IL1RAP SERTAD1 SRA1 ZNF407 ZNF432 MAPK7 IPPK USPL1 
SMYD2 BAG3 MAP2K1 PPID EIF2AK3 FANK1 HSPA1B RLF TNIP1 PIAS2 BTAF1 LDHA NEDD4L PTGS2 SCD RNMT PFKFB4 EGLN3 NUP58 NOCT LSM11 
PFKFB3 CSTF3 POM121 POM121C

4.39E-06 152 Organic cyclic compound 
biosynthetic process

SNAPC1 RRM2B CTDP1 GPBP1 PFKP EED NFE2L1 PGK1 KLF5 PTGES3 AMPD2 ETV3 KLF7 DNAJB1 MED10 SAP130 DNAJB5 ING1 KLF10 CIART HK2 
SAP30 PCF11 ING2 JUNB HDAC3 DCAKD NMNAT1 JUN SPTY2D1 SP1 HEXIM1 SMG5 ID2 ZEB2 ZNF395 MXD1 RORA JMJD6 HSP90AA1 TGFB2 CREM 
RBFOX2 ZNF175 KDM4C VEGFA ABCB6 NR4A3 MXI1 BHLHE41 ATF1 NR4A1 SNAI1 INSIG2 GZF1 ZBTB1 EDA2R THAP1 BHLHE40 EGLN1 ASCC1 BCL10 
NPAT RUNX1 AK4 ATF3 YEATS2 POLR2H MAP3K2 MLLT3 FZD4 DDIT3 MAFF INSIG1 FAM83G TRIM33 HSPA1A AK2 KDM7A ALDH18A1 AFF4 FBXW11 
ZBTB25 UPRT ADNP2 POLI HBP1 ALDOC BIRC2 LOX IL1A KDM3A PANK2 PAICS PPAT ZNF331 WBP2 KDM6B MICAL2 FGF7 VGLL4 EAF1 RBAK ZNF41 
VLDLR PDK1 AGPAT5 CNOT8 EMSY RYBP DDIT4 POLR3D PDE7B SERTAD2 SIAH2 ACBD3 DDX41 ZFP69B IL1RAP SERTAD1 SRA1 ZNF407 ZNF432 
MAPK7 IPPK USPL1 SMYD2 BAG3 MAP2K1 PPID EIF2AK3 FANK1 HSPA1B RLF TNIP1 PIAS2 BTAF1 LDHA NEDD4L PTGS2 SCD RNMT PFKFB4 EGLN3 
NUP58 ADM NOCT LSM11 PFKFB3 CSTF3 POM121 POM121C

5.36E-06 10 De novo posttranslational 
protein folding

HSPE1 HSPA2 DNAJB1 DNAJB5 HSPA6 HSPA1B HSPA1A PTGES3 ERO1A HSPH1

6.00E-06 28 Response to oxygen levels VEGFA ALKBH5 PGK1 FAM162A EGLN1 DDIT4 BIRC2 STC2 SLC2A1 ADM STC1 HK2 ANGPTL4 PRKCE BNIP3 LONP1 ERO1A PTGS2 NDRG1 EGLN3 
HILPDA PMAIP1 PLOD2 BNIP3L RORA TGFB2 PDK1 MGARP

7.52E-06 21 Protein folding DNAJC25 PTGES3 HSPE1 HSPA2 DNAJB1 DNAJB2 DNAJB5 PPID HSPA6 ERO1A HSPA1B HSPA1A DNAJA4 HSP90AA1 DNAJA1 GRPEL1 CHORDC1 
HSPH1 HSPA4L BAG3 NGLY1

7.91E-06 42 Regulation of cellular 
response to stress

EDA2R DDIT3 HERPUD1 DNAJA1 PPP1R15A TGFB2 GADD45B VEGFA GADD45A RELL2 ERN1 INSIG1 HSPA1A PTGS2 NFE2L1 CHORDC1 NR4A3 
EDEM1 ING2 MAP2K1 UBE2V2 ZEB2 FZD4 PPP1R10 SNAI1 PMAIP1 SMYD2 MAPK7 HDAC3 EIF2AK3 PJA2 DNAJB9 HSP90AA1 PTGES3 HSPH1 DNAJB1 
NUP58 BAG3 MAP3K2 POM121 HSPA1B POM121C

9.77E-06 10 De novo protein folding HSPE1 HSPA2 DNAJB1 DNAJB5 HSPA6 HSPA1B HSPA1A PTGES3 ERO1A HSPH1

