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ABSTRACT

PR inhibition stimulates G6PD expression to enhance malignancy in luminal
breast cancer

Luminal breast cancer is the most prevalent and prognostic subtype of breast cancer. However, it
has been reported that luminal breast cancer patients with lower progesterone receptor (PR)
expression are associated with poor survival outcomes. Nevertheless, there is insufficient evidence
linking PR expression to an aggressiveness of luminal breast cancer. We were motivated by
previous studies showing that PR and standardized uptake value (SUV) on [%*®F]
fluorodeoxyglucose positron emission tomography (FDG-PET) have an inverse correlation, and
aimed to identify a potential link between PR expression and glucose metabolism, particularly the
pentose phosphate pathway (PPP). To investigate it, we performed a single cell RNA sequencing
(scRNA-seq) analysis using published dataset. Interestingly, the analysis revealed that specific
epithelial cells with both increased proliferation activity and decreased PR expression, which
increased activity of the PPP and glucose-6-phosphate dehydrogenase (G6PD) expression. To
verify these findings, we silenced PR expression in luminal breast cancer cell lines, MCF7 and
T47D, which resulted in accelerated proliferation and PPP activity with G6PD expression. We
hypothesized that PR knockdown (KD) increases breast cancer aggressiveness by boosting glucose
utilization with PPP activity. Importantly, treatment with G6PD inhibitor (G6PDi), a G6PDi
reduced aggressiveness of PR KD cancer cells. These findings suggest that targeting G6PD could
be a promising therapeutic strategy to suppress the aggressiveness of luminal breast cancer, using

low PR expression as a biomarker.

Key words : luminal breast cancer, progesterone receptor, glucose-6-phosphate dehydrogenase
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1. INTRODUCTION

Breast cancer, one of the most prevalent cancers worldwide, is clinically categorized into four
subtypes. It is divided into luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-
positive and triple negative breast cancer, determined by immunohistochemical intensity hormone
receptors and HER2 [1]. Luminal breast cancer including luminal A and B, characterized by estrogen
receptor (ER)-positive and HER2-negative, is the most common breast cancer subtype and is known
to have better prognosis compared to other subtypes [2-4]. However, concern such as late recurrence
still exist for these patients, highlighting the ongoing need for novel therapeutic strategies [5].

It has been well known that the progesterone receptor (PR) is associated with prognosis in ER-
positive/HER2-negative breast cancer. Previous clinical studies have reported that tumors without
PR expression increase recurrence and mortality rates compared to tumors with PR expression [6,
7]. Furthermore, the PR gene is included in the 21-multigene assay [8, 9], a standard test for
predicting the benefit of chemotherapy in ER-positive/HER2-negative breast cancer, and it has been
demonstrated that there is inverse correlation between PR expression and the recurrence score (RS)
of 21-multigene assay (Oncotype DX®) [10]. However, the mechanism of PR as a prognostic factor
has not been clearly elucidated.

Our previous findings revealed an inverse correlation between PR expression and standardized
uptake value (SUV) on ['®F] fluorodeoxyglucose positron emission tomography (FDG-PET)
scans [10, 11]. This suggests a potential link between low PR levels, increased glucose uptake, and
aggressiveness of breast cancer [12]. Elevated glucose uptake, as indicated by high SUV, implicates
reliance of cancer cells on glycolysis for energy production [13].

The pentose phosphate pathway (PPP), the parallel pathway to glycolysis, is crucial for managing
oxidative stress through NADPH generation [14]. The PPP is activated in human cancer tissues, and
is known to enhance the malignant potential of cancer cells, including cell proliferation, tumor
invasion, and therapy resistance [15]. Importantly, high glucose-6-phosphate dehydrogenase
(G6PD), the key enzyme of PPP, expression correlates with poor prognosis in breast cancer
patients [16, 17]. Given the association between low PR, increased glucose utilization, and
aggressiveness of breast cancer, we hypothesized that low PR expression in luminal breast cancer
might activate the PPP through G6PD.

In this study, we investigated the relation between PR and breast cancer malignancy and

determined which signaling pathways influence the aggressiveness in cancer cells. Interestingly, we



found aggressive luminal epithelial cells with low PR enriched with PPP. To verify it in vitro, we
silenced PR on luminal breast cancer cell lines and performed bulk mRNA sequencing (bulk RNA-
seq), finding up-regulation of G6PD expression. Decisively, treatment of a selective inhibitor of
G6PD (G6PDi) [18], on PR knockdown (KD) cells induced a decreased cell growth rate. These
findings suggest that G6PD might be a novel target in luminal patients with low PR expression as a

biomarker.

