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Abstract
Background: Estrogen is known to promotes hormone-dependent breast cancer through activation of
estrogen receptor (ER)-α encoded by ESR1. However, several clinical trials reported the unexpected
therapeutic benefit of E2 for aromatase inhibitor (AI)-resistant cases of ER+ breast cancer. Considering
potential impact of such clinical observation, we decided to determine the mechanisms of estrogen-
induced tumor regression.

Methods: A unique estrogen-inhibitory patient-derived xenograft (PDX) tumor, GS3, was established from
an AI resistant ER+/HER2– brain metastatic breast cancer. In vivo estrogen suppression was confirmed
through experiments by implanting 17β-estradiol (E2) pellets in mice carrying GS3, and then the single-
cell analysis was performed using GS3 tumors. In vitro E2 suppression analysis was carried out using
organoids from GS3.

Results: The E2-induced suppression of GS3 involves ERα, which was wild-type and not amplified. Single
cell RNA sequencing analysis of this PDX has revealed that E2 treatment (for 1 week) induces cell cycle
arrest in both ESR1+ cells and ESR1– cells, demonstrating the unexpected influence of estrogen on ESR1–

cells in ER+ breast cancer. E2 upregulated the expression of estrogen-regulated genes, including a tumor
suppressor gene, IL24, and lower levels of IL24 were linked to estrogen independence, after three rounds
of intermittent E2 treatment. IL24+ cells included more G1 phase cells of cell cycle compared to IL24–

cells. Hallmark apoptosis gene sets were upregulated and the hallmark G2M checkpoint gene set was
downregulated in IL24+ cells after E2 treatment. The number of apoptotic cells was significantly
increased after long term (for 4 weeks) E2 treatment. Western blotting analysis demonstrated that long
term E2 treatment induced expression of apoptosis-associated protein cleaved-PARP and reduction of the
pro-survival protein Bcl-xl level.

Conclusions: There is the need of markers for patients who can benefit from E2 treatment after AI
resistance, and measurements of ER and PR expression are not enough. Analysis of GS3 PDX has
revealed that estrogen induces cell cycle arrest and apoptosis. Our study has revealed the cross-talk
between ESR1+ and ESR1– cells as well as potential roles of IL24 in estrogen-suppressive tumors.

Background
Estrogen, such as 17β-estradiol (E2), plays a crucial role in the progression of hormone-dependent breast
cancer through activation of estrogen receptor (ER). By suppressing estrogen production, aromatase
inhibitors (AIs) are the first choice for ER+/HER2− postmenopausal breast cancer [1–3], and they improve
the outcomes of these patients [4–6]. Clinically, AI resistance is frequent [5]. Considering that AI resistant
cancers develop their ability to grow without estrogen, important AI resistant cell lines were established
from hormone-dependent breast cancer cell lines, such as MCF-7 and T-47D cells, through culture under
long-term estrogen deprivation (LTED) [7–11]. Some of these LTED cell lines showed higher ER
expression and estrogen hypersensitivity [10]. In some LTED cell lines, growth factor receptors and
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downstream signaling pathways, including the MAPK, PI3K/AKT/mTOR, and JNK pathways, could
function as an alternative growth signaling pathway, independent of ER [12]. Importantly, estrogen-
dependent suppression of cell proliferation was reported after a long-term culture of LTED lines [13–18],
suggesting that estrogen-induced tumor regression may be also an outcome of AI resistance. ER+ cancer
cell lines (LTED-MCF7), murine mammary adenocarcinomas (C7-2-HI, C4-HI), and one patient-derived
xenograft (PDX) model (WHIM16) have been used to characterize the underlying therapeutic response
mechanism of breast cancer to estrogen. Previous reports have indicated that the mechanism of E2-
induced apoptosis includes ESR1 amplification, endoplasmic reticulum stress [13–17] and/or the
activation of the Fas/FasL pathway [18].

PDXs are superior to cell lines because they typically maintain the biological feature of original tumors
and have proper multi-cellular architecture. We succeeded in establishing a unique AI-resistant PDX
model named GS3 from an AI-resistant brain metastatic postmenopausal breast cancer. GS3 is not only
an AI-resistant model, but also an estrogen-induced tumor regression model. Our GS3-PDX is a very
important model because its AI resistance and E2 suppression were obtained clinically in the patient,
rather than generated in vitro. The availability of GS3 offered us an unusual opportunity to assess how
E2 induced tumor regression in AI-resistant ER+ breast cancer. Our investigation reveals a new
mechanism of estrogen-induced suppression that is different from those reported using other model
systems. Considering the tumor heterogeneity, we performed single cell RNA sequencing (scRNAseq) to
evaluate the gene expressions at the individual cell level and to compare the signaling pathways between
cells, especially between ESR1+ cells and ESR1− cells. These results indicate a novel concept of estrogen-
induced apoptosis of breast cancer and identify the role of an estrogen-regulated tumor suppressor, IL24.

Methods

PDX
GS3, an estrogen-suppressive model, was established from an AI resistant brain metastatic
postmenopausal breast cancer and whose subtype was ER+ (100 %), PR+ (5 %), and HER2−. The
diagnosis of the original tumor was stage III left breast cancer with left axillary and infraclavicular lymph
node metastasis, and the patient received neoadjuvant chemotherapy (carboplatin and paclitaxel),
surgery (left breast segmentectomy and axillary lymph node dissection), radiotherapy, and then continued
with AI therapy. However, three years and nine months after surgery, brain metastasis was found.
Surgically resected brain metastasis tumor pieces were implanted into the 4th mammary fat pat of 6–8
weeks old female NOD-scid/IL2Rγ−/− (NSG) mice to establish the PDX lines. The details for PDX
preparation were previously described [19].