1.40E-05 138 Cellular protein modifica-
tion process

UBE3C UBA6 USP28 NEDD4L ATG5 CTDP1 TRIB2 P4HA2 FBXW11 PIK3C3 UBA5 PPP1R15A TGFB2 GADD45B ATG4A FBL VEGFA LOX KDM3A GADD45A 
P4HA1 PRKRIP1 EDA2R USP37 CCNG2 ESCO1 WDR45B RNF217 NGLY1 PLOD2 PIGA MAP2K1 UBE2V2 MAP3K2 B3GNT2 PRKCE HDAC3 HEXIM1 
DZIP3 PJA2 PPME1 KDM7A BIRC3 JMJD6 PIAS2 HSP90AA1 DNAJA1 VCPKMT USP11 KDM4C BIRC2 PARP11 ERRFI1 PPP4R4 OARD1 EGLN3 USPL1 
EGLN1 FGF7 BCL10 SMYD2 METTL21A TNIP1 FBXO32 KLHL21 RYBP YEATS2 RELL2 PPID EIF2AK3 RAB6A ERN1 TRIM33 ADARB1 HSPA1B HSPA1A 
SCYL3 HERPUD1 OPN3 PTGS2 EED NFE2L1 RNF24 RIOK3 ZC3HAV1 FKBP14 WSB1 CHORDC1 PTP4A1 HBEGF CNPPD1 RGS2 RLF PPP1R3C NQO2 
STK35 HSPA2 KDM6B MED10 EDEM1 HERC3 ARRDC4 KANSL1L FEM1C VLDLR PDK1 ATF3 SAP30 ABCA1 MAPK7 ING2 ZEB2 USP32 PPP1R3B 
NMNAT1 FZD4 JUN SIAH2 STK40 SLC39A10 FUT11 PPP1R10 KCTD11 WBP2 DNAJB2 CHTOP ACER2 ARRDC3 DDIT4 TNFRSF10B STC2 NUP58 RRAGA 
MCFD2 POM121 SERTAD1 ERO1A POM121C

1.40E-05 138 Protein modification 
process

UBE3C UBA6 USP28 NEDD4L ATG5 CTDP1 TRIB2 P4HA2 FBXW11 PIK3C3 UBA5 PPP1R15A TGFB2 GADD45B ATG4A FBL VEGFA LOX KDM3A GADD45A 
P4HA1 PRKRIP1 EDA2R USP37 CCNG2 ESCO1 WDR45B RNF217 NGLY1 PLOD2 PIGA MAP2K1 UBE2V2 MAP3K2 B3GNT2 PRKCE HDAC3 HEXIM1 
DZIP3 PJA2 PPME1 KDM7A BIRC3 JMJD6 PIAS2 HSP90AA1 DNAJA1 VCPKMT USP11 KDM4C BIRC2 PARP11 ERRFI1 PPP4R4 OARD1 EGLN3 USPL1 
EGLN1 FGF7 BCL10 SMYD2 METTL21A TNIP1 FBXO32 KLHL21 RYBP YEATS2 RELL2 PPID EIF2AK3 RAB6A ERN1 TRIM33 ADARB1 HSPA1B HSPA1A 
SCYL3 HERPUD1 OPN3 PTGS2 EED NFE2L1 RNF24 RIOK3 ZC3HAV1 FKBP14 WSB1 CHORDC1 PTP4A1 HBEGF CNPPD1 RGS2 RLF PPP1R3C NQO2 
STK35 HSPA2 KDM6B MED10 EDEM1 HERC3 ARRDC4 KANSL1L FEM1C VLDLR PDK1 ATF3 SAP30 ABCA1 MAPK7 ING2 ZEB2 USP32 PPP1R3B 
NMNAT1 FZD4 JUN SIAH2 STK40 SLC39A10 FUT11 PPP1R10 KCTD11 WBP2 DNAJB2 CHTOP ACER2 ARRDC3 DDIT4 TNFRSF10B STC2 NUP58 RRAGA 
MCFD2 POM121 SERTAD1 ERO1A POM121C

