
Translational Oncology 33 (2023) 101676

Available online 20 April 2023
1936-5233/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Original Research 

G0S2 promotes antiestrogenic and pro-migratory responses in ER+ and ER- 
breast cancer cells 

Andrea K. Corbet a, Emmanuel Bikorimana a, Raya I. Boyd a, Doha Shokry a, Kelly Kries a, 
Ayush Gupta a, Anneliese Paton a, Zhengyang Sun a, Zeeshan Fazal a, Sarah J. Freemantle a, Erik 
R. Nelson b,c,d,e, Michael J. Spinella a,c,d,e,*, Ratnakar Singh a,* 

a Department of Comparative Biosciences, University of Illinois Urbana-Champaign, Urbana, IL, 61801, USA 
b Department of Molecular and Integrative Physiology, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA 
c Carle Illinois College of Medicine University of Illinois Urbana-Champaign, Urbana IL 61801, USA 
d Carl R. Woese Institute for Genomic Biology, Anticancer Discovery from Pets to People Theme, University of Illinois Urbana-Champaign, Urbana IL 61801, USA 
e Cancer Center of Illinois, University of Illinois Urbana-Champaign, Urbana IL 61801, USA   

A R T I C L E  I N F O   

Keywords: 
G0S2 
Breast cancer 
Estrogen receptor 
Antiestrogen 
Epithelial mesenchymal transition 

A B S T R A C T   

G0/G1 switch gene 2 (G0S2) is known to inhibit lipolysis by inhibiting adipose triglyceride lipase (ATGL). In this 
report, we dissect the role of G0S2 in ER+ versus ER- breast cancer. Overexpression of G0S2 in ER- cells 
increased cell proliferation, while G0S2 overexpression in ER+ cells decreased cell proliferation. Transcriptome 
analysis revealed that G0S2 mediated distinct but overlapping transcriptional responses in ER- and ER+ cells. 
G0S2 reduced genes associated with an epithelial phenotype, especially in ER- cells, including CDH1, ELF3, 
STEAP4 and TACSTD2, suggesting promotion of the epithelial-mesenchymal transition (EMT). G0S2 also 
repressed estrogen signaling and estrogen receptor target gene signatures, especially in ER+ cells, including TFF1 
and TFF3. In addition, G0S2 overexpression increased cell migration in ER- cells and increased estrogen 
deprivation sensitivity in ER+ cells. Interestingly, two genes downstream of ATGL in fat utilization and very 
important in steroid hormone biosynthesis, HMGCS1 and HMGCS2, were downregulated in G0S2 overexpressing 
ER+ cells. In addition, HSD17B11, a gene that converts estradiol to its less estrogenic derivative, estrone, was 
highly upregulated in G0S2 overexpressing ER+ cells, suggesting G0S2 overexpression has a negative effect on 
estradiol production and maintenance. High expression of G0S2 and HSD17B11 was associated with improved 
relapse-free survival in breast cancer patients while high expression of HMGSC1 was associated with poor sur
vival. Finally, we deleted G0S2 in breast cancer-prone MMTV-PyMT mice. Our data indicates a complex role for 
G0S2 in breast cancer, dependent on ER status, that may be partially mediated by suppression of the estrogen 
signaling pathway.   

Introduction 

Breast cancer has the second-highest cancer mortality rate in women 
in the United States, superseded only by lung cancer [1]. Breast cancer is 
often categorized by cellular receptor expression, with about 70% of 
breast cancers being hormone receptor-positive (ER+/PR+) and human 
epidermal growth receptor 2-negative (HER2-), about 15% are 
ER-/HER2+, and 5–10% triple-negative (TNBC) [1,2]. Most standard 
treatments for breast cancer are receptor-targeting therapies, such as 
tamoxifen, a selective estrogen receptor modulator for ER+ cancers, or 
trastuzumab (Herceptin) for HER2+ cancers [3]. TNBC has a worse 

prognosis compared to ER+ breast cancer due to the lack of therapeutic 
targets and is associated with high-grade disease and aggressive 
metastasis [4]. However, despite a better prognosis, therapy resistance 
in ER+ breast cancer does occur, particularly resistance to endocrine 
therapy, and a portion of patients will experience relapse within 2 to 10 
years after primary treatment [1,5]. There is an extensive effort to better 
understand therapy resistance and relapse to identify biomarkers that 
can aid in patient prognosis, as well as identify new therapeutic targets 
in ER+ and TNBC. 