In vivo animal study

Tumor pieces from an established GS3 were implanted into mammary fat pads of 8–10 weeks old
female NSG mice. To confirm that GS3 is indeed resistant to AI, NSG mice bearing serially transplanted
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GS3 were treated with placebo or letrozole (10 mg with 0.3% hydroxypropylcellulose in 0.9% NaCl
solution, daily subcutaneous injection) [20] for 28 days. There was no difference in tumor growth rates
and Ki-67 expression of immunohistochemistry (IHC) between placebo- and letrozole-treated GS3 (Fig.
S1a, b), but letrozole treatment blocked the mouse mammary gland development. Cell viability assay also
showed that organoids isolated from GS3 tumor were resistant to AI (Fig. S1c). After tumor volume
reached approximately 200mm3, mice were randomized and implanted with an E2 (1 mg) or placebo
pellet on their backside. These treatments lasted 7 days for experiments on single cell analysis and lasted
5 days, 10 days, 28 days, and 53 days for bulk RNA sequencing (RNAseq) experiments. For intermittent
E2 treatment, mice were implanted with the E2 (1 mg) pellet which remained in the mice 28 days, and
then the pellet was removed on day 28. After 28 days interval with no treatment, the mice were again
implanted with the E2 (1 mg) pellet for another 28 days. This intermittent E2 treatment was repeated
three rounds. ICI (Fluvestrant, Astrazeneca, Cambridge, UK) was injected subcutaneously (5 mg in 100 µl
sterile saline, once weekly) 4 times. Each treatment group of all animal experiments included at least
three mice. Mice were randomized into each treatment group. All experiments were performed in replicate
to confirm that the results we observed were statistically significant.

Histological analysis
IHC and Hematoxylin and eosin (H&E) staining of formalin-fixed tumor tissues were performed by the
Pathology Core facility at City of Hope. Antibodies used in IHC included ERα (ab16660, Abcam,
Cambridge, UK), PR (PA0312, Leica Biosystems Inc., Wetzlar, Germany), HER2 (A0485, Dako, Glostrup,
Denmark), and Ki-67 (M7240, Dako, Glostrup, Denmark). ApopTag Plus Peroxidase In Situ Apoptosis
Detection Kit (S7101, EMD Millipore Corporation, Burlington, MA) labeled apoptotic cells in formalin-fixed
tumor tissue samples, identical to a TUNEL assay.

Western blotting
Total protein from the 7-day, 28-day, intermittent E2-treated and placebo-treated GS3 tumors were
extracted using the Precellys Lysing Kit (Bertin Technologies, Montigny-Le-Bretonneux, France) and lysis
buffer (50 mM Tris-HCl, 0.15 M NaCl, 1% Nonident P40, 0.5% sodium deoxycholate). After centrifuge at
15,000 × g for 30 min, the supernatants were collected for Western blotting analysis. Antibodies used in
Western blotting included ERα (sc-8002, Santa Cruz Biotechnology, Santa Cruz, CA), poly (ADP-ribose)
polymerase (PARP) and Cleaved-PARP (#9542, Cell Signaling Technology, Danvers, MA), Bcl-xL (#2764,
Cell Signaling Technology, Danvers, MA), Bax (#2772, Cell Signaling Technology, Danvers, MA), GAPDH
(#5174, Cell Signaling Technology, Danvers, MA).

Reverse phase protein array (RPPA) analysis
Each two snap-frozen tumor samples from the 5-day, 10-day, 53-day E2-treated and no treatment GS3
were subjected to RPPA analysis probed a total of 291 antibodies conducted by the MD Anderson Cancer
Center Functional Proteomics RPPA Facility as described previously [21]. RPPA data of untreated GS3
samples were used as a reference.
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Real-time PCR analysis
Total RNA for real-time PCR was extracted from GS3 tumors and organoids using the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany). Reverse transcription reactions were performed with iScript RT reagent
(BioRad, Hercules, CA) according to the manufacturer’s instructions. Real-time PCR was performed with
SYBER Green FastMix for Real-time PCR (Quantabio, Beverly, MA). The mRNA expression was normalized
against both β-actin and GAPDH allowing comparison of mRNA levels. Primers used in this study are
listed in Table S1.

Bulk RNAseq and analysis
Total RNA from GS3 tumors were extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and
then subjected to RNAseq conducted by the Integrative Genomics Core at the City of Hope. The first run
included the 5-day, 10-day, 53-day E2-treated and no treatment samples. The second run included the 28-
day and intermittent E2-treated, and placebo-treated samples. All RNA samples were extracted from two
biological replicates. All sequencing data was submitted to the GEO database (GSE156922). Gene set
enrichment analysis (GSEA) was performed using genes ranked by the fold changes between the
different conditions to evaluate the significance activation of 50 HALLMARK gene sets in MSigDB22.

GS3 dissociation into single cell suspension
We isolated cells from the GS3 tumor in mice of two treatment groups: E2 (1 mg) and placebo. Cells
isolated from two biological replicates were analyzed together. The GS3 tumors, of which total weight
was 190 mg of E2-treated and 66.8 mg of placebo-treated, were cut into small, 2 mm thick strips and
digested with 1.5 mg/mL DNAse I (#10104159001, Millipore Sigma, St. Louis, MO), 0.4 mg/mL
Collagenase IV (CLS-4, Lot: 47E17528A, Worthington, Lakewood, NJ), 5% FBS, 10mM HEPES in HBSS.
The mixture was strained through a 70 µm cell strainer. 1 mL of ACK lysis buffer was used to remove
residual red blood cells from the sample. Dead cells were removed using Dead Cells Removal Microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany).