1.65E-05 122 Positive regulation of 
metabolic process

NEDD4L TRIB2 NFE2L1 PPP1R15A TGFB2 GADD45B PGK1 VEGFA GADD45A UPF3B EDA2R MED10 DNAJB2 RNF217 ING1 ING2 MAP2K1 MAP3K2 
JUNB HDAC3 JUN HSPA1B HSPA1A ID2 ZEB2 BIRC3 HERPUD1 RORA JMJD6 TFRC HSP90AA1 KLF5 ZNF175 ZC3HAV1 BIRC2 PTGES3 FAM162A IL1A 
KLF7 NR4A3 ATF1 NR4A1 INSIG2 FGF7 PMAIP1 BCL10 TNIP1 NPAT KLF10 RUNX1 ATF3 RELL2 MLLT3 SNX33 FZD4 DDIT3 ERN1 MAFF SP1 INSIG1 
KDM7A GPBP1 FBXW11 PTGS2 EED CREM KDM4C HBEGF KDM3A CACYBP SNAI1 NQO2 HSPA2 WBP2 KDM6B MICAL2 EDEM1 EGLN1 VLDLR NOCT 
RYBP IL7R UBE2V2 PRKCE NMNAT1 BNIP3 ZFAND2A SERTAD2 DDX41 SECISBP2 SLC39A10 SERTAD1 SRA1 EGLN3 BNIP3L MAPK7 IPPK EIF4A3 BAG3 
CNOT8 HK2 CHTOP EIF2AK3 ACER2 PJA2 FANK1 PPP1R10 ARRDC3 ARRDC4 SCD RLF SLX1A ACTC1 PIAS2 HSPE1 TNFRSF10B PFKFB4 HSPH1 ADM 
POLR2H PIGA PFKFB3
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2.36E-05 16 Cellular response to 
unfolded protein

HSPA2 HSPA6 ERN1 HSPA1B HSPA1A EIF2AK3 HERPUD1 STC2 ATF3 DDIT3 ERO1A BAG3 DNAJB9 PPP1R15A FKBP14 EDEM1

2.56E-05 21 Response to temperature 
stimulus

HSP90AA1 HSPA2 HSPA6 HSPA1B HSPA1A IL1A BAG3 PTGS2 NFE2L1 DNAJA1 CHORDC1 DNAJA4 ADM EIF2AK3 PTGES3 HSPH1 DNAJB1 NUP58 
POM121 ERO1A POM121C

3.94E-05 22 Response to endoplasmic 
reticulum stress

PPP1R15A DNAJB2 ANKZF1 DDIT3 ERN1 HERPUD1 UBA5 TNFRSF10B ATF3 EIF2AK3 HSPA1A NFE2L1 UBXN8 CCDC47 STC2 DNAJB9 EDEM1 ERO1A 
TMX1 JUN FKBP14 PMAIP1

5.14E-05 17 Cellular response to topo-
logically incorrect protein

HSPA2 ANKZF1 HSPA6 ERN1 HSPA1B HSPA1A EIF2AK3 HERPUD1 STC2 ATF3 DDIT3 ERO1A BAG3 DNAJB9 PPP1R15A FKBP14 EDEM1

5.68E-05 112 Positive regulation of cel-
lular metabolic process

TRIB2 NFE2L1 PPP1R15A TGFB2 GADD45B PGK1 VEGFA GADD45A UPF3B EDA2R MED10 DNAJB2 RNF217 ING1 ING2 MAP2K1 MAP3K2 JUNB 
HDAC3 JUN HSPA1B HSPA1A ID2 ZEB2 BIRC3 HERPUD1 RORA JMJD6 TFRC HSP90AA1 KLF5 ZNF175 ZC3HAV1 BIRC2 PTGES3 FAM162A KLF7 NR4A3 
ATF1 NR4A1 INSIG2 FGF7 PMAIP1 BCL10 TNIP1 NPAT KLF10 RUNX1 ATF3 RELL2 MLLT3 SNX33 FZD4 DDIT3 ERN1 MAFF SP1 INSIG1 KDM7A GPBP1 
FBXW11 PTGS2 EED CREM HBEGF IL1A KDM3A CACYBP SNAI1 NQO2 HSPA2 WBP2 KDM6B MICAL2 EDEM1 EGLN1 VLDLR RYBP UBE2V2 PRKCE 
NMNAT1 BNIP3 ZFAND2A SERTAD2 DDX41 SLC39A10 SERTAD1 SRA1 EGLN3 BNIP3L MAPK7 IPPK EIF4A3 BAG3 CNOT8 HK2 CHTOP EIF2AK3 ACER2 
PJA2 FANK1 PPP1R10 ARRDC3 ARRDC4 RLF SLX1A PIAS2 HSPE1 TNFRSF10B PFKFB4 ADM PFKFB3

