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Knock-out of CD73 delays the onset of
HR-negative bhreast cancer by reprogramming
lipid metabolism and is associated with
increased tumor mutational burden
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ABSTRACT

Objective: CD73 (ecto-5'-nucleotidase, NT5E), a cell-surface enzyme converting 5’-AMP to adenosine, is crucial for cancer progression.
However, its role in the tumorigenesis process remains mostly obscure. We aimed to demonstrate CD73’s role in breast cancer (BC) tumori-
genesis through metabolic rewiring of fatty acid metabolism, a process recently indicated to be regulated by BC major prognostic markers,
hormone receptors (HR) for estrogen (ER), and progesterone (PR).

Methods: A murine model of chemically induced mammary gland tumorigenesis was applied to analyze CD73 knock-out (KO)-induced changes
at the transcriptome (RNA-seq), proteome (IHC, WB), and lipidome (GC-EI-MS) levels. CD73 KO-induced changes were correlated with sSCRNA-seq
and bulk RNA-seq data for human breast tissues and BCs from public collections and confirmed at the proteome level with IHC or WB analysis of
BC tissue microarrays and cell lines.

Results: CD73 KO delayed the onset of HR/PR-negative mammary tumors in a murine model. This delay correlated with increased expression of
genes related to biosynthesis and -oxidation of fatty acids (FAs) in the CD73 KO group at the initiation stage. STRING analysis based on RNA-seq
data indicated an interplay between CD73 KO, up-regulated expression of PR-coding gene, and DEGs involved in FA metabolism, with PPARYy, a
main regulator of FA synthesis, as a main connective node. In epithelial cells of mammary glands, PPARy expression correlated with CD73 at the
RNA level. With cancer progression, CD73 KO increased the levels of PUFAN3/6 (polyunsaturated omega 3/6 FAs), known ligands of PPARy and
target for lipid peroxidation, which may lead to oxidative DNA damage. It correlated with the downregulation of genes involved in cellular stress
response (MIh1, Gsta3), PR—or CD73-dependent changes in the intracellular ROS levels and expression or activation of proteins involved in DNA
repair or oxidative stress response in mammary tumor or human BC cell lines, increased tumor mutational burden (TMB) and genomic instability
markers in CD73 low HR-negative human BCs, and the prolonged onset of tumors in the CD73 KO HR/PR-negative group.
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Conclusions: CD73 has a significant role in tumorigenesis driving the reprogramming of lipid metabolism through the regulatory loop with PR
and PPARY in epithelial cells of mammary glands. Low CD73 expression/CD73 KO might enhance mutational burden by disrupting this regulatory
loop, delaying the onset of HR-negative tumors. Our results support combining therapy targeting the CD73-adenosine axis and tumor lipidome

against HR-negative tumors, especially at their earliest developmental stage.
© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

CD73 (ecto-5'-nucleotidase, eNT, NT5E) is a widely expressed cell-
surface enzyme preferentially catalyzing the conversion of 5’-AMP to
extracellular adenosine and a main target of more than 15 phase /Il
clinical trials for anti-cancer therapy [3]. In preclinical research, its
depletion through genetic alterations or inhibition decreased the tumor
growth and metastasis of many cancer types, including BC [4,5].
Through extracellular adenosine-regulated purinergic signaling, CD73
mediates several tissue-protective mechanisms, both physiological
and pathological. Its expression and activity are upregulated as a part
of an adaptive response to hypoxia or inflammation. In syngeneic or
xenotransplant mouse models, CD73 was shown to favor the pro-
gression of neoplastic disease mainly through the generation of an
immunosuppressed niche, stimulation of angiogenesis, cancer cell
proliferation, and epithelial-to-mesenchymal transition [5,6]. Its
depletion also reduced tumor incidence in the murine model of 3-
methyl-cholanthrene-induced fibrosarcoma and delayed the onset of
prostate cancer in TRAMP transgenic mice in correlation with its
immunomodulatory activity [7].