2. MATERIALS AND METHOD

2.1. scRNA-seq analysis
The matrices of luminal breast cancer patients from GSE161529 [19] and GSE176078 [20] were

collected and input using Seurat package (v.4.3.0) in R. Seurat objects were constructed and they
were processed through filtering out low-quality cells, excluding less than 1,000 cells and
normalizing the data. The remaining Seurat objects were integrated into one object containing
around 100,000 cells using ‘IntegrateData’ function. The integrated Seurat object was performed
‘RunPCA’ function to reduce the dimensions to visualized on two-dimension using ‘RunUMAP’
function. The identified eight clusters were divided by ‘FindNeighbors’ and ‘FindClusters’ function.
The Integrated Seurat object was visualized using ‘DimPlot’, ‘DotPlot’, ‘VInPlot’, ‘FeaturePlot’.
Amont eight clusters, epithelial cell cluster was subset using ‘subset’. The cell cycle score analysis
was conducted using ‘CellCycleScoring’. The escape package (v.1.4.0) [21] in R was used to
estimate the normalized enrichment score (NES) and false discovery rate (FDR) of the PPP gene set.
The subsetted epithelial cell cluster was conducted by copy number variation (CNV) analysis using

CopyKAT package (v. 1.1.0) in R.

2.2. TCGA analysis
The clinical and mRNA sequencing data of The Cancer Genome Atlas Program (TCGA): Breast

Invasive Carcinoma Patients— [22] was collected from cBioportal (https://www.cbioportal.org).
Among the patients (n = 1084), luminal breast cancer patients (n = 499) were distinguished by
subtype, which is clinical data. Then, using transcriptomic data from sequencing data, PR ¥ and
PR High were categorized based on 50% with upper or lower PGR. To confirm the transcriptomic

phenotype differences, PCA was conducted based on transcriptomics data using FactoMineR



package (v.2.8) fact extra package (v.1.0.7) in R. The enrichment plot was visualized to present the
NES and FDR of PPP based on KEGG using gene set enrichment analysis (GSEA) (v.4.3.2).

2.3. Kaplan-Meier analysis

Kaplan-Meier plotter web tool was employed to visualize the survival probability of luminal
breast cancer patients based on expression levels of PR and G6PD [23]. The survival probability of
Q1 and Q4 was compared between patients with PR and G6PD expression, as divided into quarters.
Furthermore, we compared the survival probability based on G6PD expression within each group:
the low PR expression group (Q1) and the high PR expression group (Q4). To this end, the log-rank

p-value and hazard ratio were calculated and presented.

2.4.1IHC

For breast cancer patients diagnosing and subtyping, ER, PR and HER2 staining were evaluated
by immunohistochemistry (IHC) using ER (1:100; clone 6F11, Novocastra), PR (1:100; clone 16,
Novocastra) and HER2 (1:100; clone 4B5, Ventana Medical Systems) antibodies as previously
described [24]. ER and PR status were determined by the modified Allred score and HER2 status
was determined following to the American Society of Clinical Oncology (ASCO)/College of
American Pathologists (CAP) guideline [25]. In accordance with the clinical data obtained, patients
with hormone receptor-positive and HER2-negative were diagnosed with luminal breast cancer.

For G6PD staining, tissue microarray paraffin blocks were prepared— [24], using an Accu Max
Array tissue-arraying instrument (Petagen Inc.). Then, each tissue microarray slide was stained with
a G6PD (1:100; NB100-236, Novus Biologicals) antibody and counterstained with hematoxylin.
After staining, the cytoplasmic-G6PD expression on each slide was scored by a pathologist (Yoon-
Jin Cha) using a light microscope (400x magnification). The results of [HC staining were scored as:

negative 0, 1+, 2+, and 3+.

2.5. Cell lines and silencing PR
The MCF7 and T47D cell lines were kindly provided from the laboratory of Professor Sung Gwe

Ahn. Both cell lines were cultured in RPMI 1640 (10-041-CV, Corning) supplemented with 10%
fetal bovine serum (FBS; 35-015-CV, Corning) and 1% penicillin-streptomycin (15140-122, Gibco)

in a humidified 5% CO2 incubator at 37 °C. Cell lines were subcultured at approximately 75%



confluence using 0.25% trypsin-EDTA (25200-072, Gibco). For PR KD, TRC-pLKO-U6 shPR
lentiviral transduction particles were used to transduce both MCF7 and T47D cells. The resulting

PR KD cells were selected with 1 pg/mL puromycin.

2.6. Real-time qPCR
RNA of the cells was extracted using TRIzol reagent (15596018, Invitrogen). And cDNA was

established using ImProm-II Reverse Transcriptase (A3803, Promega). Real-time qPCR was
performed using TOP Real qPCR 2X Pre-MIX (RT501S, Enzynomics) with specific primers on a
CFX Connect Real-Time PCR System (1855201, Bio-Rad). Gene expression was normalized to the
36B4 as housekeeping gene using AACt method. The sequences of the primers used in the qPCR are
shown below.

36B4 (F: CGTCCTCGTTGGAGTGACA, R: CGGTGCGTCAGGGATTG)

PGR (F: ACCCGCCCTATCTCAACTACC, R: AGGACACCATAATGACAGCCT)

G6PD (F: CGAGGCCGTCACCAAGAAC, R: GTAGTGGTCGATGCGGTAGA)

2.7. Immunoblot assay
Protein of the cells was extracted using lysis buffer (50 mM Tris-HCI, pH 8.0, 200 mM NacCl, 0.5%

NP-40) with Xpert Protease Inhibitor Cocktail Solution (P3100-001, GenDEPOT). A Concentration
of protein was estimated using the BCA Protein Assay kit (23227, Thermo Fisher Scientific). Equal
amounts of protein were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transfer to polyvinylidene difluoride (PVDF; 162-0177, BIO-RAD). The PVDF
blocked with 5% skim milk (232100, Difco) and incubated with diluted antibodies at 4 °C for
overnight. Then, it was probed with horseradish peroxidase conjugated secondary antibodies. The
immunoblots were visualized using enhanced chemiluminescence solution (1705061, BIO-RAD).