G0/G1 switch gene 2 (G0S2) was first identified in lymphocytes 
during the drug-induced transition from the G0 to G1 phase of the cell 
cycle, associating the protein with cell-cycle regulation [6]. G0S2 is 
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comprised of 103 amino acids and is highly conserved in vertebrates 
with no known homologs in invertebrates [7]. The tertiary structure of 
the G0S2 protein is unknown but proposed to consist of alpha-helices 
and unstructured regions [8,9]. Since its identification, G0S2 has been 
associated with several cellular processes, including cell-cycle regula
tion, inflammation, lipolysis, and cancer [6,7,10–13]. G0S2 has been 
extensively studied as a direct inhibitor of adipose triglyceride lipase 
(ATGL) [14,15], the rate-limiting enzyme in cellular triglyceride 
breakdown. G0S2 null mice have alterations in adiposity, energy bal
ance, and thermogenesis [14,16]. 

G0S2 is also silenced by gene promoter methylation in a variety of 
solid tumors and has been associated with terminal differentiation, cell 
cycle withdrawal, quiescence, and apoptosis [13,17–29]. G0S2 is a 
direct retinoic acid target gene associated with retinoic acid-mediated 
clinical remissions in acute promyelocytic leukemia [30,31]. Utilizing 
G0S2 null murine embryonic fibroblasts (MEFs) we demonstrated that 
G0S2 has properties of a classical tumor suppressor by antagonizing 
oncogene induced transformation [32]. G0S2 null MEFs have increased 
susceptibility to undergo transformation with mutated HRAS (V12) or 
EGFR. This activity of G0S2 was independent of ATGL [32]. We reported 
a role for G0S2 in ER+ breast cancer suppression as low G0S2 expression 
correlated with increased recurrence after antiestrogen therapy, and 
stable G0S2 overexpression sensitized ER+ breast cancer cells to 
tamoxifen and PI3K/mTOR inhibitors [33]. However, some reports 
suggest that G0S2 may also have tumor promoting properties, including 
one report that G0S2 knockdown in ER- MDA-MB-231 cells inhibited cell 
migration and epithelial-mesenchymal transition (EMT) [34–38]. 

In this report, we directly compare the effects of inducible G0S2 
expression in ER+ and ER- breast cancer cells. Overexpression of G0S2 
in ER- breast cancer cells increased cell proliferation while G0S2 over
expression in ER+ breast cancer cells decreased cell proliferation. G0S2 
mediated distinct but overlapping transcriptional responses in ER+ and 
ER- cells. This included promoting a more mesenchymal phenotype 
associated with cell migration, especially in ER- cells, and suppressing 
estrogen signaling, especially in ER+ cells. A major finding is that G0S2 
overexpression was associated with reduced estradiol availability by 
altering levels of key enzymes in steroidogenesis. The antiestrogen ef
fects apparently override the cancer promoting EMT effects in ER+ cells 
that are highly dependent on estrogen for growth and survival. This 
finding suggests that G0S2 may not only promote triglyceride storage 
but may also have a role in regulating local cholesterol and steroid 
hormones levels. In summary, our findings support a complex and cell 
context dependent role for G0S2 for both tumor promotion and sup
pression that we hypothesize may be mediated in part by local control of 
both fat degradation and cholesterol formation. In addition, our findings 
suggest an intriguing mechanism for G0S2 suppression of ER+ cells, 
namely limiting local estrogen availability. 

Materials and methods 

Derivation of G0S2 inducible cells 

ER+ T47D and ER- MDA-MB-231 cells were purchased from ATCC 
and maintained in high-glucose DMEM (Sigma) supplemented with 10% 
FBS (Invitrogen), 1% antibiotics (Corning), and 1% L-glutamine (Corn
ing). Tet-on system plasmids were purchased from VectorBuilder, and 
lentiviral stocks were generated using HEK293T cells as previously 
described [39]. The constructs were TRE-G0S2(pLV-Hygro-
TRE3G>hG0S2[NM_015714.3]) and TET-3G(pLV-Bsd-CMV>Tet3G). 
Lentivirus was added sequentially to target cells and selected sequen
tially in 7.0 μg/mL blasticidin followed by 3.0 μg/mL hygromycin. 
Tet-on inducible cells were maintained in tetracycline-free FBS (R&D 
Systems) media. Pilot experiments determined that 0.5 μg/mL doxycy
cline was sufficient for robust induction of G0S2 expression in both 
T47D and MDA-MB-231 cells as determined by Western blot (Fig. 1A). 

Cell proliferation assays 

Cells were treated with 0.5 μg/mL doxycycline for 15 days and then 
assessed for cell proliferation by CellTiter-Glo (Promega). The time point 
of 15 days of G0S2 induction was chosen as pilot experiments deter
mined that prominent proliferative effects did not begin until 12 days of 
G0S2 induction. Briefly, an equal number of cells were plated in 24-well 
plates in four biological replicates at 20,000 cells per well, and viable 
cell numbers were estimated for 6 consecutive days using the CellTiter- 
Glo assay. Estrogen-depleted assays were performed by replacing stan
dard media with phenol red-free media (Sigma), charcoal-stripped FBS 
(Invitrogen), and 1% sodium pyruvate (Corning) one day after cell 
plating. 