6.64E-05 17 Ribonucleoside mono-
phosphate biosynthetic 
process

PFKP PGK1 AMPD2 HK2 AK2 UPRT ALDOC PAICS PPAT AK4 DDIT4 LDHA PFKFB4 NUP58 PFKFB3 POM121 POM121C

6.64E-05 112 Positive regulation of 
macromolecule metabolic 
process

NEDD4L TRIB2 NFE2L1 PPP1R15A TGFB2 GADD45B VEGFA GADD45A UPF3B EDA2R MED10 DNAJB2 RNF217 ING1 ING2 MAP2K1 MAP3K2 JUNB 
HDAC3 JUN HSPA1B HSPA1A ID2 BIRC3 HERPUD1 RORA JMJD6 TFRC HSP90AA1 KLF5 ZNF175 ZC3HAV1 BIRC2 PTGES3 FAM162A IL1A KLF7 NR4A3 
ATF1 NR4A1 INSIG2 FGF7 PMAIP1 BCL10 TNIP1 NPAT KLF10 RUNX1 ATF3 RELL2 MLLT3 SNX33 FZD4 DDIT3 ERN1 MAFF SP1 INSIG1 KDM7A GPBP1 
FBXW11 PTGS2 EED CREM KDM4C HBEGF KDM3A CACYBP SNAI1 NQO2 HSPA2 WBP2 KDM6B MICAL2 EDEM1 EGLN1 VLDLR NOCT RYBP IL7R 
UBE2V2 ZEB2 PRKCE NMNAT1 ZFAND2A SERTAD2 DDX41 SECISBP2 SLC39A10 SERTAD1 SRA1 EGLN3 MAPK7 IPPK EIF4A3 CNOT8 CHTOP EIF2AK3 
ACER2 PJA2 FANK1 PPP1R10 ARRDC3 ARRDC4 RLF SLX1A ACTC1 PIAS2 HSPE1 TNFRSF10B HSPH1 POLR2H

6.97E-05 15 Pyruvate metabolic 
process

PFKP PGK1 HK2 ALDOC NR4A3 PDK1 DDIT4 LDHA PFKFB4 NUP58 SLC16A3 SLC16A1 PFKFB3 POM121 POM121C

6.97E-05 136 Response to stress USP28 ATG5 RORA HSP90AA1 PPP1R15A BNIP3L VEGFA HSPA2 EDA2R DNAJB2 GABARAPL1 IFIT5 RRAGA ANKZF1 MAP2K1 UBE2V2 MAP3K2 HSPA6 
DDIT3 ERN1 HSPA1B HSPA1A LONP1 HERPUD1 UBA5 DNAJA1 ALKBH5 TGFB2 GADD45B PGK1 FAM162A IL1A GADD45A TNFRSF10B INSIG2 DNAJB1 
EGLN1 WDR45B PMAIP1 BCL10 BAG3 ATF3 RELL2 DDIT4 POLR3D HDAC3 EIF2AK3 BNIP3 ACER2 INSIG1 HEXIM1 RRM2B PTGS2 PIK3C3 NFE2L1 
ATRN ADNP2 POLI RIOK3 KLF5 BLOC1S6 UBXN8 ZNF175 ZC3HAV1 CCDC47 CHORDC1 PANX1 BIRC2 HBEGF LOX STC2 ID2 ERRFI1 SLC2A1 NR4A3 
ZBTB1 DNAJB9 EGLN3 SLX1A KDM6B SYT11 EDEM1 ASCC1 RAB20 DNAJA4 TNIP1 ADM KLF10 EMSY STC1 HK2 ANGPTL4 ING2 ZEB2 PRKCE ETFDH 
NMNAT1 FZD4 JUN DDX41 IL1RAP XRCC2 ADARB1 ERO1A NDRG1 HILPDA DNAJB5 PLOD2 ABCA1 PPP1R10 SNAP23 KANK1 SNAI1 OARD1 TMX1 
SMYD2 PDK1 MAPK7 PJA2 MGARP HSPA4L SP1 BIRC3 FBXW11 FKBP14 PTGES3 HSPE1 HSPH1 NUP58 FGF7 CTSK CNOT8 POLR2H MAFF POM121 
POM121C
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Table 6. Upregulated and downregulated genes for the GO molecular function term “nuclear receptor”
Genes

Upregulated NR4A3, NR4A1, SRA1
Downregulated NR2C1, ARID1A, NSD1, RBM14-RBM4, TRIP4, NCOA6, PNRC2, SMARCE1, BAZ2A, PPRC1, NCOA2
GO: Gene Ontology.

Table 5. Activated KEGG pathway in EMosis-CC/TERT1 cells treated with 5 μM TPEN
Enrichment 
FDR

Genes 
in list Functional Category Genes

1.33E-06 18 Protein processing in 
endoplasmic reticulum

SEC24A HSPH1 DDIT3 ERN1 HSPA4L SEC61G PPP1R15A ERO1A DNAJB2 DNAJA1 HSPA2 
HSPA6 HSP90AA1 DNAJB1 NGLY1 EIF2AK3 EDEM1 HERPUD1