ScRNAseq and analysis
Cell number and viability were measured using a TC20 Automated Cell Counter (BioRad, Hercules, CA).
We only processed samples that showed at least 80% viability. Cells were then loaded onto the Chromium
Controller (10x Genomics, Pleasanton, CA) targeting 2,000–5,000 cells per lane. The Chromium v2 single
cell 3′ RNA-seq reagent kit (10x Genomics, Pleasanton, CA) was used to process samples into scRNA-seq
libraries according to the manufacturer’s protocol. Libraries were sequenced with a Hiseq 2500
instrument (Illumina, San Diego, CA) with a depth of 50k–100k reads per cell. Raw sequencing data were
processed using the 10x Genomics Cell Ranger pipeline (version 2.0) to generate FASTQ files and aligned
to mm10 genome to gene expression count. All sequencing data was submitted to the GEO database
(GSE156752). The subsequent data analysis was performed using the Seurat package and R software
unless otherwise specified. Cells with mitochondrial read rate > 20% and < 200 detectable genes were
considered as low-quality and filtered out. After normalization and scaling, cell cycle prediction was
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performed using the CellCycleScoring function and gene expression heterogeneity due to cell cycle was
regressed out [22]. Then, the data was clustered using the top principal components of highly variable
genes (HVGs). A uniform manifold approximation and projection (UMAP) was used to visualize the
resulting clusters. Cluster-specific markers were identified to generate heatmap and feature plots in the
identified cell clusters. Trajectory analysis was performed using the Monocle package and R software.
GSEA analysis was also performed on the single cell level, using genes ranked by mean centered log2-
normalized read counts and Hallmark gene sets in MSigDB.

Organoids and in vitro treatment study

Estrogen-suppressive organoids were established from fresh surgical specimens of GS3 using 3D culture
conditions (Fig. S2). After tumor tissue was minced and digested, 104 of organoids were embedded in
VitroGel 3D-RGD (TWG002, TheWell Bioscience, North Brunswick, NJ) on a 96 well plate and cultured in
E2-free M87 medium at 37˚C [23]. The organoids viability was evaluated using the CellTider-Glo 3D Cell
Viability Assay (G9682, Promega, Madison, WI) which measured ATP. We made at least five technical
replicates and repeat experiments twice.

Statistics
To assess statistical significance, values of treated groups were compared to those of control/placebo
groups by either two-way ANOVA or Student t-test, using GraphPad Prism 8 (GraphPad software, San
Diego, CA). Error bars represent SEM. P-value of less than 0.05 was considered statistically significant.

Results
E2 treatment inhibited the proliferation of GS3 in vivo and in vitro

A consistent regression of GS3 was observed by the treatment of tumor-implanted mice with E2 (1 mg)
for 28 days (Fig. 1a). This phenotype was preserved across serially transplanted GS3 tumors (up to 14
passages so far). GS3 tumor pieces that were simultaneously transplanted with E2, showed no growth
for half a year; meanwhile GS3 tumor pieces implanted alongside a placebo pellet (no E2) grew beyond
1000 mm3 (Fig. 1b). A repeating pattern of regression and growth of the GS3 tumor volume was observed
when subjected to intermittent E2 treatment. After three rounds of intermittent E2 treatment on GS3, an E2
independent growth developed (Fig. 1c). To examine the effect of E2 on the proliferation of GS3 in vitro,
organoids were generated from untreated GS3 tumors. E2 suppressed the proliferation of GS3 organoids
in an E2 concentration-dependent manner (Fig. 1d).

E2 downregulated the expression of ERα and cell cycle proliferation genes in GS3

ERα and ERβ genes in GS3 were wild-type and not amplified. The only other reported estrogen-
suppressive PDX, WHIM16, has an ESR1 amplification [17, 24]. To determine which ER subtype is
involved in E2-induced regression of GS3, we performed co-treatment of E2 and ERα-specific antagonist
(MPP) or ERβ-specific antagonist (PHTPP) in vitro. E2-mediated inhibition of GS3-organoids could be
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reversed by the co-treatment of MPP, but not by PHTPP (Fig. 2a), indicating the participation of ERα in
this suppression process. H&E staining showed that cell density (the number of cells per square)
decreased after E2 treatment (Fig. 2b). IHC indicated that the proportion of ERα+ cells decreased, and ERα
staining intensity was reduced after E2 treatment depending on treatment terms (Fig. 2b). Western
blotting and RPPA analysis showed that the E2 treatment resulted in lower ERα protein level in vivo
(Fig. 2c, d). E2 treatment decreased the ESR1 expression of GS3-organoids at the mRNA level in vitro as
well (Fig. 2e). IHC also showed that progesterone receptor (PR) + cells appeared in E2-treated tumors
(Fig. 2b) and that E2 treatment increased the levels of PR protein and of mRNA (Fig. 2d, e, respectively).
However, the number of Ki-67+ cells in IHC (Fig. 2b) and the CDK1 and cyclin-B1 expressions at the
protein level in RPPA (Fig. 2d) decreased after E2 treatment.

To investigate the overall effects of E2 treatment on GS3, bulk RNAseq was performed using 5-, 10-, and
53-day E2-treated tumors as well as control tumors. GSEA analysis showed that the hallmark estrogen
response early/late gene sets were upregulated after E2 treatment (Table S2). Although the ESR1
expression level decreased (possibly in part due to reduction of ERα+ cells, as indicated by IHC),
expression levels of ER target genes, such as PGR, GREB1, and TFF1, increased depending on the E2
treatment time (Fig. 2f). In addition, cell cycle progression genes, such as CDK1, TOP2A, E2F2, and MKI67,
were down-regulated in E2-treated tumors (Fig. 2f). The organoids isolated from longer E2-treated tumors
expressed a higher level of ER target genes (Fig. 2g). In addition, the expression of two tumor suppressor
genes, IL24 and GADD45A, was upregulated in E2-treated PDXs, as well as in organoids that were isolated
from E2-treated tumors, depending on treatment time (Fig. 2f, g). Collectively, our examination of GS3
tumors after E2 treatment indicates that inhibition of GS3 growth is associated with a reduction of ERα+

cells, an increased expression of ERα target genes (as an indication of the presence of functional active
ERα), and an induced cell cycle arrest and growth suppression.