The primary antibodies against PR (1:2000; sc-166169, Santa Cruz Biotechnology), G6PD
(1:2000; 88668, Cell Signaling Technology), B-actin (1:5000; sc-47778, Santa Cruz Biotechnology)
were used. The secondary antibodies against mouse IgG (1:10000; 7076S, Cell Signaling
Technology) and rabbit IgG (1:10000; ab6721, Abcam) were used.

2.8. Proliferation assay



Proliferation of the cells was measured using Cell Counting Kit-8 (CCKS8; CK04-13, Dojindo)
according to manufacturer’s instructions. In briefly, the CCKS8 was treated with a volume of 1/10th
the scale of the media and incubated for one hour. The absorbance was then measured in a

spectrophotometer at 450 nm.

2.9. Bulk RNA-seq analysis

Total RNA samples were extracted and transported to Macrogen Inc. (https://www.macrogen.com)
Briefly, a library was established using TruSeq Stranded mRNA Library Prep Kit (Illumina)
according to manufacturer’s instructions. Then, sequencing was performed by NovaSeq6000
(Illumina) platform using a NovaSeq 6000 S4 Reagent Kit (Illumina). Raw sequencing data were
qualified using FastQC (v.0.11.7), trimmed using Trimmomatic (v.0.38), mapped using HISAT2
(v.2.1.0) and Bowtie2 (v2.3.4.1), and assembled using StringTie (v.2.1.3.b). Trimmed mean of M-
value (TMM) normalization was conducted to normalize the read count value using edgeR package.

And the DEGs were estimated using edgeR package.

2.10. NADPH/NADP* analysis
The ratio of NADPH/NADP* was measured using NADP/NADPH Quantitation Kit (MAKO038,

Sigma-Aldrich). In briefly, NADP/NADPH were extracted using extraction buffer and estimated
NADPH and NADP-total value following manufacturer’s instructions. The ratio of
NADPH/NADP+ was calculated by (NADPH) / (NADP-total)-(NADPH)).

3. RESULTS

3.1. scRNA-seq analysis sorting luminal epithelial cells in luminal

patient data

The luminal epithelial cells and myoepithelial cells are components of breast duct system [26]. It
has been suggested that the breast cancers are originated from luminal progenitors [27-31]. In
contrast, the myoepithelial cells serve as a barrier to the invasion and dissemination of luminal

epithelial cancer cells [32]. To investigate the relation of PR, PPP and aggressiveness in luminal



breast cancer, we performed scRNA-seq analysis using published data from the Gene Expression

Omnibus (GEO) database (Fig. 1A).
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Fig. 1 scRNA-seq analysis categorizing eight cell types in luminal breast cancer patient data.
A The luminal breast cancer is primarily caused by excessive growth of the aggressive luminal
epithelial cell surrounded by myoepithelial cells. B Dimension plot presenting identified eight

different cell types. C-D Dot plot and feature plot showing marker genes of cell types.



First, we collected 33 luminal patient matrices of scRNA-seq data based on the 10x Genomics
platform from GSE161529 [19] and GSE176078 [20]. These matrices were processed using Seurat
package in R. Through the process of quality control and integration, approximately 100,000 cells
were used in analysis.

Then, to visualize these cells on two-dimension using uniform manifold approximation and
projection (UMAP), principal component analysis (PCA) was performed (Fig. 1B). It presented that
about 100,000 cells were divided into eight clusters and these clusters had distinctive identities of
characteristic lineage cell with marker genes. These include EPCAM, KRTI1S8, ESRI, FOXAI for
luminal epithelial cell, KRTS5, KRT14, KRT17, TP63 for myoepithelial cell, PEACAMI, VWF for
endothelium, CD3D, CD8A, IL74 for T cell, CD19, CD79A for B cell, PDGFRA, COLIAl, LUM,
DCN for fibroblasts, MCAM, ACTA2, MYH 11 for perivascular cell, and CD4, CD14, CD163,ITGAM
for macrophage, as observed across different clusters (Fig. 1C-D). Among eight cell types, the
luminal epithelial cell cluster, which is the dominant cancer cell in luminal breast cancer [27-31],
was subset (Supplementary Fig. 1A).