RNA-sequencing and gene set enrichment and gene signature analysis 

RNA was extracted from cells in biological triplicate using the 
RNeasy Mini Kit (Qiagen). RNA sequencing was performed by the Roy J. 
Carver Biotechnology Center. RNA-seq libraries were prepared using the 
TruSeq Stranded mRNA Sample Prep kit (Illumina). The libraries were 
sequenced on a HiSeq 4000 using HiSeq 4000 sequencing kit version 1. 
Quality control of reads generated from RNA sequencing was performed 
using FASTQC. Trimmomatic was used to remove the low-quality bases 
from starts and ends with a threshold of LEADING <28 and TRAILING 
<28, respectively, with a minimum length of 30. The resulting clean 
reads were then aligned to human genome assembly NCBI GRCh38.p12 
using STAR aligner. The resulting aligned reads from STAR aligner were 
used to count the reads mapping to each gene in each sample using 
feature counts. All the samples have comparable numbers of reads and 
comparable quality scores. The mean quality value across each base 
position in the read was >30 representing a 99.9% base call accuracy. 
Differentially expressed genes were identified by Limma Bioconductor 
package. The RNA-seq datasets from this study have been submitted to 
the NCBI Database of GEO Datasets (GSE227698). Gene set enrichment 
analysis (GSEA) was performed using a maximum and minimum gene 
set size of 500 and 15, respectively. The number of permutations was 
1000 and the permutation type was gene_set. 

Western blots and real-time PCR 

For Western blots, cells were lysed in radioimmune precipitation 
(RIPA) buffer and separated by SDS-PAGE. RIPA buffer consisted of 50 
mM Tris–HCl, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 1.0% 
(v/v) NP-40, 1.0 mM EDTA, 0.1% (w/v) SDS, and 0.01% (w/v) sodium 
azide at a pH of 7.4. A 100X Protease and phosphatase inhibitor cocktail 
was added to RIPA buffer just before use. G0S2 antibody (12,091-AP) 
was purchased from ProteinTech and the actin antibody was from 
Thermo Fisher (MA1–744). For real-time PCR, total cellular RNA was 

Abbreviations 

ATGL adipose triglyceride lipase 
EMT epithelial-mesenchymal transition 
ER estrogen receptor 
G0S2 G0/G1 switch gene 2 
GSEA gene set enrichment analysis 
MEF murine embryonic fibroblast 
MMTV mouse mammary tumor virus 
PyMT polyoma middle T antigen (PyMT) 
TNBC triple-negative breast cancer  
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isolated using the RNeasy Mini Kit (Qiagen), and complementary DNAs 
(cDNAs) were synthesized using High-Capacity cDNA Reverse Tran
scription Kit iScript Reverse Transcription Supermix (Thermo Fisher 
ScientificBio-Rad Laboratories). Quantitative real-time PCR assays were 
performed with PowerUp SYBR Green Master Mix iTaq Universal SYBR 
Green Supermix (Thermo Fisher ScientificBio-Rad Laboratories) and the 
QuantStudio 3 Real-time System (Thermo Fisher) normalized to GAPDH 
as described [39]. Primer sequences are available on request. 

In silico and survival analysis 

The 1903 patient METABRIC breast cancer dataset from TCGA was 
assessed via cBioPortal. High expressions of G0S2, HSD17B11, and 
HMGSC1 were each defined as 1.0 SD above the mean and Kaplan–Meier 
log-rank tests were performed using the cBioPortal survival web tool. 
The cBioPortal co-expression web tool and the METABRIC dataset were 
used to assess the co-expression patterns of G0S2, HSD17B11, and 
HMGSC1. 

Wound healing assay 

T47D cells and MDA-MB-231 cells were plated in 24-well plates with 
silicone inserts (Ibidi) to provide uniform wounds, and the assay was 
carried out according to the provided protocol. Images were obtained 
immediately after the inserts were removed, then every 9 h for MDA-231 
cells and every 24 h for T47D cells. 

Estrone ELISA 

Uninduced and induced cells were seeded at 300,000 cells per well in 
six-well plates in phenol red-free media with charcoal-stripped FBS and 
supplemented with 1.0 pM estradiol (Sigma). A competitive estrone 
ELISA kit was purchased from Invitrogen and performed according to 
the provided protocol. Estrone concentrations were normalized to cell 
number. 