0.000578518 11 HIF-1 signaling 
pathway

EGLN3 HK2 LDHA PDK1 PFKFB3 PGK1 EGLN1 MAP2K1 SLC2A1 TFRC VEGFA

0.000779509 12 Autophagy RRAGA ATG4A ERN1 GABARAPL1 PIK3C3 DDIT4 MAP2K1 BNIP3 ATG9A RAB33B EIF2AK3 
ATG5

0.001001379 12 Apoptosis CTSK GADD45A DDIT3 ERN1 BIRC2 BIRC3 JUN GADD45B PMAIP1 MAP2K1 TUBA4A 
TNFRSF10B

0.001557942 8 Mitophagy GABARAPL1 JUN BNIP3 BNIP3L SP1 ATG9A EIF2AK3 ATG5

0.001557942 8 Central carbon me-
tabolism in cancer

HK2 LDHA PDK1 PFKP MAP2K1 SLC2A1 SLC7A5 SLC16A3

0.009185506 5 Fructose and man-
nose metabolism

ALDOC HK2 PFKFB3 PFKFB4 PFKP

0.009185506 16 MAPK signaling 
pathway

MAP3K2 GADD45A DDIT3 FGF7 FLNC NR4A1 HSPA2 HSPA6 IL1A IL1RAP JUN GADD45B 
MAPK7 MAP2K1 TGFB2 VEGFA

0.009185506 5 Autophagy ATG4A GABARAPL1 PIK3C3 ATG9A ATG5

0.009185506 7 Renal cell carcinoma EGLN3 JUN EGLN1 MAP2K1 SLC2A1 TGFB2 VEGFA

0.024622491 9 FoxO signaling 
pathway

FBXO32 GADD45A GABARAPL1 IL7R GADD45B MAP2K1 BNIP3 TGFB2 CCNG2

0.028306059 7 Colorectal cancer GADD45A JUN GADD45B PMAIP1 MAP2K1 RALGDS TGFB2

0.036071076 7 MRNA surveillance 
pathway

CSTF3 SMG5 PCF11 NXT2 UPF3B RNMT EIF4A3

0.039177861 6 P53 signaling pathway GADD45A GADD45B RRM2B PMAIP1 TNFRSF10B CCNG2

0.039177861 4 Circadian rhythm FBXW11 RORA BHLHE41 BHLHE40

0.039177861 21 Pathways in cancer EGLN3 GADD45A FGF7 GNG4 BIRC2 BIRC3 HSP90AA1 IL7R JUN GADD45B PMAIP1 EGLN1 
MAP2K1 PTGS2 RALGDS SLC2A1 SP1 TGFB2 VEGFA FZD4 RUNX1

0.045146468 6 Pancreatic cancer GADD45A GADD45B MAP2K1 RALGDS TGFB2 VEGFA

0.045513973 8 Purine metabolism PAICS AK2 AK4 AMPD2 PDE7B RRM2B PPAT ADPRM

0.045513973 4 SNARE interactions in 
vesicular transport

YKT6 BET1L VAMP1 SNAP23

0.045513973 10 Transcriptional mis-
regulation in cancer

GADD45A DDIT3 BIRC3 ID2 MLLT3 GADD45B ATF1 SP1 NR4A3 RUNX1

ARID1A and SRA1 were associated with 
SMARCD1 and ATF1

Figure 3A shows the results of the PPI analysis 
of SRA1 in EMosis cells. ATF1, ATF3, and DDIT3 
were extracted from the upregulated DEGs. 
CREB1, EGR1, DDX5, UBE2Z, NCOA2, GTF2B, 
and GTF3C5 were extracted from downregulat-
ed DEGs. Figure 3B shows the PPI network 
analysis of ARID1A in the EMosis cells. ING1 
was extracted from the upregulated DEGs. 
BAZ1B, SMARCD1, SMARCE1, and SMAD3 
were extracted from the downregulated DEGs 
in PPI network analysis.

Zinc affected SRA1 gene expression and 
ARID1A expression in immortalized endome-
trial epithelial cells

SRA1 mRNA expression in EMosis cells is 
shown in Figure 4A. SRA1 mRNA levels 
increased in response to the 24-h incubation 
with 5 μM TPEN compared to cells without 
TPEN (P=0.039, Figure 4A). SRA1 mRNA levels 
were unchanged in response to 24-h incuba-
tion with 5 μM TPEN and 10 μM zinc compared 
with cells without TPEN (P=0.955, Figure 4A). 
Figure 4B shows the mRNA expression of 
ARID1A in the EMosis cells. ARID1A mRNA lev-
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Figure 3. ARID1A and SRA1 were associated with SMARCD1 and ATF1. A, B. The results of the protein-protein net-
work analysis for SRA1 and ARID1A in EMosis cells. ATF1, ATF3, and DDIT3 were extracted from the upregulated 
DEGs. CREB1, EGR1, DDX5, UBE2Z, NCOA2, GTF2B, and GTF3C5 were extracted from downregulated DEGs. ING1 
was extracted from the upregulated DEGs. BAZ1B, SMARCD1, SMARCE1, and SMAD3 were extracted from down-
regulated DEGs. SRA1, steroid receptor RNA activator 1; ARID1A, AT-rich interaction domain 1A; DEGs, differentially 
expressed genes.