Then, to visualize these cells on two-dimension using uniform manifold approximation and
projection (UMAP), principal component analysis (PCA) was performed (Fig. 1B). It presented that
about 100,000 cells were divided into eight clusters and these clusters had distinctive identities of
characteristic lineage cell with marker genes. These include EPCAM, KRTI1S8, ESRI, FOXAI for
luminal epithelial cell, KRTS5, KRT14, KRT17, TP63 for myoepithelial cell, PEACAMI, VWF for
endothelium, CD3D, CD8A, IL74 for T cell, CD19, CD79A4 for B cell, PDGFRA, COLIAl, LUM,
DCN for fibroblasts, MCAM, ACTA2, MYH 11 for perivascular cell, and CD4, CD14, CD163,ITGAM
for macrophage, as observed across different clusters (Fig. 1C-D). Among eight cell types, the
luminal epithelial cell cluster, which is the dominant cancer cell in luminal breast cancer (Adriance
et al., 2005; Prat & Perou, 2009; Molyneux et al., 2010; Proia et al., 2011; Keller et al., 2012), was
subset (Supplementary Fig. 1A).

3.2. Luminal epithelial cells divided by cell cycle rate and PR

expression

The most interesting aspect of the luminal epithelial cell subcluster was its positioning within a

right-sided island (black dotted line), as illustrated in the UMAP (Fig. 2A). This island part showed



significantly increased proliferation marker genes, MKI67 [33] and TOP24 [34] (Fig. 2B). In
addition, the island part exhibited that elevated ‘E2F Targets’ score based on Hallmark database [35]
using GSEA [36] (Fig. 2B). The serial data demonstrated that the island cells were proliferative,
leading that these island cells designated as Cycling group and the rest of the cells as NC group
(non-cycling). To confirm the Cycling group was undergoing proliferation, cell cycle phase analysis
was conducted. It revealed that the Cycling group exhibited a much higher percentage of G2M
(72.3 %) phases than NC (26.1%) (Fig. 2C). Therefore, these proliferative cells were regarded as

representative of malignant luminal epithelial cells.
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Fig. 2 A division of luminal epithelial cells based on proliferation and PR expression. A
Dimension plot displaying of NC and Cycling groups. B Violin plots presenting expression levels
of MKI167 and TOP24, and score of E2F targets. C Cell cycle phase ratio of NC and Cycling groups.
D Dimension plot exhibiting PR °¥ and PR " groups. E Violin plot showing expression levels of
PGR, STAT3, and STAT5A. F Bar plot exhibiting NES of progesterone related pathways. The violin

plots of B and E were presented as median expression value with adjusted p value. **** p <0.0001.

Interestingly, the luminal epithelial cell cluster also could be separated by PGR expression (Fig.
2D), leading to two distinct groups, PR X% group and PR Migh group. As expected, the PR % group
exhibited statistically lower expression of PGR than the PR "i#" group. And direct target genes of



PR [37], STAT3 and STAT5A, were significantly diminished in the PR ¥ group (Fig. 2E). In
addition, PR % group carried with negative NES of Progesterone Receptor Signaling Pathway
(NES = -2.47) and Response to Progesterone (NES = -1.90) based on KEGG database using
GSEA [38] (Fig. 2F). This data demonstrated that PR '°¥ group had down-regulated activity of PR
related signaling. Also, the cluster divisions based on a proliferation and PR were an optimal

analytical model for the aggressiveness of luminal breast cancer according to PR expression.

3.3. Proliferative luminal epithelial cells with PR °" exhibiting upper
PPP activity and G6PD expression
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Fig. 3 Cycling-PR '™ epithelial cells revealing high PPP activity and G6PD expression. A
Dimension plot displaying NC-PR ¥, NC-PR "i¢" and Cycling-PR ¥ groups. B-C Violin plots
presenting expression levels of MKI167, TOP2A, PGR, and STAT5A, and score of E2F targets. D Cell
cycle phase ratio of three subclusters. E Bar plot showing NES of progesterone related pathways. F
Violin plot exhibiting Oncotype DX. G Schematic model of PPP. H Enrichment plot of PPP. The
highlighted genes, G6PD, PGLS, PGD, and RPIA; are directly control metabolites of PPP. I Dot plot
showing genes included in PPP gene set. The violin plots of B, D, and F were presented as median

expression value with adjusted p value. **** p < 0.0001.

An intriguing phenomenon was found that all cells in the Cycling group belonged to the PR Lo¥
group (Fig. 2A and 2D). To further analyze this, three categorized cell clusters were designated as
NC-PR % NC-PR High and Cycling-PR ¥ groups (Supplementary Fig. 1B, Fig. 3A). Cycling-PR
Low cluster maintained their proliferative characteristics (Fig. 3B-C), while exhibiting low
expression of PGR, STAT3 and STAT5A, as well as negative NES of progesterone-related signaling
compared to NC-PR "ig" (Fig, 3D-E). These finds indicated that Cycling-PR % cells were
aggressive and had low PR activity.

The most interesting observation was that RS of 21-multigene assay [8, 9], which predicts the
recurrence and aggressiveness of breast cancer, was significantly elevated in the Cycling-PR %
cluster (Fig. 3F). In contrast, the disparity of RS between the NC-PR X and NC-PR Hi#" was too
minimal to have a significant foldchange (Fig. 3F).