However, for BC clinical data indicates a significant ambiguity about
the correlation between CD73 expression and overall survival (0S), as
well as the expression of its main clinical biomarkers, the expression of
hormone receptors (HR) for estrogen (ER) and progesterone (PR), and
amplification/overexpression of human epidermal growth factor re-
ceptor 2 (HER2+) [8]. Furthermore, the CD73-adenosine axis plays
dual and opposite action on BC proliferation depending on the
engagement of different adenosine receptors (AdoR). Two of them,
AdoR A4 or Aga, together with ER and estradiol create a regulatory loop
for ERa-dependent transcriptional activity [5]. Estrogen, through
stimulation of cellular proliferation and due to its genotoxic metabolites
[9], as well as progesterone receptor signaling [10,11] are indicated as
critical mediators in mammary gland carcinogenesis. Both ER and PR
also seem to have a role in the regulation of the balance between de
novo FA synthesis and their oxidation (FAO) with differential expression
of lipid metabolism-related genes depending on the BC subtype
[12,13].

Enhanced FA synthesis is one of the critical metabolic adaptations in
cancer and a potent therapeutic target with several clinical-stage trials
for BC. It provides FAs for membrane biogenesis for rapidly prolifer-
ating cancer cells, enriching cancer cell membranes with saturated
(SFAs) and monounsaturated FAs (MUFAs). FAs are also utilized for
protein modification and energy production through their oxidation
(FAO) into acetyl-CoA. While normal breast tissue can also undergo
extensive metabolic rewiring of lipid metabolism, this process can be
appropriated by BC oncogenes such as PIK3CA or MYC. In the most
aggressive TNBC (triple negative breast cancer) tumors frequently
amplified MYC oncogene can drive FAO in addition to glycolysis
[13,14]. FAO can sustain the viability of the hyperproliferative tumor
cells during nutrient deprivation. Under hypoxia, tumor cells can also
increase the uptake of extracellular FAs, including dietary PUFAs,
needed to generate important mediators or substrates in regulating
tissue inflammation [15,16]. Adipocytes, prevalent in the breast stroma

can also supply BC with FAs and their continuous interactions facilitate
oncogenic-driven metabolic reprogramming of cancer cells [13,14].
CD73 is highly expressed in adipocytes, its expression and activity can
be upregulated by docosahexaenoic acid (DHA) [17], and it was shown
to stimulate FA esterification increasing lipid synthesis in rat adipo-
cytes [18]. CD73 KO also induced dyslipidemia in a mouse model [19].
However, the role of CD73 in regulating lipid metabolism and its effect
on the process of mammary gland tumorigenesis has not been
analyzed.

To analyze CD73’s role in BC tumorigenesis, we applied a carcinogen/
promoter-induced multistage BC model reflecting the developmental
pathway of human disease, giving rise to mammary gland tumors with
a comparable heterogeneity to the human BCs [20]. We assessed the
changes induced by CD73 KO on the development of mammary gland
tumors (MGTs) through modulation of lipid metabolism at the tran-
scriptome, proteome, and lipidome levels. The main changes observed
were correlated with the data from human tissues and cell lines.

2. MATERIAL AND METHODS

2.1. Murine model of mammary tumorigenesis

All experimental procedures were approved by the Local Ethics
Committee and performed per the ARRIVE ethical guidelines [21] and
EU Directive 2010/63/EU. Wild-type (WT) (Charles River, Calco, Italy)
and CD73 KO C57BL/6 mice [22] were bred and maintained at the Tri-
City Academic Experimental Animal Centre of the Medical University of
Gdansk (Poland). Mice were housed in individually ventilated cages
(23 + 1 °C, 40 + 10% humidity) in a light/dark cycle of 12 h/12 h with
unlimited access to water and a standard chow diet. Mice were
euthanized through cervical dislocation under anesthesia with keta-
mine and xylazine injected intraperitoneally at 100 mg/kg and 10 mg/
kg body weight, respectively.