Fig. 1. Inducible expression of G0S2 has contrast
ing effects on proliferation of ER- and ERþ cells. (A) 
G0S2 Immunoblot of ER- MDA-MB-231 and ER+ T47D 
cells after doxycycline (Dox) induction of G0S2 for 3 
and 15 days. (B) Cell proliferation and viability assays 
of MDA-MB-231 and T47D cells after 15-day induction 
of G0S2. Data represent mean +/- standard error of the 
mean of four biological replicates and normalized to 
the 24-hour time point. Two-tailed student’s t-tests 
were performed for statistical analysis. *P ≤ 0.05. All 
experiments were repeated at least twice with similar 
results. (C) Total number of upregulated and down
regulated genes after 3 and 15 days of G0S2 induction 
in MDA-MB-231 and T47D cells. RNA-seq was per
formed in biological triplicate. A 1.5-fold cut-off and P 
< 0.05 was used.   
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PyMT-MMT G0S2 mice 

All animal experiments were approved by the University of Illinois 
Animal Care and Usage Committee (IACUC) under protocol number 
20143. Male MMTV-PyMT transgenic mice of C57BL/6 background 
(The Jacksons Laboratory) were paired with previously described het
erozygous G0S2 females of the same background [16]. Briefly, 
G0S2+/− mice in the C57Bl/6 strain background were generated by the 
trans-National Institute of Health (NIH) Knockout Mouse Project 
(KOMP) and obtained from the KOMP Repository. G0S2-null VGB6 
embryonic stem (ES) cells isolated from the C57Bl/6NTac mouse strain 
were generated by KOMP. The G0S2 coding region was replaced by a 
lacZ and loxP-flanked neomycin resistance gene cassette and the lacZ 
gene was fused in-frame at the G0S2 ATG start codon. Targeting was 
confirmed by PCR analyses and these cells were injected into Albino 
C57Bl/6 blastocysts and transferred into pseudo-pregnant recipient 
mice. Mice with a high degree of coat color chimerism were bred with 
C57Bl/6 mice to test for germ line transmission. F1 mice G0S2+/− were 
intercrossed to generate G0S2+/+, G0S2+/− , and G0S2− /− mice. The 
G0S2− /− genotype was confirmed by PCR analysis of tail tip DNA using 
DNeasy Blood and Tissue Kit (Qiagen, 69504) and HotStar taq DNA 
polymerase (Qiagen, 203203). Age- and gender-matched mice were 
used for the described experiments. All mice were housed in a standard 
pathogen-free facility on a 12 h light 12 h dark cycle and they had 
continuous access to water and regular food chow (Harlan Laboratories). 
Protocols for the animal studies were approved by the University of Il
linois IACUC. Genotyping was performed on tail-snipped DNA. PCR was 
carried out using the Kapa2G Hotstart PCR kit using the following 
primers (mouse G0S2: F:5′-CTGCGGGAAGCGTGTGAA-3′ R: 5′-ATC 
ACAGTGCGTGCTGCA-3′, mouse LAC-Z: F: 5′-GGTAAACTGGCTCGGA 
TTAGG-3′ R: 5′-TTGACTCTAGCGGCTGATGTT-3′, MMTV-PyMT trans
gene: F: 5′-GGAAGCAAGTACTTCACAAGGG-3′ R: 5′-GGAAAGTCACT 
AGGAGCAGGG-3′, internal control: F: 5′-CAAATGTTGCTTGTC 
TGGTG-3′ R: 5′-GTCAAGTCGAGTGCACAGTTT-3′). 

Transgene-positive females were monitored for tumors once a week, 
starting at two months of age. Tumor screening was done by scruffing 
and palpating the abdomen and neck area along the mammary glands. 
Tumors were individually measured using electronic calipers by taking 
two measurements on perpendicular planes of the tumor, with the 
smaller measurement being considered the width. The formula (L x W x 
W)/2 was used to calculate the tumor volume. Tumors were allowed to 
progress for six weeks, sacrificed according to DAR protocols, and all 
tumors were removed. All tumors were weighed collectively for a total 
tumor burden, and the largest tumor was weighed separately for 
maximum tumor weight. Lungs were assessed for the presence or 
absence of visible metastases. The final statistical analysis was per
formed with GraphPad Prism 9.3.0 using Kruskal-Wallis multiple com
parison test for tumor initiation, unpaired t-tests for tumor growth, and 
2-way ANOVAs for tumor weight. 

Statistics 

Two-tailed student’s t-tests, one-way or two-way ANOVA with post 
hoc Bonferroni, and log-rank tests were performed where appropriate 
using GraphPad Prism v6.0 and P-values indicative of non-significant P 
> 0.05 and significant *P ≤ 0.05 were determined. Mean and the stan
dard error of the mean was used to describe sample variability. For a 2 ×
2 factorial design with sample size of 7 per treatment group, this study 
achieves 80% at alpha=0.05 to detect an effect size of 0.55. 