To investigate the lack evidence for an inverse relation of PR and PPP, subclusters were analyzed
with a focus on PPP. PPP functions through pivotal enzymes, including G6PD and PGD, which form
NADPH, as well as PGLS and RPIA, which also directly interact with metabolites [14] (Fig. 3G).
To analyze these pivotal enzymes, the PPP gene set from the KEGG pathway was used. The Cycling-
PR ¥ group exhibited significantly increased PPP activity, with positive NES of 2.3823 and FDR
of 0.0046 (Fig. 3H). Furthermore, the expression of genes in the PPP gene set was elevated in the
Cycling-PR ¥ group (Fig. 3I). Among these, the pivotal enzymes were significantly up-regulated
in Cycling-PR ¥ group (Supplementary Fig. 1C). scRNA-seq analysis conducted thus far
demonstrated that aggressive cells with low PR expression had increased PPP activity and elevated

G6PD expression.
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To further validate the findings, additional analysis was conducted using the copy number
variation score. The CopyKAT package [39] in R was utilized to classify the epithelial cluster into
aneuploid, diploid, and undefined cells (Supplementary Fig. 2A). Aneuploid cells, which exhibited
an abnormal number of chromosomes with high CNV score, were subsetted (Supplementary Fig.
2B). These aneuploid cells were then divided into NC-PR ¥, NC-PR "i¢" and Cycling-PR ¥
groups for further analysis. Similar patterns in PR and G6PD expression, as well as RS of 21-
multigene assay and PPP scores, were observed, consistent with the previous results

(Supplementary Fig. 2C).

3.4. Clinical implication of reverse association between PR and

G6PD in luminal patients

To study linkage between G6PD and PR expression in luminal breast cancer patients, data from
TCGA: Breast Invasive Carcinoma Patients [22] was used. There are 1,084 breast cancer patients,
with 696 luminal breast cancer patients included in the study. The luminal breast cancer patients
were divided into two groups, PR ¥ (n = 200) and PR "¢" ( = 200), based on their PGR expression
level (Fig. 4A). The group division was confirmed with a visualization of PGR expression (Fig. 4B).
Interestingly, the groups divided solely by PGR expression exhibited transcriptomic phenotypic
differences (Fig. 4C). In addition, PR ™Y patients showed significantly up-regulated PPP activity
(NES =0.00317 and FDR = 0.0317) (Fig. 4D). And the expression level of G6PD, PGLS, PGD, and
RPIA, pivotal enzymes of PPP (Fig. 3G), were increased in PR 'V patients with statistical
significance (Fig. 4E). KEGG analysis of clinical data suggested that patients with low PR
expression were characterized by enriched PPP and elevated G6PD expression.

Here, we presented those 72 patients’ data diagnosed with luminal breast cancer with clinical PR
status and intensity score of G6PD using IHC. The 72 patients were divided into PR ¥ (n = 18),
PR High (;; = 54) based on PR status, and they were split into G6PD ¥ (n = 46), G6PD 'ligh (5 = 26)
based on G6PD score (Fig. 4F-G, Supplementary Fig. 3A-D). It showed that a larger proportion
(61 %) of patients with PR 'V exhibited higher G6PD expression, while a larger proportion (72 %)
of patients with PR High exhibited lower G6PD expression with significance (p = 0.011) (Fig. 4F).
72 luminal breast cancer patients' data demonstrated a significant negative correlation between

GO6PD and PR.
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Fig. 4. Clinical implication of luminal breast cancer patients representing inverse relation
between PR and G6PD. A Scheme of analysis of breast invasive carcinoma patients from TCGA
and division patients based on PR expression. B Box plot presenting the expression levels of PR in
the PR ¥ and PR "¢" groups. C PCA plot displaying the proportion between PR ¥ and PR hieh
groups. D Enrichment plot of PPP enriched in the PR '°* group. E Box plots showing the expression
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levels of key metabolic intermediating enzymes, G6PD, PGLS, PGD, and RPIA. F Ratio of the PR
low and PR Mieh patients within G6PD '*% and G6PD hie" patients from Severance hospital. G THC of
luminal breast cancer patients presenting protein expression of G6PD (magnification % 400) from
Severance hospital. H and I Kaplan—Meier plots comparing survival probabilities based on G6PD
expression in luminal breast cancer patients with low or high PR expression, generated using the
Kaplan—Meier plotter tool. For E, mean value was marked as + in box plots. For B and E, all data
were presented as mean value with standard deviation and unpaired #-test. p < 0.0001. * p < 0.05,

5% ) <0001, *#*5% p < 0.0001.

To ascertain the survival probabilities of luminal breast cancer patients associated with PR and
G6PD expression, the Kaplan-Meier plotter web tool was employed [23]. The patients were divided
into PR ¥ (quartiles; Q1) and PR Mig" (Q4) groups based on PR expression. They showed PR High
(Q4) group was significantly higher probability (p = 0.0000) with hazard ratio of 0.52 compared to
PR ¥ (Supplementary Fig. 4A). On the other hand, G6PD Mi¢" (Q4) was significantly lower
probability (p = 0.0001) with hazard ratio of 1.43 compared to G6PD 1°¥ (Supplementary Fig. 4B).
Importantly, no statistically significant difference in survival probability was observed among PR
High patients based on G6PD expression levels (p = 0.3) (Fig. 4H). In contrast, among PR ¥ patients,
higher GO6PD expression was associated with significantly lower survival probability (p = 0.023)
(Fig. 41). These results suggest that the impact of G6PD expression on survival may be greater in
patients with low PR expression. The KEGG analysis, clinical luminal breast cancer patient analysis,
and Kaplan-Meier analysis all strongly demonstrated that PR would be clinically associated with

PPP and G6PD, which affected the survival rate of luminal breast cancer patients.