Figure 4. Zinc status affected SRA1 and ARID1A expression in immortal-
ized endometrial cells. (A) SRA1 mRNA expression in the EMosis cells. SRA1 
mRNA levels increased in response to 24-h incubation with 5 μM TPEN com-
pared with cells without TPEN treatment (P=0.039, A) and did not change in 
cells treated with 5 μM TPEN and 10 μM zinc compared with cells without 
TPEN treatment (P=0.955, A). (B) ARID1A mRNA expression in the EMosis 
cells. ARID1A mRNA levels decreased in response to the 24-h incubation 
with 5 μM TPEN compared with the cells without TPEN (P<0.001, B) and 
did not change in cells treated with 5 μM TPEN and 10 μM zinc compared 
with the cells without TPEN treatment (P=0.927, B). *P<0.05, compared to 
the control. SRA1, steroid receptor RNA activator 1; ARID1A, AT-rich interac-
tion domain 1A; EMosis cells, endometrial epithelial cells; TPEN, N,N,N’,N’-
tetrakis 2-pyridylmethyl ethylenediamine.

els decreased in response to 
the 24-h incubation with 5 μM 
TPEN compared to the cells 
without TPEN (P<0.001, Fig- 
ure 4B). ARID1A mRNA levels 
were unchanged in response 
to the 24-h incubation with 5 
μM TPEN and 10 μM zinc com-
pared to the cells without TPEN 
(P=0.927, Figure 4B).

Discussion

This study investigated wheth-
er zinc deficiency was associ-
ated with ovarian endometrio-
sis (or endometrial cysts). We 
measured the serum zinc lev-
els in patients with ovarian 
endometrial cysts and non-
endometrial benign cysts and 
analyzed cell proliferation, mi- 
croarray data, and gene ex- 
pression in EMosis cells, which 
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are immortalized human endometrial epithelial 
cells derived from endometrial cysts of the 
ovary [28]. Endometrial cyst patients had consi-
derbaly lower zinc and ALP levels than non- 
endometrial benign cyst patients. Linear re- 
gression analysis adjusted for age, BMI, alcohol 
consumption, smoking, and supplement use 
revealed that endometrial cysts were signifi-
cantly associated with serum zinc levels 
(regression coefficient 7.98, 95% CI 0.36-
15.59, P=0.040). The proliferation of EMosis 
cells treated with TPEN 5 μM for 4 h was higher 
than that in untreated cells. Microarray analysis 
revealed that enriched CC was associated with 
the nucleus and enriched BP was associated 
with response to hypoxia. The enriched KEGG 
pathway included the HIF-1 signaling pathway. 
The EMosis cells treated with 5 μM TPEN dem-
onstrated increased SRA1 mRNA levels and 
decreased ARID1A mRNA levels, and 10 μM 
zinc suppressed changes in SRA1 or ARID1A 
mRNA levels caused by 5 μM TPEN. These 
results indicate that zinc deficiency might be 
associated with ovarian endometrial cysts.

This is the first study to show that endometrial 
cysts are associated with lower serum zinc and 
ALP levels in Japan. Previous studies have 
shown that low zinc intake and low zinc levels in 
whole blood and serum are linked to endome-
triosis [25-27]. Our result was supported by 
those of previous studies. Patients with endo-
metrial cysts had lower ALP levels than those 
with non-endometrial cysts, which seems plau-
sible because zinc deficiency reduces ALP 
levels and activity [38, 39]. In our study, 77.0 
μg/dL of zinc was observed in patients with 
endometrial cysts, which is within the range of 
marginal zinc deficiency of 60-80 μg/dL [40], 
suggesting that marginal zinc deficiency might 
contribute to endometrial cysts.

Our study demonstrates that changes in gene 
expression caused by zinc deficiency are linked 
to endometrial cysts. Low TPEN concentrations 
treatment for 4 h caused cells to proliferate. 
TPEN increases oxidative stress by lowering 
zinc [41]. Oxidative stress has been reported  
to promote the proliferation of ovarian endome-
trial epithelial cells [42]. However, cell prolifera-
tion might be inhibited by the toxicity of long 
TPEN exposure [41]. For the first time, we reve-
aled the changes in gene expression caused by 
zinc deficiency in EMosis cells. The enriched 

BPs included responses to hypoxia and decrea-
sed oxygen levels. In endometriosis, hyperoxia 
plays a crucial role [43] and enhances its pro-
gression [44, 45]. The enriched KEGG path- 
ways included HIF-1 signaling. This is plausible, 
as a previous study showed that zinc deficiency 
causes HIF-1α activation [46]. Another study 
showed that HIF-1α levels are markedly increa-
sed in patients with endometriosis [47]. Zinc 
deficiency might be responsible for the develo-
pment of endometrial cysts.