Results 

Inducible G0S2 expression has contrasting effects on the proliferation of 
ER- and ER+ breast cancer cells 

We previously reported decreased G0S2 expression in breast cancer 

patients compared to normal breast tissue and that G0S2 expression 
correlated with improved relapse free survival in ER+ breast cancer 
patients and had a tumor suppressive effect on ER+ breast cancer cells 
[32,33]. While G0S2 has been shown to be commonly silenced by DNA 
methylation and to have a tumor suppressive function in various cancers 
[17–29], other reports including a report on MDA-MB-231 ER- breast 
cancer cells, suggests a pro-cancer role for G0S2 [38]. To directly 
compare the effects of G0S2 in ER+ and ER- cells we generated ER+
T47D and ER- MDA-MB-231 cells with inducible expression of G0S2 
(Fig. 1A). Cell proliferation was monitored after 15 days of G0S2 in
duction. MDA-MB-231 cells had higher basal proliferation compared to 
T47D cells. While G0S2 overexpression resulted in a decrease in the rate 
of proliferation of T47D cells, in agreement with our prior results [33], 
the opposite effect was seen in MDA-MB-231 cells which had increased 
cell proliferation with G0S2 induction (Fig. 1B). To assess potential 
mechanisms to account for the disparate effects of G0S2 overexpression 
in ER+ and ER- breast cancer cells we performed RNA-seq in both T47D 
and MDA-MB-231 cells after 3 and 15 days of G0S2 induction. In gen
eral, T47D cells appeared more responsive to G0S2 induction with 156 
and 269 genes upregulated and 38 and 154 genes downregulated with a 
fold-change greater than 1.5 and a P < 0.05, after 3 and 15 days 
respectively. In comparison, there were only 27 and 43 genes upregu
lated and 32 and 85 downregulated in MDA-MB-231 cells after 3 and 15 
days (Fig. 1C). 

Inducible G0S2 expression downregulates genes involved with an apical 
and epithelial phenotype, especially in ER- cells, and promotes cell 
migration 

We performed gene set enrichment analysis (GSEA) on T47D and 
MDA-MB-231 cells after G0S2 induction using the human MSigDB 
Hallmark database. MDA-MB-231 cells demonstrated a prominent 
repression of gene sets related to the apical epithelium at 3 and 15 days 
of G0S2 induction. These gene sets included EPI
THELIAL_MESNECHYMAL_TRANSITION and APICAL_JUNCTION 
(Fig. 2A). RT-PCR confirmed that epithelial genes normally repressed 
during epithelial mesenchymal transition (EMT) had reduced expression 
after G0S2 induction, including ELF3, STEAP4 and TACSTD2, and the 
master regulator of the epithelial phenotype, E-cadherin (CDH1) 
(Fig. 2B). This repression in epithelial genes correlated with increased 
cell migration after G0S2 induction in MDA-MB-231 cells (Fig. 2C). This 
result is consistent with a prior report demonstrating an increase in E- 
cadherin and a decrease in cell migration upon siRNA knockdown of 
G0S2 in MDA-MB-231 cells [38]. Decreased enrichment of epithelial 
genes was also seen in T47D cells (Figs. 3A and S1). Interestingly, G0S2 
induction resulted in a decrease in cell migration in T47D cells 
(Figure S1), which may be due to a significant anti-estrogen effect of 
G0S2 (see below). In summary, G0S2 appears to have an EMT-related, 
cancer promoting activity that manifests primarily in estrogen inde
pendent cells. 

G0S2 expression downregulates the expression of ER target genes and 
genes involved in hormone synthesis and upregulates a gene involved in 
estradiol conversion to estrone 

GSEA analysis of T47D cells after G0S2 induction demonstrated 
prominent repression of gene sets related to estrogen receptor target 
genes including ESTROGEN_RESPONSE_EARLY and ESTRO
GEN_RESPONSE_LATE (Fig. 3A). RT-PCR confirmed that several direct 
ER target genes were downregulated in T47D cells after G0S2 induction 
including TFF1 and TFF3 (Fig. 3B). Interestingly the cytosolic and 
mitochondrial forms of 3‑hydroxy-3-methylglutaryl-CoA synthase 
(HMGCS1 and HMGCS2, respectively) were both substantially down
regulated after G0S2 induction in T47D cells. HMGCS catalyzes an 
important step in cholesterol biosynthesis which in turn is a precursor 
for steroid hormones including estrogen [40]. and 
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27-hydroxychoeslterol, and oxysterol that can activate the estrogen re
ceptor in models of breast cancer [41,42]. In addition, there was an over 
10-fold induction in hydroxysteroid 17-beta dehydrogenase 11 
(HSD17B11) also commonly called estradiol 17-beta-dehydrogenase 11, 
an enzyme known to convert estradiol into the less potent estrogen, 
estrone (Fig. 3B) [43–45]. In accordance with this finding the level of 

estrone was increased approximately 50-fold in T47D cells upon G0S2 
induction (Fig. 3C) and the negative effect of G0S2 on T47D cell pro
liferation was greatly exacerbated under estrogen deprived culture 
conditions (Fig. 3D), which could be rescued by addition of exogenous 
estrogen (Fig. 3E). In contrast, while ER target gene data sets were also 
repressed in MDA-MB-231 cells upon G0S2 induction, there was less 