3.5. Aggressiveness induction through silencing PR on LA breast

cancer cell lines

The relationship between PR and G6PD established by scRNA-seq analysis and clinical data
analysis led to PR KD on the luminal breast cancer cell lines. Two luminal breast cancer cell lines,
MCF7 and T47D, were employed [40, 41] and lentiviral vectors were used to silence PGR
expression (Fig. SA). The PR reduction of PR KD cell lines (shPR) and was confirmed by
quantitative polymerase chain reaction (QPCR) and immunoblotting compared to control cell lines

(shNS) (Fig. 5B-C).
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Subsequently, the proliferation rate of the shNS and shPR was estimated to evaluate the
aggressiveness difference. The proliferation rate of shPR was statistically elevated compared to
shNS (Fig. 5D). Importantly, the growth rate at 72h was increased both shPR-MCF7 (p = 0.0002)
and shPR-T47D (p = 0.0071) (Fig. SD). In breast cancer cells, factors that increase cancer
proliferation imply a risk of high tumor grade, metastasis, and death induction in patients [42-45],

suggesting that malignancy induced to shPR cells.
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Fig S. Increased proliferation rate of PR KD breast cancer cell lines. A Schemic model
illustrating transduction of lentiviral particles to the breast cancer cell lines, MCF7 and T47D. B-C
Bar plot and western blot presenting mRNA and protein expression of PR. D Proliferation rate of
shPR and shNS groups exhibiting a faster growth of PR KD cell lines. The proliferation ratio at 72
h showing a statistically significant improvement in PR KD cell lines. For B and D, all data were
presented as mean value with standard deviation and unpaired #-test. ** p < 0.01, *** p < 0.001,

k% )y < 0.0001.

3.6. Bulk RNA-seq analysis showed increased PPP activity in PR KD

cell lines

To research the features of aggressiveness induced by PR KD in both cell lines, bulk RNA-seq

was conducted. Sequencing was performed on Illumina NovaSeq 6000 platform system comparing
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shNS and shPR (Fig. 6A). First, PR expression was assessed using normalized expression values in
TPM (Supplementary Fig. 5A). In addition, ESR expression, a key target of tamoxifen [46], was
also evaluated. In MCF7 cells, no significant p-value was obtained, and in T47D cells, the observed
fold change of -1.1 was not meaningful, showing no substantial difference between the two groups.
(Supplementary Fig. SA). Then, differentially expressed genes (DEGs) analysis was performed to
identify genes with significant expression differences between the two groups Genes showing a two-
fold change in expression between shNS and shPR, with a p-value of less than 0.05, were designated
as DEGs. A total of 39 up-regulated and 14 down-regulated genes were identified as shared DEGs
between the two cell lines (Supplementary Fig. SB-D). Nevertheless, the 53 shared DEGs were
insufficient for the purposes of enrichment analysis, necessitating GSEA using total gene expression.

GSEA based on KEGG carried out that positive NES of “Glycolysis Gluconeogenesis”, “Fructose
and Mannose Metabolism”, and “Pentose Phosphate Pathway”, and negative NES of “Oxidative
Phosphorylation” (OXPHOS) in both PR KD cell lines (Fig. 6B-C). The OXPHOS reduction
leading impaired ATP production could be interpreted as an increased utilization of glucose, fructose
and mannose in PR KD breast cancer cells.

The most important aspect of GSEA results was the ascending of the PPP in both MCF7 (NES =
1.51, p = 0.045) and T47D (NES = 1.51, p = 0.042) (Fig. 6D). An increase in glucose utilization
would have resulted in an elevation of PPP, which represents the shunt pathway of glycolysis. The
shared core genes of the PPP were evaluated to ALDOA, G6PD, FBPI1, TKT, and PFKP (Fig. 6E).
Among the shared core genes, there was only one, G6PD, the pivotal enzyme.

To gain insight into the intracellular mechanisms underlying the PPP, we used the Enrichment
Map application [47] based on gene ontology: biological process (GOBP) [48]. The enrichment map
result was processed with p-value cutoff (p < 0.05), annotated using the AutoAnnote application [49],
and visualized using Cytoscape [50]. The Enrichment map result showed that PR KD led to a
decrease in OXPHOS and an increase in glycolysis consistent with GSEA-KEGG analysis (Fig. 6F).
It postulated that the observed increase in glycolysis could be potentiated by the utilization of the
G6PD-mediated pathway (Fig. 6F).