To induce mammary tumors female WT (n = 43) and CD73 KO
(n = 46) C57BL/6 mice were first primed with subcutaneous injection
of 15 mg/kg of MPA (medroxyprogesterone acetate, Depo-Provera,
Pfizer) at postnatal day (PND) 42.1 mg of DMBA (7,12-dimethylbenz
[a]anthracene, #D3254, Sigma—Aldrich) in 0.1 ml of sesame oil was
administered by oral gavage on PND 49, 56, 63, 70. After the last
DMBA dose, tumor development was monitored by palpation once per
week. The overall health of mice was monitored three times a week.
On PND 98 randomly chosen WT (n = 4) and CD73 KO mice (n = 5)
were euthanized and their right fourth mammary glands were isolated.
All mammary glands of these mice were analyzed under the stereo-
scopic microscope and the lack of developing tumors confirmed it as a
potential initiation stage of tumorigenesis. For the other WT (n = 39)
and CD73 KO (n = 41) mice, incidence (number of mice with tumors),
latency (time from the last DMBA dose to the development of the first
palpable tumor), and multiplicity (number of tumors per mouse) were
recorded. Mice were euthanized when the tumor reached 10 mm in
diameter as measured with a caliper or at PND 273. No mice needed to
be euthanized before these end-points due to the loss of more than
10% of the total weight or other reasons.
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2.2. Histochemical and immunohistochemical evaluation of murine
tumors

MGTs were fixed for 24 h in 4% formalin and processed in a tissue
processor (Leica TP-1020). Paraffin-embedded tissue samples were
stained with hematoxylin and eosin. Tumor slides were examined
using Nikon’s Eclipse E600 light microscope (Nikon Instruments Inc.,
Japan). Photographs were taken with a digital camera (Nikon, DS-Fif,
Nikon Instruments Inc., Japan) and image analysis software (NIS-El-
ements BR-2.20, Czech Republic). Morphological analysis was done by
a pathologist blinded to the experimental protocol. Histopathological
evaluation was performed according to the classification by Cardiff
et al. [23]. In the case of a heterogeneous mammary gland tumor, the
dominant histological type was decisive.

5 um tissue sections of paraffin-embedded formalin-fixed tumor sam-
ples were attached to SUPERFROST®PLUS basic slides (#J1800AMNZ,
Thermo Fisher Scientific). After deparaffinization and rehydration,
endogenous peroxidase activity was quenched with a peroxidase sup-
pressor for 10 min. Heat-induced antigen retrieval in a water bath for
30 min was performed using 10 mM sodium citrate buffer (pH 6.0) to
expose HER2 and progesterone proteins, and EDTA buffer (pH 8.0) to
expose estrogen proteins. Following antigen retrieval, tissues were
permeabilized in 3% BSA-PBS solution for 30 min at room temperature.
Sections were then probed with primary monoclonal antibodies for 1 h at
room temperature in a humidified chamber. Mouse anti-mouse anti-
ErbB2/HER2 antibody [3B5] (ab16901, dilution 1:500), rabbit anti-mouse
anti-Estrogen Receptor alpha antibody [E115] (ab32063, dilution 1:200)
were purchased from Abcam (Cambridge, UK). Mouse anti-mouse anti-
Progesterone Receptor antibody (PR-AT 4.14) (#MA1-410; dilution
1:500) was purchased from Thermo Fisher Scientific. TBS (Tris-buffered
saline) was used instead of the primary antibody for the negative control,
and human breast carcinoma was used as a positive control for primary
antibodies. Sections were then washed in PBST (0.1% Tween 20 in PBS
solution) and the IHC reaction was carried out by an indirect method
using an UltraVision Quanto Detection System (#TL-060-QHD, Thermo
Fisher Scientific) with 3,3’-diaminobenzidine (DAB) as the chromogen
substrate. Tissues were counterstained with hematoxylin and prepared
for mounting. The analyses of mounted slides were performed by an
experienced pathologist.

IHC reaction for ER, PR, and HER2 was scored by a combination of
intensity (0, no reaction; 1, weak reaction; 2, moderate reaction; 3,
strong reaction) and proportion (0, <5% of positive cells; 1, 5—25%
positive cells; 2, 26—50% positive cells; 3, 51—75% positive cells; 4,
more than 76% positive cells) scores. A modified Allred scoring system
was used, where the final score was derived from the sum of the
proportion score (range, 0 to 4) and intensity score (range, 0 to 3). If the
total score was >4, immunoreactivity was defined as ER/PR/HER2-
positive. If the total score was <4, the sample was designated ER/
PR/HER2-negative. ER/PR/HER2 status was scored for positivity in
three random fields ( x 400 magnification) and the total percent score
was obtained. Then, the median values of ER/PR/HER2 were chosen as
cut-offs for high or low immunoreactivity. An experienced pathologist
assessed the cellular location and intensity of immunoreactivity in each
tissue section. At the same time, a second observer determined
whether there were any discrepancies.