Fig. 2. Inducible G0S2 expression in ER- cells downregulates genes involved in an apical and epithelial phenotype and promotes cell migration. (A) Gene 
set enrichment analysis (GSEA) showing the top 7 HALLMARK gene sets ranked by normalized enrichment score (NES) downregulated in MDA-MB-231 cells at 3 and 
15 days of G0S2 induction. Representative gene set enrichment plots for EPITHELIAL_MESNECHYMAL_TRANSITION and APICAL_JUNCTION. (B) Real-time PCR 
confirmation that epithelial genes normally repressed during epithelial mesenchymal transition (EMT) are downregulated after G0S2 induction in MDA-MB-231 cells. 
Data represent mean +/- standard error of the mean of three biological replicates. Two-tailed student’s t-tests were performed for statistical analysis. Experiments 
were repeated at least twice with similar results. (C) G0S2 induction increased cell migration of MDA-MB-231 cells. Cell invasion was assessed as described in 
Methods. Data represent mean +/- standard error of the mean of three biological replicates. Representative of two independent experiments. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.005, ****P ≤ 0.001. 
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Fig. 3. G0S2 expression downregulates expression of ER target genes and alters expression of genes involved in estrogen regulation. (A) Gene set 
enrichment analysis (GSEA) showing the top 7 HALLMARK gene sets ranked by normalized enrichment score (NES) downregulated in T47D cells at 3 and 15 days of 
GOS2 induction. Representative gene set enrichment plots for ESTROGEN_RESPONSE_EARLY and ESTROGEN_RESPONSE_LATE. (B) Real-time PCR confirmation of 
repression of estrogen receptor target genes TFF1, TFF3 and SLC7A5 and steroid biosynthetic enzymes HMGCS1 and HMGCS2, and induction of estradiol converting 
enzyme HSD17B11 after G0S2 induction in T47D cells. Data represent mean +/- standard error of the mean of three biological replicates. Two-tailed student’s t-tests 
were performed for statistical analysis. Experiments were repeated at least twice with similar results. (C) G0S2 induction in T47D cells resulted in increased levels of 
estrone. Media estrone levels were assessed after 5-day induction of G0S2. Cells were cultured in 1 pM estradiol containing media. (D) G0S2 induction in T47D cells 
resulted in a dramatic decrease in cell proliferation with estrogen depletion. T47D cells were induced for G0S2 expression for 15 days and then assessed for cell 
proliferation in estrogen depleted media. (E) Decreased cell proliferation with G0S2 induction and estrogen depletion in T47D cells could be rescued by addition of 
estradiol. T47D cells were induced for G0S2 expression for 15 days and then assessed for cell proliferation in estrogen depleted media or estrogen depleted media 
supplemented with 10 nM estradiol (E2). Data was normalized to the 24-hour time point. Two-tailed student’s t-tests were performed for statistical analysis. *P ≤
0.05, **P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.001. 
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alteration in ER target genes and HSD17B11 expression when assessed 
by RT-PCR (Figure S2). As expected, while estrone levels were induced 
in MDA-MB-231 cells, this did not negatively impact MDA-MB-231 cell 
proliferation as these cells are not dependent on estrogen for growth 
(Figure S2). In summary, G0S2 induction led to an antiestrogen effect 
including repression of ER target gene expression that is in turn asso
ciated with altered estradiol biosynthesis and metabolism. 

Expression of G0S2-altered estrogen biosynthesis and metabolic genes 
correlates with patient survival and G0S2 expression in patient samples 

To assess the clinical relevance that G0S2 may have an antiestrogenic 
effect in breast cancer, we interrogated G0S2, HSD17B11, and HMGSC1 
expression levels in the publicly available METABRIC database through 
cBioPortal [46]. Patients with G0S2 expression 1.0 standard deviations 
above the mean or greater had better relapse-free survival, consistent 
with our prior findings (Fig. 4A) [32,33]. Those patients with levels of 
the estradiol metabolizing enzyme HSD17B11 1.0 standard deviations 
above the mean also had a relapse survival advantage. In contrast, those 
patients with higher levels of the cholesterol biosynthetic pathway 
enzyme, HMGSC1, had lower relapse survival (Fig. 4A). Consistent with 
the situation in G0S2 induced T47D cells, there was a significant positive 
correlation between G0S2 and HSD17B11 expression and a negative 
correlation between G0S2 and HMGCS1 expression in breast cancer 
patient samples from the METABRIC cohort (Fig. 4B). These findings 
support the notion that G0S2 alters the expression of estrogen biosyn
thesis and metabolic genes that provides a net antiestrogenic effect and 
increased relapse free survival in breast cancer patients. 