3.7. Aggressiveness of PR KD cells impeded by G6PDi.

To validate the bulk RNA-seq analysis results at the cellular level, we confirmed the increased

GO6PD expression at the mRNA and protein level (Fig. 7A-B). Given that G6PD functions for
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NADPH production [14], the significantly increased ratio of NADPH/NADP* observed in the PR

KD cells (Fig. 7C). The elevated NADPH/NADP" ratio demonstrated that PR KD cells increased

PPP in vitro.
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presenting up-regulated PPP activity in PR KD cell lines. D The enrichment plot of PPP in PR KD
cell lines. E Heatmaps displaying shared core genes of PPP. F Enrichment map visualizing results
of GO BP in PR KD cell lines. The map demonstrated that positive NES of “Glycolytic Process
through G6P” was observed. * p < 0.05, **** p <0.0001.

To inhibit the increased function of PPP by G6PD, the chemical that selectively inhibits G6PD,
G6PDi, was utilized in this study. G6PDi inhibits the PPP and depletes NADPH of cells [18]. The
proliferation assay using 20uM G6PDi showed a plunge of cell growth rate of shPR + G6PDi group
than shNS + Vehicle and shPR + Vehicle groups (Fig. 7D). Specifically, the proliferation rate at 72h
presented shPR + G6PDi group was decreased both MCF7 and T47D (p < 0.0001) compared to
other groups (Fig. 7D). These findings demonstrated that the aggressiveness of PR KD cancer cells
was diminished by inhibiting G6PD.

Interestingly, efficacy was noted when G6PDi was combined with tamoxifen, a widely used
therapeutic agent for luminal breast cancer (Supplementary Fig. 6A). A greater reduction in
proliferation was observed in the combination assay with 1 pM tamoxifen and 20 uM G6PDi
compared to the effects of each drug individually. These results suggest a potential synergistic
interaction between tamoxifen and G6PDI, highlighting the combination as a promising therapeutic

strategy for luminal breast cancer.
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Fig. 7. G6PDi, selective inhibitor of G6PD, reduced aggressiveness of the PR KD. A-B Bar plot
and western blot presenting mRNA and protein expression of G6PD. C Bar graph showing the ratio
of NADPH/NAP" between shNS and shPR. D Proliferation rate of three groups, shNS with vehicle,
shPR with vehicle, and shPR with G6PDi. The proliferation ratio at 72 h presented reduction of cell
growth in shPR + G6PDi. Bar graphs of A, C and D were presented as mean values with standard
deviation and unpaired #-test p value. The proliferation plots of D were presented as mean value with

standard deviation and one-way ANOVA. * p < 0.05, *** p <0.001, **** p <0.0001.

4. DISCUSSION

Our series of experiments demonstrated that glucose metabolism, including the PPP and related
enzymes, is activated in luminal breast cancer with low PR expression. Moreover, we were able to
confirm that the inhibition of G6PD, a key enzyme of the PPP, could suppress the aggressiveness of
low PR tumors. This suggests that the inhibition of glucose metabolism, including G6PDi, could be
a new therapeutic strategy utilizing PR as a biomarker in the future.

PR is essential for regulating the activity of estrogen receptors a (ERa) in breast cancer [51]. As
an upregulated target gene of ER, PR expression is largely dependent on estrogen levels. The
mechanism regarding the prognostic effect of PR in breast cancer are subject to various opinions.
Previous study has suggested that PR directly inhibit estrogen-induced tumor growth by
translocating ER from mitotic sites to apoptosis and cell death genes [52]. Additionally, another
study claimed that PR regulated overall tumor growth by modulating RNA polymerase III [53]. It
was also reported that ER-positive/PR-negative breast cancer exhibits upregulation of
PI3K/Akt/mTOR pathway activity compared to PR-positive luminal breast cancer [54]. On the other
hand, based on our previous clinical studies [10, 11], we focused on the association between PR and
glucose metabolism, and we were able to obtain largely positive results.

To study the significance of PR expression in luminal breast cancer, we performed scRNA-seq
analysis using a published patient dataset. We found that in certain luminal epithelial cells, low PR
expression with faster proliferative luminal epithelial cells were associated with increased PPP
activity and increased G6PD expression. These findings indicated that proliferative cells with lower
PR expression might be associated with increased PPP activity following NADPH needs, suggesting

metabolic shift based on PR expression. G6PD, the first enzyme in the PPP, plays a critical role in
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producing NADPH, which is essential for oxidative stress management and cellular metabolism.
The correlation between low PR expression and increased G6PD activity suggests that metabolic
reprogramming may drive the aggressiveness of these luminal epithelial cells. This highlighted the
potential aggressiveness of the cycling PR ¥ cluster and suggested that G6PD might be a potential
therapeutic target for aggressive luminal epithelial breast cancer cells.

To verify the clinical implications of our scRNA-seq analysis results, we devised and conducted
analyses using various methods, including TCGA dataset, tumor tissue samples derived from breast
cancer patients, and the Kaplan-Meier plotter web tool. As a result, through multiple analyses, we
confirmed that not only the PPP and G6PD expression activated in low PR tumors, but this activation
also affected the survival outcomes of luminal breast cancer patients.