2.3. RNA sequencing and differential gene expression analysis of
murine samples

To identify differentially expressed genes (DEGs), RNA-seq was per-
formed. Total RNA was extracted from all isolated right fourth mam-
mary glands (MGs) obtained on PND 98 and primary MGTSs by using the
RNeasy Lipid Tissue Mini Kit (#74804, QIAGEN Sciences) with on-
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column DNase digestion (QIAGEN Sciences) per the manufacturer’s
protocol. The concentration and purity of the extracted RNA were
determined by using a Qubit 4 Fluorometer and Qubit RNA High
Sensitivity Assay Kit (#Q10210, Thermo Scientific). The assessment of
the quality of the samples and RNA-seq was performed by Macrogen
Europe B.V. (Amsterdam, Netherlands). Libraries were sequenced in a
paired-end (2 x 150 bp) manner on NovaSeq 6000 (True Seq mRNA
stranded for poly-A selection) lllumina platform (San Diego, CA, USA)
with an average of 40 million total reads per sample.

The libraries have been deposited in the Sequence Read Archive (SRA)
database under the PRINA933922 accession number (www.ncbi.nim.
nih.gov/sra). Analysis was conducted using R statistical software
version 4.x.x [24]. The raw reads were first quality-checked and
filtered using FastQC [25] and Trimmomatic [26] to obtain high-quality
reads. The reads were mapped to the Mus musculus reference
genome (GRCm39) using STAR [27], counted with featureCounts
2.0.346 [28], and differential gene expression analysis was conducted
using DESeq2 1.34.0.47 [29]. The absolute value of fold change >1.5
and Benjamini-Hochberg adjusted for false discovery rates (FDR) p-
value <0.05 were used as a criterion to identify differentially
expressed genes.

Gene ontology enrichment analysis was performed using the topGO
[30] R package. Gene names were mapped to GO terms using the
org.Mm.eg.db package [31]. Only GO terms with a p-value <0.05
were considered significantly enriched. A protein—protein interaction
(PPI) network of proteins encoded by DEGs was visualized using the
STRING database (string-db.org) [32]. The lines represent text-mining
evidence in the PPI network, and their thickness indicates the strength
of data support. The bubble colors represent gene involvement in
certain GO terms and KEGG pathways.

2.4. Fatty acid profile analysis

The extraction of total lipids from tissue samples was performed ac-
cording to the method of Folch et al. [33]. After lipid hydrolysis with
KOH in methanol, washing with water/n-hexane, the n-hexane phase
was evaporated to dryness under a stream of nitrogen. Nonesterfied
FAs were then methylated with 10% boron trifluoride. The FA methyl
esters (FAMEs) were analyzed with GC-EI-MS QP-2010 SE (Shimadzu,
Japan), as described by Mika et al. [34]. Heatmaps of the unsupervised
hierarchical clustering of the FA data were generated with the Gene-
Pattern platform [35] using Pearson correlation. It represents the fold
changes between the means of the percentages of fatty acids
measured by mass spectrometry, red denotes up-regulation, and blue
down-regulation. Row normalization was used, and the data from each
animal was reordered based on the correlations according to the
dendrogram on the top. Clusters go from the root at the left to the leaf
node for each fatty acid. The branch shows the similarity, the more
similar the shorter the branch.

2.5. In silico analysis of publicly available patient datasets

Differential gene expression analysis of mRNA expression data was
performed in 168 non-malignant breast tissue samples from the
Genotype-Tissue Expression (GTEX) project (accessed from Human
Protein Atlas database, https://www.proteinatlas.org/) and 1904 ma-
lignant breast tissue samples from the METABRIC cohort (accessed from
cBioPortal for Cancer Genomics, https://www.cbioportal.org/). Samples
were classified by trichotomization of NT5E gene expression (CD73 high
— T1, CD73 low — T3). In the METABRIC cohort, only double-positive
(ER+/PR+) and double-negative (ER-/PR-) cases were included in
further analysis. DEGs were identified based on the following criteria:
FDR<0.05 and llog2FCI>1. GO and KEGG pathways enrichment
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analyses were conducted using the Functional Annotation Tool by DAVID
Bioinformatics Resources 6.8 [36] and visualized using R.