scRNAseq to study effects of E2 on GS3

To better understand the mechanism of estrogen-induced growth suppression and the potential
contributions of ERα+ cells and ERα− cells, we performed scRNAsEq. Following a treatment which lasted 7
days using E2 (1 mg) or a placebo pellet, GS3 tumors were harvested and digested into a single cell
suspension. Although results of longer E2/placebo treatments showed larger differences of gene
expressions according to the bulk RNAseq analysis, the viability of single cells isolated from GS3 tumors
decreased after the tumors shrunk. Since the presence of a large number of dead cells would affect the
quality of single cell analysis, we decided to treat GS3-PDX for 7 days in which the single cells’ viability
was more than 80%. Single cell samples were prepared for scRNAseq using a 10x Genomics platform.
Single cell preparations from two tumors from each treatment were combined and processed for
scRNAseq (Fig. 3a). After filtering out mouse-derived cells (8% of total cells) based on their species-
specific sequences, 20,467 genes were detected from 10,631 cells: 3,927 cells from placebo-treated
tumors and 6,704 cells from E2-treated tumors. These were all epithelial cells that expressed human
genes. The principle component analysis was performed on 2,000 HVGs. A UMAP was generated to
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summarize and visualize the data in a two-dimensional subspace, which led to the identification of 4
major cell clusters (C0–C3) in GS3 (Fig. 3b), where each dot represented one cell. The number of cells in
each cluster is specified in Table S3.

Characteristics of 4 single cell clusters

The relationships between 4 clusters were visualized by a heat map using the top 20 differentially
expressed genes (DEGs) and hierarchical clustering based on the average expression of HVGs (Fig. 3c, d).
Top 20 DEGs in C0 and C1 included commonly known ER target genes. Those top 20 DEGs in C2 included
genes of the hallmark TNFA signaling via NFKB gene set, and those in C3 included cell cycle progression
genes. Although cells with a mitochondrial read rate > 20% were already excluded, C0 and C2 included
cells with higher expression of mitochondrial genes (Fig. 3c). The gene expression pattern of C0 was
relatively similar to that of C2, while C1 was similar to C3 (Fig. 3d). GSEA analysis of each cluster
indicated that there were three important hallmark gene sets in GS3: the hallmark estrogen response
early/late and G2M checkpoint (Table S4). The hallmark estrogen response early/late gene sets were
upregulated in C0 and downregulated in C3. In contrast, the hallmark G2M checkpoint gene set was
significantly downregulated in C0 and upregulated in C3 (Table S4).

Impact of E2 on gene expression at the single-cell level

Cells from E2- or placebo-treated tumors were clearly placed in different clusters (Fig. 3e). More than 90%
of the cells in C0 and C1 were E2-treated cells and more than 95% of the cells in C2 and C3 were placebo-
treated cells (Fig. S3a). The cell cycle scoring was performed using the Seurat package according to the
developer’s vignette. C0/C2 included more G1 phase cells while C1/C3 included more G2M phase cells
(Fig. 3f, Fig. S3b). GSEA analysis of the direct comparison between C0 and C2 showed that the hallmark
estrogen response early/late gene sets were upregulated in C0, where most of the cells were from E2-
treated tumors. Comparing C1 to C3 directly, the hallmark G2M checkpoint was downregulated in C1,
where the majority of the cells were also from E2-treated tumors. The hallmark estrogen response
early/late gene sets were upregulated in C1 compared to C3 as well (Table S4).

Comparison of E2-treated cells vs. placebo-treated cells

Most ESR1+ cells were distributed between C0 and C2 (Fig. 4a). The percentage of ESR1+ cells decreased
by 10% in E2-treated cells compared to placebo-treated cells. However, the percentage of cells expressing
ER target genes, such as PGR, PDZK1, SERPINA1, and GREB1, dramatically increased in E2-treated cells
(Fig. 4a). Furthermore, the percentage of cells expressing cell cycle progression genes, such as MKI67,
CCNE2, CCNA2, and E2F2, decreased in E2-treated cells (Fig. 4b). Distribution of cells remaining at the G1,
S, or G2M phase in GS3 changed after 7 days of E2 treatment. The percentage of cells which progressed
to the G2M phase decreased (-4.7%) and the percentage of cells that arrested at the G1 phase increased
(+ 12.5%) in E2-treated cells (Fig. 4c).

Crosstalk between ESR1+ cells and ESR1− cells
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The percentage of cells which were arrested at the G1 phase increased by 10.9% in ESR1+ cells and by
16.0% in ESR1− cells after E2 treatment. In addition, the percentage of cells progressing to the G2M phase
decreased by 3.4% and 7.8% in ESR1+ and ESR1− cells respectively. The decreasing of G2M phase cells
after E2 treatment was greater in ESR1− cells compared to ESR1+ cells (Fig. 4d). To clarify the difference
of signaling pathways between ESR1+ cells and ESR1− cells, we performed GSEA analysis for ESR1+ cells
and ESR1− cells separately. Interestingly, the hallmark estrogen response early/late gene sets were
upregulated not only in ESR1+ cells, but also in ESR1− cells after E2 treatment. Moreover, the hallmark
G2M checkpoint gene set was significantly downregulated in ESR1− cells after E2 treatment (Table 1).
Therefore, our single cell analysis revealed that E2 treatment upregulated the expression of estrogen
response genes and reduced the proliferation of both ESR1+ and ESR1− cells in GS3.