SRA1 is a long noncoding RNA (lncRNA) that 
acts as a coactivator of estrogen receptor α 
(ERα), ERβ, and progesterone receptors. SRA1 
plays a critical role in nuclear receptor-mediat-
ed hormone-dependent cancers such as estro-
gen-dependent breast cancer [48]. Oxidative 
stress and TGFβ expression could increase 
SRA1 expression in Emosis cells. TPEN increa-
ses oxidative stress by lowering zinc [41]. The 
previous study has shown that X-ray-induced 
oxidative stress increased SRA1 expression in 
TK6 cells [49]. An important factor in the deve-
lopment of endometriosis is oxidative stress 
[50]. Oxidative stress caused by low zinc might 
contribute to the development of endometrio-
sis by promoting SRA1 expression. 

SRA1 might play a role in TGF-β2 expression. A 
previous report has demonstrated SRA1 deple-
tion reduced TGF-β2 expression in MCF-7cell 
[51]. Previous study has shown that endome-
triotic cell lines (12Z and 22B) secreted consi-
derably higher levels of TGF-β2 compared to 
normal endometrial cell lines (T-HESC). TGF-β2 
might enhance endometrial cell shedding by 
increasing Plasminogen activator inhibitor-1 
(PAI-1) levels, which may contribute to endome-
triosis [52]. In our microarray analysis, TPEN 
significantly increased TGFβ2 gene expression 
in Emosis cells (P<0.001, fold change: 3.6254). 
Thus, TGFβ2 expression might be associated 
with SRA1 expression, promoting development 
of endometrial cyst.

Previous studies have revealed that SRA1 sti-
mulates cellular proliferation, and SRA1 siRNA 
promotes apoptosis and decreases the prolife-
ration of endometrial stromal cells [36, 53]. 
The SRA1 gene has been reported to increase 
the transcriptional activity of ERα and ERβ [54]. 
ERα increases the expression of genes for cell 
survival/growth and cell cycle [55]. In a mouse 
model, ERα contributed to endometriosis deve-



Zinc deficiency and ovarian endometriosis

1061	 Am J Cancer Res 2023;13(3):1049-1066

lopment [56]. Furthermore, SRA1 is involved in 
the cell cycle; increased expression of SRA1 
has been reported to downregulate CDKN1A 
and CDKN1B expression [57]. In our microarray 
analysis of Emosis cells, CDKN1A and CDKN1B 
expression were significantly decreased (CD- 
KN1A; fold change: 0.6582 and P=0.0188, 
CDKN1B; fold change: 0.4565 and P<0.001), 
whereas that of SAR1 was increased. SRA1 
might increase the transcriptional activity of 
ERα and decrease CDKN1A and CDKN1B 
expression. This might lead to endometrial cyst 
cell growth.

A previous study has shown that SRAP (SRA1 
protein) expression is increased in ovarian 
endometriosis epithelial cells when ovarian 
mature cystic teratomas are used as controls 
[58]. SRAP has been found to interact with a 
variety of transcription factors, such as FOS 
[59], GATA1 [60], and ETS1 [61], which are 
essential transcription factors for tumorigene-
sis and development [62]. Among these, SRAP 
has been shown to interact with ATF1 [62]. 
There has been no study reporting how the inte-
raction between ATF1 and SRAP regulates 
endometriosis. ATF1 plays a pivotal role in cell 
survival and proliferation. Previous studies 
have shown that increased expression of ATF1 
in lymphoma and metastatic melanoma cells 
was associated with the proliferative potential 
of these tumor cells and cell survival [63, 64]. 
Furthermore, ATF1 has been reported to be 
involved in ERK1/2 and p38 mitogen-activated 
protein kinase (MAPK) pathways in endometrio-
sis [65]. Thus, increased SRAP and ATF1 inte-
ractions might be involved in endometrial cyst 
development. Therefore, SRA1 expression is 
associated with zinc deficiency in EMosis cells; 
increased SRA1 expression caused by zinc defi-
ciency enhances the development of endome-
trial cysts.