G0S2 promotes metastasis in ER- MMTV-PYMT mice 

To assess the role of G0S2 in breast cancer in vivo we chose the well- 
characterized mouse mammary tumor virus (MMTV) driven polyoma 
middle T antigen (PyMT), MMTV-PyMT model. This model was chosen 

because while there are limited genetically engineered models of ER+
breast cancer, the MMTV model has been suggested to be at least 
partially dependent on estrogen during the early stages of tumorigen
esis; however, the tumors in these mice ultimately become ER-negative 
and estrogen independent [41,47]. We crossed MMTV-PyMT mice with 
previously described G0S2 null mice [16]. The phenotype observed was 
consistent with the hypothesis that G0S2 functions as a tumor promoter 
in ER- breast cancer. There was a modest but significant increase in 
tumor latency but no change in tumor progression in mice with deleted 
G0S2 compared to G0S2 wild-type mice (Figs. 5A and 5B). Further, there 
was a non-significant decreased trend for largest and overall tumor 
weight in G0S2 null mice (Fig. 5C and 5D). The largest observed effect 
was on lung metastasis with G0S2 deleted mice having a substantially 
lower incidence of lung metastases compared to G0S2 wildtype mice 
(Fig. 5E). Together, the data supports the in vitro findings that G0S2 
promotes cell proliferation and cell migration in ER- MDA.MB-231 cells. 

Discussion 

Previous studies have demonstrated both tumor-suppressive and 
oncogenic effects of G0S2. However, studies on G0S2 specific to breast 
cancer have been few. We recently reported a role for G0S2 in ER+
breast cancer suppression as low G0S2 expression correlated with 
increased recurrence after antiestrogen therapy and increased G0S2 
expression sensitized ER+ breast cancer cells to tamoxifen and PI3K/ 
mTOR inhibitors [33]. However, low G0S2 expression did not correlate 
with increased recurrence in ER- breast cancer patients, and a recent 
study reported that G0S2 knockdown in MDA-MB-231 cells repressed 
cell proliferation, cell migration, and EMT [38]. Hence, it appears that 
G0S2 may have cancer-type dependent effects including disparate ef
fects in ER+ and ER- cancers. In this report, we dissected the role of 
G0S2 in ER+ versus ER- breast cancer and performed unbiased tran
scriptomic analysis to address mechanisms of G0S2 actions. 

Overexpression of G0S2 in ER- breast cancer cells increased cell 

Fig. 4. Expression of G0S2-altered estrogen biosynthetic and metabolic genes correlates with patient survival and G0S2 expression in patient samples. (A) 
High expression of G0S2 and HSD17B11 is associated with improved survival of breast cancer patients, while high expression of HMGCS1 is associated with 
decreased survival. In each case high expression is defined as 1.0 SD above the mean. METABRIC data set (1903 patients) downloaded from cBioPortal. (B) G0S2 
expression is positively correlated with HSD17B11 expression and inversely correlated with HMGCS1 expression in the METABRIC dataset. 
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proliferation and cell migration, which was associated with repression of 
epithelial markers consistent with induction of EMT, including the 
repression of E-cadherin, whose lost function or expression has been 
implicated in cancer progression and metastasis [48]. These findings are 
highly consistent with the work of Cho et al. who reciprocally reported 
decreased cell proliferation and cell migration and induction of E-cad
herin in G0S2 knockdown MDA-MB-231 cells [38]. This may also 
explain why G0S2 expression appears to corelate with a more aggressive 
phenotype in ER- breast cancer patients [32,38]. In stark contrast, we 
found that induction of G0S2 in ER+ cells resulted in decreased cell 
proliferation and repression of cell migration. This was associated with 
genome-wide repression of estrogen receptor targets genes indicating 
that G0S2 may inhibit estrogen signaling in breast cancer cells, which 
may explain our prior and current findings that G0S2 has antitumor 
activity in ER+ cells and is associated with decreased recurrence in ER+
breast cancer patients [32,33]. 

Interestingly, on a transcriptomics level, we found evidence for G0S2 
promoting EMT and antagonizing ER signaling in both ER- and ER+
breast cancer cells. However, this appears to manifest as overall tumor 
promotion in ER- cells and overall tumor inhibition in ER+ cells. This 
perhaps is due to the high estrogen-dependent nature of ER+ cells that 
dominates their ability to proliferate and survive, superseding any G0S2 
mediated pro-migratory and invasive effects. Since ER- cells do not 
depend on estrogen for growth this antitumor effect would be predicted 
to not be present in ER- cells. This duality of G0S2 actions is predicted to 
have important clinical ramifications as the net effect of G0S2 targeting 
may be different in ER+ versus ER- cells. This is exemplified in our 

MMTV-PyMT ER- mouse experiments, which most clearly demonstrated 
a pro-metastatic activity for G0S2. Although G0S2 overexpression in ER- 
cells promoted cell proliferation, an effect on primary tumor growth was 
not detected in MMTV-PYMT G0S2 null mice. We speculate that one 
reason for this discrepancy may be that lipid metabolic effects of G0S2 
may not manifest well on normal chow diet. Further experiments are 
required, including use of other human ER- and ER+ cell lines and 
mouse models and alternating fat diet content, to confirm the precise 
role of G0S2 in breast cancer. 