Table 1
Hallmark gene sets analysis of ESR1+ cells and ESR1− cells

  Upregulated in E2 (vs. placebo) P-value Downregulated in E2 (vs.
placebo)

P-value

ESR1−

cells
ESTROGEN_RESPONSE_LATE 1.22E-

16
G2M_CHECKPOINT 1.45E-

30

  ESTROGEN_RESPONSE_EARLY 2.99E-
15

E2F_TARGETS 2.83E-
22

  HTNFA_SIGNALING_VIA_NFKB 1.06E-
07

TNFA_SIGNALING_VIA_NFKB 1.74E-
12

ESR1+

cells
ESTROGEN_RESPONSE_EARLY 2.69E-

19
TNFA_SIGNALING_VIA_NFKB 1.59E-

20

  ESTROGEN_RESPONSE_LATE 7.36E-
18

P53_PATHWAY 7.78E-
13

  ANDROGEN_RESPONSE 5.45E-
05

APOPTOSIS 1.07E-
11

E2-induced IL24+ cells through ERα

The percentage of IL24+ cells in the E2-treated was 2.75-fold of that in placebo-treated cells (Fig. 5a).
IL24+ cells included more ESR1+ cells compared to IL24− cells. In IL24+ cells, the percentage of cells that
progressed to the G2M phase decreased (-12.4%) and those that arrested at the G1 phase increased (+ 
9.7%) when compared to those in the IL24− cells (Fig. 5b). IL24+ cells expressed higher levels of
mitochondrial genes than IL24− cells (Fig. 5c). When comparing IL24 expression levels in total mRNA
extracted from GS3 tumors, IL24 expression level was upregulated after E2 treatment in a time dependent
manner and its expression was inhibited by ICI (Fig. 5d).

The GS3 tumors obtained E2 independence after the three rounds of intermittent E2 treatment. The
decrease of ERα+ cells and Ki-67+ cells after E2 treatment was reversed after intermittent E2 treatment



Page 11/29

(Fig. 2b). To identify the key pathway driving E2 independence, we performed bulk RNAseq on GS3
tumors treated with placebo, E2 (for 28 days), or intermittent E2. The hierarchical clustering using 1,312
DEGs showed that approximately 60% of genes in the intermittent E2-treated sample had the same trend
as E2-treated samples (mainly ER target genes), in which 40% of the genes behaved similarly to the
placebo-treated sample (mainly cell cycle progression genes) (Fig. 5e). The IL24 expression level was
upregulated in E2-treated tumors when compared to placebo-treated tumors and downregulated in
intermittent E2-treated tumors when compared to (continuous) E2-treated tumors (Fig. 5d).

To clarify the difference of signaling pathways between IL24− cells and IL24+ cells, we performed GSEA
analysis for IL24− cells and IL24+ cells separately. The hallmark TNFA signaling via NFKB, hallmark
estrogen response early/late, and hallmark apoptosis gene sets were upregulated in IL24+ cells after E2
treatment. On the other hand, the hallmark G2M checkpoint gene set was downregulated in IL24+ cells
after E2 treatment (Table 2).

Table 2
GSEA hallmark gene sets analysis of genes expressed on IL24+ cells vs. IL24− cells

Upregulated in IL24+ cells P-value Downregulated in IL24+ cells P-value

TNFA_SIGNALING_VIA_NFKB 1.06E-37 G2M_CHECKPOINT 1.05E-08

ESTROGEN_RESPONSE_LATE 7.60E-12 E2F_TARGETS 1.05E-08

ESTROGEN_RESPONSE_EARLY 4.46E-10 MYC_TARGETS_V1 6.05E-05

APOPTOSIS 6.03E-09 P53_PATHWAY 2.71E-03

Predication of the transitions between placebo-treated cells and E2-treated cells by trajectory analysis

To investigate the transition between placebo-treated cells and E2-treated cells, single cell trajectory
analysis was performed using Monocle, an algorithm that explores relationships between cells through
pseudo-time. There were 12 different ‘cell states’ identified during the trajectory analysis (Fig. 6a). The
number of cells and distribution of cells treated with E2/placebo in each state are in Table S5 and Fig.
S4a. The trajectory colored by four clusters in the UMAP (Fig. 3b) was shown in Fig. S4b. Trajectory
analysis of single cells revealed three major branches associated with [I] placebo (State 1–2), [II] E2
(State 3–11), and [III] common E2 and placebo (State 12) (Fig. 6b). In the E2 branched group, ESR1+ cells
and G1 phase cells progressively decreased from state 9 (the endpoint of the E2 branch) to state 3
(junction), and G2M phase cells increased inversely with ESR1+ cells and G1 phase cells (Fig. 6c, d). The
hallmark estrogen response early/late gene sets were upregulated in both ESR1+ cells and ESR1‒ cells
(Fig. 6e). Significantly, the hallmark G2M checkpoint gene set was downregulated, even in ESR1‒ cells
(Fig. 6e). IL24+ cells and PGR+ cells were primarily distributed in state 9, which was the endpoint of the E2
branched group (Fig. 6f, Fig. S4c). There were very few IL24+ cells within state 9 at the G2M phase
(Fig. 6g). As expected, in the placebo branched group, the hallmark estrogen response early/late gene
sets were not upregulated, and the hallmark G2M checkpoint gene set was not downregulated in ESR1+
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cells, when compared to the E2 branched group (Fig. 6e). In the common branch (containing cells from
both placebo- and E2-treated tumors) that included both ESR1+ cells and ESR1‒ cells, there were no G1
phase cells and the hallmark G2M checkpoint was dramatically upregulated(Fig. 6e). MKI67+ cells (at
G2M phase), including some ESR1+ cells, were mainly present in the placebo branch (State 1) and the
common E2 and placebo branch (State 12) (Fig. S4c).