In 20% of all human malignancies, genes enco-
ding subunits of switch/sucrose non-fermen-
ting (SWI/SNF) chromatin remodeling comple-
xes are mutated. ARID1A is an SWI/SNF subunit 
gene, frequently mutated depending on the 
molecular and histological subtypes of cancer 
[66]. The suppression of ARID1A leads to in- 
creased proliferation, migration, and invasion 
of cells [67, 68]. The previous study has shown 
oxidative stress using H2O2 suppressed ARID1A 
expression in primary cells from ovarian endo-

metrial epithelial cells [42]. In the present 
study, the increased oxidative stress due to 
zinc deficiency might decrease ARID1A expres-
sion in EMosis cells. A previous report has 
shown that loss of ARID1A expression and acti-
vation of the PI3K/AKT pathway, such as via 
mutations in PIK3CA encoding the catalytic 
subunit p110α, of PI3K coexist in endometrio-
sis and endometriosis-associated ovarian can-
cer tissues [69]. siRNA knockdown of ARID1A 
increases Akt phosphorylation in both endome-
trioid and nasopharyngeal cancer cell lines. 
This indicates that ARID1A regulates the PI3K/
Akt pathway [68, 70]. PIK3IP1 inhibits PI3K/Akt  
signaling. A previous study has shown that 
ARID1A binds to the PIK3IP1 promoter and pro-
motes PIK3IP1 expression in ovarian clear cell 
carcinoma OVISE cells [71]. Based on these fin-
dings, ARID1A might be downregulated by oxi-
dative stress due to low zinc content, which 
activates the PI3K/AKT pathway, thereby pro-
moting the proliferation of endometrial epithe-
lial cells. Uterine-specific Arid1a knock-out 
mice show increased epithelial proliferation as 
well as increased E2 signaling [72], suggesting 
that decreased ARID1A increased E2 signaling 
contributing to the development of endometrio-
sis. Furthermore, transcriptome analysis for 
uterus from uterine-specific ARID1A knock-out 
mice has shown the role of ARID1A in repres-
sing cell cycle-related genes and increasing 
progesterone receptors, especially PR-A and 
Kruppel-like factor 15 (KLF15), thereby inhibi-
ting proliferation of epithelium [72]. Thus, re- 
duction in ARID1A expression may contribute  
to the development of endometrial cysts.

A previous study has shown that ARID1A inte-
racts with SMARCD1 [73]. SMARCD1, as well as 
ARID1A, is one of the components that form 
SWI/SNF complexes [74]. A decreased SMAR- 
CD1 level caused an increase in and invasion of 
endometriotic stromal cells [75]. SWI/SNF com-
plexes normally have a role in tumor suppres-
sion [76]. SWI/SNF complexes coordinate with 
tissue-specific transcription factors to regulate 
the balance between lineage-specific gene acti-
vation and suppression of the proliferative pro-
gram [76]. Loss of ARID1A destabilizes other 
SWI/SNF subunits, including SMRCD1, and 
reduces their association; degradation of 
ARID1A disrupts nucleosomes flanking pluripo-
tent transcription factors [77]. Taken togeth- 
er, these reports suggest that a decrease in 
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ARID1A causes a decreased interaction with 
SMARCD1, which reflects the SWI/SNF instabi-
lity. That might lead to cancer pathway aggrava-
tion associated with the premalignant state. 
However, further studies are warranted.

Zinc supplements are effective in treating 
patients with dysmenorrhea, and a high-antio-
xidant diet containing zinc is effective in trea-
ting patients with endometriosis [25, 78]. En- 
dometriosis is mainly treated with hormonal 
drugs [79], and zinc supplementation may 
serve as a new treatment option for endome-
trial cysts. In addition, zinc supplementation 
may prevent ovarian cancer. Patients with ova-
rian cancer had lower serum zinc levels than 
patients with benign tumors and healthy con-
trols. Lower zinc levels cause mutations owing 
to increased oxidative stress [80]. Mutations 
and loss of function of ARID1A are associated 
with the development of clear cell and endo- 
metrioid carcinoma derived from endometrial 
cysts [81]. Additionally, our study revealed that 
zinc deficiency directly impacted ARID1A ex- 
pression. More research is needed to determi-
ne whether endometrial cysts in patients with 
low zinc levels might lead to clear cell carcino-
ma and ovarian endometrioid carcinoma.

This study has some limitations. The number of 
patients that participated in the study was 
small because the data were obtained from a 
single facility. Furthermore, zinc levels fluctuate 
according to the time of day and physical condi-
tion of the patient [82, 83]. One strength of this 
study was that all serum samples were collec-
ted under the same conditions. Animal model 
analysis is needed to determine if zinc status or 
zinc supplementation affects the formation of 
endometrial cysts.

In conclusion, patients with endometrial cysts 
had lower serum zinc levels than those with 
benign non-endometrial cysts. In immortalized 
endometrial epithelial cells, zinc deficiency 
increased cell proliferation and enhanced cellu-
lar response to hypoxia and the HIF-1α path- 
way. Zinc deficiency increased SRA1 expres-
sion and decreased ARID1A expression, both of 
which are linked to the development of endo-
metrial cyst. Zinc supplementation may repre-
sent a potential treatment for endometrial cyst.
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