Copy number aberrations, Copy number variants, and Single nucleo-
tide polymorphism data from the METABRIC cohort were retrieved from
cBioPortal for Cancer Genomics (https://www.cbioportal.org/), while
IntClust Status, TMB Score, Gll, CAAI, and Number of breakpoints were
obtained from [37].

scRNA-seq datasets covering NT5E/Nt5e, PPARG/Pparg, and lipid-
metabolism-related gene expression, as well as cell population dis-
tribution in murine and human white adipose tissue [38] and in human
healthy breasts [39] were analyzed and visualized using software from
Single Cell Portal (https://singlecell.broadinstitute.org/). Bubble plots of
mean expression of NT5E/Ntbe and PPARG/ Pparg for cell subsets were
generated with Single Cell Portal software and unsupervised-
hierarchical clustering heatmap of NT5E, PPARG, and lipid-
metabolism related DEGs mean expression was generated with the
GenePattern platform. For clustering only selected DEGs correlating
with NT5E with Spearman R correlation coefficient rho < 10.5001 were
taken into study.

mRNA expression data from 48 breast cancer cell lines from the CCLE
database (https://depmap.org/) was analyzed and heatmaps of
selected genes were generated using GraphPad Prism 9 software.

2.6. Patients and tissue specimens

This retrospective study reviewed the medical data of 135 BC patients
treated between 2001 and 2008 at the Medical University of Gdansk
and Regional Cancer Centre in Bydgoszcz, Poland [40]. Inclusion
criteria were stage I-lll BC and signed informed consent. The majority
of patients (91%) underwent primary surgery followed by systemic
treatment, radiotherapy, or both. Nine percent of patients were
administered induction chemotherapy. Tumor samples were collected
by surgical excision or excisional biopsy before any systemic treatment
and were formalin-fixed paraffin-embedded according to standard
procedure. Table S1 shows the characteristics of patients included in
this study.

2.7. Immunohistochemistry (IHC)

5 um tissue sections of FFPE murine tumor samples or 3 pum tissue
sections of FFPE human TMA (for PPARY), were deparaffinized and
rehydrated, then endogenous peroxidase activity was quenched with a
peroxidase suppressor for 10 min. Heat-induced antigen retrieval for
10 min was performed using 10 mM sodium citrate buffer (pH 6.0,
65 °C) to expose targeted proteins. Following antigen retrieval, tissues
were permeabilized in 1% PBST (0.1% Tween 20 in PBS solution)
solution for 5 min at room temperature. Sections were then blocked
with either 2.5% Normal Goat Serum Blocking Solution (#S-1012-50,
Vector Laboratories) for 20 min or M.0.M® Mouse IgG Blocking Re-
agent (#MKB-2213-1, Vector Laboratories) for 30 min followed by
M.0.M® 2.5% Normal Horse Serum (#MP-7451, Vector Laboratories)
for 20 min. After that sections were incubated with primary antibodies:
rabbit anti-PPARy (#A11183; dilution 1:400, Abclonal), rabbit anti-
phospho-AMPKa1/2 (#AP1441, 1:300, Abclonal), mouse anti-MLH1
(#A20544, 1:300, Abclonal), rabbit anti-y-H2A.X (#A9718, 1:400,
Cell Signaling) for 2 h at room temperature in a humidified chamber.
PBST was used instead of the primary antibody for the negative
control, and human breast carcinoma was used as a positive control
for primary antibodies. Sections were then washed in PBST and the
IHC reaction was carried out by an indirect method using ImMmPRESS®
HRP Goat Anti-Rabbit IgG Polymer Detection Kit, Peroxidase (#MP-
7451, Vector Laboratories) (PPARY), M.0.M® ImmPRESS® Horse
Anti-Mouse 1gG Polymer Reagent, Peroxidase (#MP-2400, Vector

Laboratories) (MLH1) or goat anti-rabbit*HRP (#A9169, Sigma Aldrich)
(phospho-AMPKai1/2, y-H2A.X) with NovaRed® (#SK-4800, Vector
Laboratories) as the chromogen substrate. Tissues were counter-
stained with hematoxylin and prepared for mounting. Slides were
scanned at 20 x magnification by VS200 ASW microscope (Olympus
Corp., Japan). The analyses of mounted slides were performed by two
independent observers.