E2-induced apoptosis after the long-term E2 treatment

To investigate the relationship between tumor shrinkage and apoptosis, we detected apoptotic cells from
formalin-fixed tumor tissues. A few apoptotic cells were observed in 28-day E2-treated tissue (Fig. 7a).
There was a significant difference between placebo and 28-day E2-treated tissues (P < 0.0001, Fig. 7b).
Western blotting analysis further demonstrated that long term (28-day) E2 treatment induced expression
of apoptosis-associated proteins, as indicated by elevated levels of cleaved PARP (a hall mark of
apoptosis) and the pro-apoptotic protein Bax, as well as by reduced levels of the pro-survival protein Bcl-
xl. Cleaved-PARP expression was reduced after GS3 tumors gained E2 independence. (Fig. 7c).

 

Discussion
Using LTED cell models, estrogen-induced apoptosis has been proposed to be an outcome of AI
resistance [13–18]. Examining the AI-resistant GS3 through scRNAseq analysis, we obtained valuable
information regarding E2-suppressive mechanism in a patient-derived tumor.

E2 suppressed the growth of GS3 persevered after serial transplantations. AI resistance in our GS3 tumor
was not caused by ESR1 mutation, which was suggested as the driving factor by other investigators in
their respective tumor models [25, 26]. GS3-PDX is also inherently different from the WHIM16-PDX model,
which harbors the ESR1 amplification as reported in previous studies [17, 24]. The exact mechanism of
estrogen-mediated suppression of WHIM16-PDX has not yet been reported. We identified that ERα is
involved in the E2-induced suppression of GS3 organoids (Fig. 2a). AI-resistance tumors often retain ER
expression and ER signaling [27]. ScRNAseq can identify the differences among thousands of gene
expression levels in individual cells. This advantage enables us to assign each individual cell to G1, S, or
G2M phase, or to compare cells with/without a specific gene expression. While E2 increased the
expression of ERα-regulated genes in GS3, E2 reduced the percentage of ESR1+ cells, cells expressing cell
cycle proliferation genes, and cells in the G2M phase (Fig. 4a–c). This is different from most ER+ breast
cancers in that E2 increases ER level, expression of ER target genes (induced by ER), and promote
proliferation [28, 29].

Our scRNAseq analysis of GS3 offered an opportunity to address the molecular and functional
differences between ESR1+ and ESR1− cells in ER+ tumors. After analyzing DEGs on ESR1+ and ESR1−

cells separately, the cell cycle proliferation gene set was downregulated mainly in ESR1− cells, and the E2
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response gene sets were upregulated in not only ESR1+ cells, but also ESR1− cells. While E2 should
activate ERα and regulate ESR1+ cells, our findings regarding ESR1− cells were unexpected and suggested
crosstalk between ESR1+ cells and ESR1− cells. While the detailed mechanisms of the crosstalk are yet to
be better defined, this finding offers an important explanation as to why most of the estrogen-responsive
breast cancers are not homogenously 100% ER+.

Importantly, the results of bulk RNAseq of GS3 tumors revealed that the IL24 expression level increased
remarkably after E2 treatment in a time dependent manner (Fig. 2f); we confirmed that IL24 was
upregulated by ERα in GS3 (Fig. 5d). IL24 was not included in the hallmark estrogen response early/late
gene sets, but it has been documented that IL24 was upregulated by E2 preferentially through ERα [30].
Interleukin-24 (IL-24) is a tumor suppressor cytokine that selectively induces apoptosis in a wide variety
of human cancer cells, including breast cancer [31, 32]. IL24+ cells were arrested in the G1 phase of the
cell cycle (Fig. 5b), downregulating the hallmark G2M checkpoint gene set and upregulating the hallmark
apoptosis gene set (Table 2). These results were consistent for IL-24 as a tumor suppressor. Publicly
available data showing that high expression of IL-24 at the protein level is related to longer overall
survival in breast cancer patients also further supported our results (P = 0.00051, Fig. S5). IL24+ cells also
included more mitochondrial genes compared to IL24− cells (Fig. 5c). Mitochondrial gene percentage was
high in G1 phase cells and low in G2M phase cells (Fig. S6a). Mitochondrial gene percentage was also
high in ESR1+ cells and PGR+ cells; in contrast, it was low in MKI67+ cells, CCNE2+ cells, and CCNA2+ cells
(Fig. S6b). Mitochondrial gene percentage could be an indicator of cell cycle arrest in GS3. Mitochondrial
levels determine variability in cell death by modulating apoptotic gene expression [33]. Our analysis has
revealed that TNFA Signaling via NFKB gene set has a strong association with IL24+ cells. While the
NFKB pathway has been linked to endocrine therapy resistance [34], the roles of this pathway in GS3 has
not yet clearly defined.