A major novel finding of our work is that G0S2 appears to repress 
estrogen signaling and ER target gene expression perhaps by directly 
inhibiting 3‑hydroxy-3-methylglutaryl-CoA synthases (HMGCS1 and 
HMGCS2), which condense acetyl-CoA with acetoacetyl-CoA to form 
3‑hydroxy-3-methylglutaryl-CoA (HMG-CoA) [40]. This reaction com
prises the second step in the mevalonate-dependent isoprenoid biosyn
thesis pathway [40]. HMG-CoA is an intermediate in both cholesterol 
synthesis and ketogenesis [40]. This suggests that along with its 
well-established role in inhibiting lipolysis by inhibiting the activity of 
adipose triglyceride lipase (ATGL), G0S2 may also be involved in 
fine-tuning the mevalonate-dependent isoprenoid biosynthesis 
pathway, thus regulating the diverse class of isoprenoid derivatives 
including cholesterol, bile acids, vitamin D, retinoids and all steroid 
hormones [49]. Previous reports have indicated that the cholesterol 
metabolite, 27-hydroxycholesterol promotes metastasis through its ef
fects on myeloid immune cells [50,51]. Since 27-hydroxychoelsterol 
levels typically mirror those of cholesterol, decreased cholesterol pro
duction capacity in G0S2 null mice may explain the decrease observed in 

Fig. 5. G0S2 increased breast cancer metas
tasis of ER- MMTV-PyMT mouse tumors. 
MMTV-PyMT mice wildtype (WT), heterozy
gous (Het), and null (Mut) for G0S2 were 
assessed for primary tumor latency (A) and 
progression (B). G0S2 deletion resulted in 
increased tumor latency (first appearance of 
breast tumors) but no change in tumor pro
gression (growth of primary tumors once 
established). G0S2 status also had minimal ef
fects on total tumor weight (C) and largest 
tumor weight (D) at 6 weeks from first 
appearance. (E) G0S2 null mice had fewer lung 
metastasis. Percentage of mice with lung 
metastasis (Met) 6 weeks after first appearance 
of primary tumors, WT, n = 14; Het, n = 30; 
Mut, n = 10.   
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metastasis (Fig. 5E). Therefore, this combined action of G0S2 on ATGL 
and HMGCS1 would be a potential mechanism to decrease the utiliza
tion of acetyl-CoA, cholesterol and its metabolites, and promoting its 
storage as fat. In the future it would be interesting to comprehensively 
assess lipidomic alterations mediated by induction of G0S2. 

Interestingly, the enzyme hydroxysteroid 17-beta dehydrogenase 11 
(HSD17B11) that is known to convert estradiol to estrone was highly 
induced by G0S2 expression [43–45]. Estrone is 10- to 50-fold less 
potent than estradiol. For example, one study found the relative binding 
affinities of estrone for human ERα and ERβ were 4.0% and 3.5% 
compared to estradiol [52]. We confirmed that G0S2 overexpressing 
cells contained 40-fold more estrone than controls and that under es
trogen limiting conditions, cell proliferation of G0S2 expressing cells is 
dramatically decreased. The potential wider-ranging implications of 
these finding await further studies, but it should be noted that prior 
studies involving G0S2 null mice have not reported differences in 
circulating levels of steroid hormones [14,16]. We hypothesize that 
G0S2 may limit local isoprenoid product bioavailability, including 
tumor levels of estradiol, to support ER+ breast cancer. This hypothesis 
is supported by our analysis where high G0S2 and HSD17B11 levels 
were associated with increased survival, while high levels of HMGCS1 
was associated with worse survival. 

Based on our findings we expect G0S2 knockout mice may have 
decreased estradiol and increased estrone levels in the mammary gland 
and perhaps have other local hormonal disturbances. An important 
follow-up experiment would be generating and analyzing mammary 
gland specific G0S2 KO mice and crossing G0S2 KO mice with ER- 
activity reporter mice to study the spatial and temporal effects of 
G0S2 on hormone dynamics in the mammary gland. Interestingly, G0S2 
mice have a known lactation defect which would be consistent with local 
reproductive hormone dysregulation in the mammary gland [16]. 

Conclusions 

In summary, our findings suggest that G0S2 may have a complex, 
breast cancer subtype-specific effect on breast cancer. Using unbiased de 
novo approaches, we found that G0S2 antagonized estrogen signaling in 
breast cancer cells which is associated with a proposed wider role for 
G0S2 in metabolic regulation beyond the regulation of lipolysis. If 
confirmed, these findings may have far-reaching implications on the 
functional significance of G0S2 in a variety cancers and other metabolic 
diseases. A full assessment of the cell type-dependent metabolic effects 
of G0S2 is warranted. 
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