IHC reaction was scored (Staining Score) by multiplying intensity (0, no
reaction; 1, weak reaction; 2, moderate reaction; 3, strong reaction, 4,
very strong reaction) and stained area (% of positively stained cells in
total tumor cells) scores. Signals were measured independently, both
from nucleus and cytoplasm of cells. PPARy pathway activation is
measured as a ratio of nucleus to cytoplasm expression of PPARY in
tumor cells.

2.8. Human and murine cell lines

4T1 (#CRL-2539), BT-474 (#HTB-20), BT-549 (#HTB-122), CAMA1
(#HTB-21), HCC1143 (#CRL-2321), HCC1428 (#CRL-2327), HCC1806
(#CRL-2335), HCC1937 (#CRL-2336), HCC70 (#CRL-2315), Hs578t
(#HTB-126), MCF7 (#HTB-22), MDA-MB-231 (#HTB-26), MDA-MB-
361 (#HTB-27), MDAMB-436 (#HTB-130), MDA-MB-453 (HTB-131),
SK-BR-3 (#HTB-30), T47D (#HTB-133) and ZR-75-1 (#CRL-1500)
were acquired from the American Type Culture Collection (ATCC,
Manassas, USA). CAL51 (#ACC302) was acquired from the Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). E0771 (#CRL-3461) was a kind gift
from Andreas Moller (QIMR Berghofer Medical Research Institute,
Herston, Queensland, Australia).

Cell lines were routinely cultured either in DMEM (#10-013-CV,
Corning) (E0771, Hs578t, MCF7, MDA-MB-231, MDA-MB-361, SK-
BR-3, T47D), MEM (#10-010-CV, Corning) (CAMA1) or RPMI-1640
(#10-040-CV, Corning) (4T1, BT-474, BT-549, CAL51, HCC1143,
HCC1428, HCC1806, HCC1937, HCC70, MDAMB-436, MDA-MB-453,
ZR-75-1) supplemented with 10% fetal bovine serum (FBS,
#BWSTS181F, VWR) and 1% of penicillin/streptomycin (#P7539,
Sigma—Aldrich). For selected cell lines culture medium was supple-
mented with 5 pg/ml (BT-474) or 10 pg/ml (Hs578t, MDA-MB-436)
human insulin (#19278, Sigma—Aldrich) or 1% of sodium pyruvate
(#S8636, Sigma—Aldrich) (4T1, EQ771). All cells were maintained in
5% C0, at 37 °C. All cells were regularly tested for mycoplasma
contamination and cultured at low passages to avoid genome drift.

2.9. Western blot analysis of cell lysates

Cells were grown to 70—80% confluence, stimulated with 200 puM
AOPCP (Adenosine 5’-a,B-methylene diphosphate - CD73 inhibitor)
(#M3763, Sigma—Aldrich) for 8h, 24h and 48h, scraped and lysed
with RIPA Buffer (#89901, Thermo Scientific) supplemented with
cOmplete™ Protease Inhibitor Cocktail (#04693116001, Roche) on
ice. Protein concentration was quantitated and determined using the
Pierce™ BCA Protein Assay Kit (#23225, Thermo Scientific). An equal
amount of protein (~15 pg) per lane was loaded and separated by
SDS-PAGE. Proteins were then transferred onto PVDF membranes
(#3010040001, Sigma—Aldrich), blocked in skimmed milk in TBS-T,
and immunoblotted overnight with specific primary antibodies at 4 °C.
Primary antibodies used for the experiments were as follows: GSTA3
(#A17491, 1:500) and MLH1 (#A20544, 1:250), PPARy (#A11183,
1:2000) purchased from Abclonal; y-H2A.X (#A9718, 1:500) pur-
chased from Cell Signaling; GPx-1/2 (#sc-133160, 1:1000) and SOD1
(#sc-101523, 1:500) purchased from SantaCruz Biotech; [-actin
(#A5441, 1:4000), CD73 (#ZRB1035, 1:500) and GAPDH (#ABS16,
1:4000) purchased from Sigma—Aldrich. Appropriate secondary
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antibodies conjugated with AlexaFluor®@790 or AlexaFluor®680
(#715-655-150, #111-625-144, Jackson ImmunoResearch) and Od-
yssey system (LI-Cor, Lincoln, USA) were used for the visualization of
detected proteins. Densitometry of bands representing detected pro-
teins was done with ImageJ software. Relative expression of proteins
was counted as a percent of a geometric mean of $-actin and GAPDH
level of expression. For each cell line separately, bar plots were
generated based on densitometry results from at least 3 repetitions per
condition. For summarized graphs, results for a group of cell lines were
presented as normalized data from three independent pairs of repe-
titions (Control vs AOPCP, 48h) from each cell line.