Trajectory analysis reflected the notion of pseudo-time in the transition from placebo-treated cells to E2-
treated cells. States 3–11 belonged to the E2-treated branch, and states 3–6 (junction side) were similar
to the placebo branch (State 1 and 2) in regard to the cell cycle phase. On the other hand, states 7–11
(end side of the E2 branch) had E2 branch-specific features, such as a high number of G1 phase cells, a
low number of G2M phase cells (Fig. 6c), upregulation of the estrogen response gene sets in ESR1+ cells,
and downregulation of the cell cycle proliferation gene set, especially in ESR1− cells (Fig. 6e). State 9 was
the endpoint of the E2-treated branch. State 9 included the highest percentage of G1 phase cells and the
lowest percentage of G2M phase cells compared to the other states (Fig. 6c). State 9 also included the
highest percentage of cells expressing ER target genes. We considered that the GS3 cells gradually
changed from state 3 to state 9 under the influence of E2. This would support the notion that IL24+ cells,
which were primarily distributed in state 9, are important for E2-induced tumor suppression. State 12 was
the common E2- and placebo-treated branch. It included ESR1+ cells as well (Fig. 6d). State 12 was quite
different from the other states because it included 80% of the G2M phase cells and almost no G1 phase
cells (Fig. 6c, Fig. S4a). Our results suggested that cells in state 12 were estrogen independent (Fig. 6e).
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Intermittent E2 treatment tumor serves as a good reference control because GS3, intermittently treated
with E2, was originally E2 dependent, but then became E2 independent. Since intermittent E2 treatment
was performed every 28 days (E2 pellet on/off every 28 days, three times), we compared the placebo
treatment for 28 days, E2 treatment for 28 days, and intermittent E2 treatment. After E2 treatment for 28
days, the hallmark estrogen response late gene set was upregulated and the hallmark G2M checkpoint
gene set was downregulated: the same results as the short-term E2 treatment (Fig. S7a). Interestingly, the
hallmark Reactive Oxygen Species (ROS) pathway gene set was upregulated after the long-term E2
treatment, despite the effective pathway size being relatively small (Fig. S7a). Upregulation of IL24
expression level and the hallmark ROS pathway in 28-day E2 was reversed in intermittent E2 samples
(Fig. 5d, Fig. S7b). Downregulation of the hallmark G2M checkpoint gene set in 28-day E2 was also
reversed in intermittent E2 samples (Fig. S7b). These results support that IL24 and the ROS pathway may
play an important role in the cell cycle arrest induced by E2. ROS has double-faced role in cancer. High
levels of ROS, resulting from abnormal cellular metabolism and inflammation, promote tumor
proliferation, vascularization, and metastasis, while an excessive amount of ROS is likely to induce
apoptosis. Mitochondrial dysfunction and ROS accumulation are important proapoptotic events
occurring in cancer cells [35] [36]. There is accumulating evidence that the anti-cancer activity of IL-24 is
primarily through the endoplasmic reticulum stress pathway, but other pathways leading to cell death are
also exploited by IL-24 [37]. Production of ROS has been linked to endoplasmic reticulum stress [38] and
IL-24-induced apoptosis [39]. A long-term (28-day) E2 treatment increased the level of apoptotic cells in
GS3, and cleaved PARP was detected by Western blotting. On the other hand, cleaved PARP was not
observed in the short-term (7-day) treatment (Fig. 7a–c). Thus, the results of single cell analysis (7-day E2
treatment) reflected the change of cells before apoptosis. As a result of IL24 induced by E2 in GS3, the
ROS pathway might be upregulated, and then the apoptotic pathway was activated (Fig. 8).

Estrogen-induced cell cycle arrest, in GS3 as well as in other reported cell culture models, can be an
unexpected outcome of AI resistance, suggesting an estrogen therapy for such patients. In ER+ breast
cancer, estrogen is typically considered to promote the tumor growth. Therefore, clinicians hesitate to use
E2 as a general treatment option for recurrent ER+ tumors even when tumors are completely resistant to
AI. Our mechanistic studies of GS3 offer leads into identifying such tumors that can respond to E2
therapies. The efficacy of the estrogen therapy for advanced breast cancer was first reported by Haddow
et al in 1944 [40]. In the 1970s, randomized trials comparing estrogens versus tamoxifen in
postmenopausal women with advanced breast cancer showed similar regression rates, with less toxicity
using tamoxifen [41–43]. After 2001, several small-scale prospective clinical trials reported a therapeutic
benefit with the different estrogens for AI-resistant cases of ER+ postmenopausal breast cancer [44–49].
The clinical benefit rate of estrogen therapies is 26–56% in 7 trials (Table S6). Our findings point out that
measurements of ER and PR expression alone are not sufficient to propose an E2 therapy. We need to
identify the appropriate biomarkers to select patients who will benefit from undergoing E2 therapy. Our
study has shown that IL24 could be a biomarker candidate for E2-induced suppression in AI-resistant ER+

postmenopausal breast cancer.
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We recognize several limitations in this study. It is a technical limitation to isolate 100% of living cells
after tumor digestion for single cell analysis. We determined that the cell viability was around 80% in
each sample for the 7-day treatment, significantly better than longer E2 exposure. Furthermore, we
observed the difference between the ERα positivity rate of placebo-treated GS3 at the protein level by IHC
and the ESR1 positivity rate at mRNA level (100% in IHC and 41% in scRNAseq, respectively). The single
cell isolation for solid tissue remains empirical. It is likely that different types of cells are fractionated
with different efficiency. The other limitation is that our results were generated from a single PDX. There
are only two estrogen-suppressive PDXs so far, GS3 and WHIM16. We consider GS3 as a valuable tumor
model derived from a patient that reveals a new mechanism of estrogen-induced apoptosis, indicating
more than one way for estrogen-induced suppression of breast cancer. With this in mind, additional
estrogen-suppressive tumor specimens will be needed to verify these mechanisms.

Conclusions
E2-induced suppression is an unexpected outcome of AI resistance. In these cases, elimination of
estrogen by AI results in maintaining tumor growth. Analysis of GS3-PDX has revealed that estrogen can
induce cell cycle arrest and the expression of estrogen-regulated genes. As a conceptual advancement,
our results also suggest crosstalk between ESR1+ and ESR1− cells in ER+ tumors as well as potential roles
of IL24 that expresses in some breast cancer. Our findings point to the need for markers for such patients
who can benefit from E2 treatment after AI resistance and whose measurements of ER and PR expression
are not enough. Expression of IL24 in AI-resistant tumors might be an indicator for response to E2
therapy. While E2-mediated suppression of GS3 has sustained throughout 14 passages so far, an
intermittent treatment strategy would eliminate this estrogen-induced mechanism.
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Figure 1