Given the reports that higher G6PD expression levels are associated with a higher hazard ratio in
breast cancer patients, we hypothesized that PR expression might directly influence luminal breast
cancer in association with G6PD. MCF7 and T47D cells were transduced with PR-targeting shRNA
constructs, and silencing efficiency was confirmed through Western blot analysis. Control cells were
transduced with non-targeting sShRNA. These PR KD cell lines exhibited faster proliferation rates,
increased PPP activity, and increased G6PD expression than control cells.

Treatment with the G6PD inhibitor, G6PDi, significantly reduced the proliferation of PR KD cells
compared to control cells. This supports a functional link between PR expressions and G6PD-driven
metabolic reprogramming. The observed reduction in proliferation highlights the potential of G6PD
as a therapeutic target, especially in aggressive PR-low luminal breast cancer cells. These results
provide important information for understanding the interaction between PR and G6PD and suggest
a new approach for the treatment of aggressive luminal breast cancer.

With our knowledge, our study is the first to experimentally demonstrate the correlation between
PR and G6PD. Increased expression of G6PD has been observed in various cancers, including renal
cell carcinoma, gastric cancer, and bladder cancer [55-57]. It has been also reported that G6PD
expression negatively impacts metastasis and prognosis in breast cancer. However, these studies did
not link PPP, including G6PD, to PR expression, whereas our research identified the association
between G6PD and PR expression.

G6PD inhibitors have not yet been used in the treatment of malignant tumors in clinical practice,
but research on the use of G6PD inhibitors in ongoing for various cancers such as ovarian cancer

and tongue cancer [58, 59]. Our study also confirmed the potential therapeutic effects of G6PD
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inhibitors in luminal breast cancer and demonstrated that PR expression could be used as a
biomarker for the administration of G6PD inhibitors.

The limitation of our study is that all experiments were performed exclusively in vitro using PR
KD cell lines, which do not fully capture the complexity of the tumor microenvironment or the
physiological conditions found in vivo. Furthermore, the absence of in vivo validation through
animal models limits the ability to confirm the efficacy and safety of the G6PDi therapy in more
complex biological systems. As a result, the translational potential of our findings to clinical practice

remains uncertain.

5. CONCLUSION

We presented a treatment strategy for identification and validation of luminal breast cancer
through selection of candidate genes based on genomic analysis and biological analysis. We
identified that the aggressiveness of low PR tumors is associated with the PPP and its key enzyme,
G6PD. Moreover, G6PDIi has suggested the potential for a new therapeutic drug in luminal breast

cancer, using PR as a biomarker.
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APPENDICES

A Subset: Luminal Epithelium Cluster
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Supplementary Fig. 1 Expression of PPP genes of luminal epithelial cells.

A Dimension plot of luminal epithelial cells displaying subset from eight clusters. B Contingency
table of luminal epithelial cells presenting cell count of NC and Cycling groups and PR Low, PR
High groups. C Violin plots showing expression level of G6PD, PGLS, PGD and RPIA. The violin

plots of C were presented as median expression value with adjusted p value. **** p <0.0001.
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A Luminal Epithelium Cluster B Aneuploids of Luminal Epithelium Cluster
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Supplementary Fig. 2 Aneuploid cells of luminal epithelial cluster.
A Dimension plot of luminal epithelial cluster showing Aneuploid, Diploid and Undefined cells
divided by the result of CNV analysis. B Dimension plot of Aneuploid cells in the luminal epithelial
cluster. C Violin plots presenting expression levels of PGR and G6PD, and score of Oncotype DX
and Pentose Phosphate Pathway in Aneuploid cells.
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G6PD IHC score: 0
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Supplementary Fig. 3 IHC presenting G6PD expression in LA patients

A The IHC presentation of G6PD expression was scored as 0, 1+, 2+, and 3+ (400x magnification).
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The LA patients with a score of 0, 1+, were classified as belonging to the G6PD Low group.

Conversely, the patients with a score of 2+ or 3+ were classified as belonging to the G6PD High

group.
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Supplementary Fig. 4 Survival probabilities of luminal breast cancer patients based on PR
and G6PD expression levels

A-B Kaplan—Meier plots exhibiting the probability of luminal breast cancer patients of between PR
low and PR M9" or between G6PD ' and G6PD "9" from Kaplan-Meier plotter.
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Supplementary Fig. 5 Bulk RNA-seq presenting shared DEGs in PR KD cell lines.

A Bar plots of PGR and ESR expression levels comparing between two groups. B Bar plot
presenting shared DEGs (up-regulation: 39 genes, down-regulation: 14) in PR KD MCF7 and T47D.
C Heatmap showing shared DEGs list of PR KD MCF7 and T47D. D Volcano plot displaying shared
DEGs of PR KD MCF7 and T47D, marked with PGR and G6PD. *** p < 0.001, **** p < 0.0001.
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Supplementary Fig. 6 Combination therapy of tamoxifen and G6PDi inhibiting aggressiveness
of luminal breast cancer cells

A Proliferation rate plot comparing vehicle, tamoxifen, G6PDi, and the combination of tamoxifen
and G6PDi treatments in PR KD MCF7 cell. The proliferation rate was calculated as a relative value

normalized to the 0-hour time point. The plot displays the mean values with standard deviations. **
p <0.01, *** p <0.001, **** p < 0.0001
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Abstract in Korean
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