E2 inhibited the growth of GS3 both in vivo and in vitro. (a) Tumor growth curve of GS3-PDX with E2 (1
mg) or placebo treatment for 28 days. Pellets were implanted in mice after tumor volume reached
approximately 200mm3. (b) Tumor growth curves of GS3-PDX with/without E2 (1 mg). Tumors and
pellets were implanted at the same time. (c) Tumor growth curves of intermittent E2 (1 mg) treatment
which was performed every 28 days (E2 pellet on/off every 4 weeks, three times) after tumor volume
reached approximately 200mm3. (d) Cell viability of 104 organoids (isolated from GS3 tumor) treated
with varying concentrations of E2 in vitro (*P = 0.000025, **P < 0.000001 on Day 14). Error bars represent
SEM.
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Figure 2

E2 suppressed the expression of ERα and cell cycle proliferation genes in GS3. (a) Cell viability of
organoids (isolated from GS3 tumor) co-treated with E2 and ERα antagonist (MPP) or ERβ antagonist
(PHTPP) in vitro. (b) Hematoxylin and eosin staining and immunohistochemistry of GS3 tumors treated
with placebo, 7-day E2, 28-day E2 and intermittent E2. Scale bar represents 100 μm. (c) ERα expression of
GS3 tumors treated with placebo, 7-day E2, 28-day E2 and intermittent E2 by western blotting. (d) Protein
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expression levels of GS3 tumors treated with 5-, 10-, 53-day E2, and control samples as determined by
reverse phase protein array analysis (*P < 0.05, **P < 0.01). (e) ESR1 and PGR expression levels of GS3-
organoids treated with varying concentrations of E2 in vitro (*P < 0.05, **P < 0.01). (f) Fold changes of
gene expression in GS3 tumors treated with 5-, 10-, 53-day E2, and control sample as determined by Bulk
RNAseq. Each treatment included two samples. (g) Gene expression levels of GS3-organoids isolated
from GS3 tumors with 5- and 10-day E2, and control sample (***P < 0.0001). E2-7d, E2 treatment for 7
days; E2-28d, E2 treatment for 28 days; E2-INT, intermittent E2 treatment. Error bars represent SEM.
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Figure 3

Effects of E2 on GS3 were studied by scRNAseq. (a) Overview of scRNAseq approach using PDX tumors.
(b) UMAP of cells from both placebo- and E2-treated GS3-PDX. There were four major clusters in GS3. (c)
Heat map using the top 20 differentially expressed genes. (d) Dendogram showing cluster relationship to
other clusters based on gene expression data. (e) UMAP of cells color-coded according to treatments. (f)
UMAP of cells color-coded according to cell cycle phases.
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Figure 4

Gene expression comparison of E2-treated cells versus placebo-treated cells. (a) Selected feature plots of
cells expressing ESR1 and ER regulated genes in UMAP. (b) Selected feature plots of cells expressing cell
cycle progression genes in UMAP. (c) Distribution of cells staying at the G1, S, or G2M phase in all cells.
(d) Distribution of cells staying at the G1, S, or G2M phase in ESR1+ cells and ESR1– cells.

Figure 5
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Percentage of IL24+ cells increased by E2 treatment through ERα. (a) Feature plot of cells expressing IL24
in UMAP from scRNAseq. (b) Distribution of cells staying at the G1, S, or G2M phase in IL24+ cells or
IL24– cells from scRNAseq. (c) Violin plots of the percentage of mitochondrial genes in IL24+ cells and
IL24– cells from scRNAseq. (d) IL24 expression levels in GS3 tumors with different treatments including
E2 and ICI (*P < 0.05, **P < 0.01). (e) Hierarchical clustering using 1,312 differentially expressed genes
from bulk RNAseq. Error bars represent SEM. E2-7d, E2 treatment for 7 days; E2-28d, E2 treatment for 28
days; ICI, ICI treatment for 28 days (once weekly, four times); E2-INT, intermittent E2 treatment.
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Figure 6

Predication of the transitions between placebo-treated cells and E2-treated cells by trajectory analysis. (a)
Cells color-coded according to states in the trajectory Monocle reconstructed. (b) Cells color-coded
according to treatments in the trajectory Monocle reconstructed. (c) Cells color-coded according to cell
cycle phases in the trajectory Monocle reconstructed. (d) Feature plot of ESR1+ cells in the trajectory
Monocle reconstructed. (e) Hallmark gene sets analysis of ESR1+ cells and ESR1– cells using
top/bottom 20 differentially expressed genes in each cluster. (f) Feature plot of IL24+ cells in the
trajectory Monocle reconstructed. (g) The number of IL24+ cells in each state.

Figure 7

Long term E2 treatment induced apoptosis in GS3. (a) Apoptotic cells staining of GS3 tumors treated with
placebo or 28-day E2. Scale bar represents 100 μm. (b) Apoptotic cell count of placebo and 28-day E2
treatment samples (each N = 5, pick up 5 spots randomly, ***P < 0.0001). Error bars represent SEM. (c)
Expression of apoptosis-associated proteins of GS3 tumors treated with placebo, 7-day E2, 28-day E2 and
intermittent E2 by western blotting. E2-7d, E2 treatment for 7 days; E2-28d, E2 treatment for 28 days; E2-
INT, intermittent E2 treatment.
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Figure 8

proposed mechanism of E2 induced tumor regression in GS3. After E2 treatment, the number of ER target
gene-positive cells increased as typical ER+ breast cancer. However, in GS3, the number of ESR1+ cells
and G2M phase cells decreased following the E2 treatment. More importantly, E2 increased the
percentage of cells expressing IL24, which was known as a tumor suppressor gene. As a result of IL24
induced by E2 in GS3, the ROS pathway was upregulated, and then the apoptotic pathway was activated.
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Unexpectedly, E2 also induced the expression of estrogen-regulated genes and cell cycle arrest in ESR1–
cells. This finding could suggest a crosstalk between ESR1+ cells and ESR1– cells in this ER+ tumor.
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