2.10. Glutathione S-transferase activity assay

The assay was performed according to the protocol of the Glutathione
S-transferase (GST) Assay Kit (#CS0410, Sigma Aldrich). Briefly,
1,5 x 10° of cells of selected cell lines (4T1, BT-474, CAL51, EO771,
HCC1143, HCC1806, MCF7, MDA-MB-231, MDAMB-436, T47D) were
seeded to 24 well plates for overnight to attached, then stimulated with
200 pM AOPCP for 48h. Cells were next washed with PBS and solved
in 200 pl Lysis Buffer (0.5% Triton X-100in 0.1M PBS pH = 7,2) on ice
for 15 min. After that, lysates were collected, and centrifugated at
14000G for 10 min at 4 °C. 20 pl of supernatants were placed into 96-
well plates, 180 pl of Substrate Solution was added to each sample
well, and GST positive control and Blank were placed into the plate.
The absorbance of samples, blank, and positive control was measured
every minute in 8-time points in the plate reader (Synergy H1, BioTek)
at 340 nm. Calculation of results was performed according to protocol
and GST activity was stated in wmol/ml/min. All analyses include re-
sults from at least 4 biological repetitions per condition for each cell
line, presented for each cell line separately. For summarized graphs,
results for a group of cell lines were presented as normalized data from
four independent pairs of repetitions (Control vs AOPCP, 48h) from
each cell line and compared to Control PR+-.

2.11. Quantification of ROS level by flow cytometry analysis

1,5 x 10° of cells of selected cell lines (BT-474, CAL51, EO771,
HCC1143, HCC1806, MCF7, MDA-MB-231, MDAMB-436, T47D) were
seeded to 24 well plates for overnight to attached, then stimulated with
200 pM AOPCP for 48h. Then control cells were incubated with
20 mM H,0, (#216763, Sigma Aldrich) for 30 min or 20 mM N-acetyl-
L-Cysteine (NAC, # A15409.36, Thermo Fisher Scientific) for 15 min,
after that 20 uM carboxy-H,-DCFDA (#C400, Thermo Fisher Scientific)
was added to the medium of all cells and cells were incubated for
30 min in 37 °C. Cells were then washed with PBS and detached with
Trypsin solution (#25-053-CI, Corning). After washing cells were
resuspended in 200 pl of PBS. Cells were subjected to cytometric
analysis (CytoFLEX, Beckman Coulter) at Aex = 488 nm, Aem = 525/
40 nm. All measurements were carried out with 1 x 10* cells that
exhibited the typical forward and side scatter of non-disintegrated
cells. All analyses include three technical measurements for each
biological repeat, from at least 3 biological repetitions per condition for
each cell line, presented for each cell line separately. For summarized
graphs, results for a group of cell lines were presented as normalized
data from three independent pairs of repetitions (Control vs AOPCP,
48h) from each cell line and compared to Control PR+

2.12. Statistical analyses

Mean values were obtained from at least three separate experiments
and reported as the mean (=SEM). Statistical analyses were per-
formed with the unpaired t-test or Mann—Whitney test for compari-
sons of two unpaired groups, paired t-test or Wilcoxon matched-pairs
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test for comparisons of two paired groups, ANOVA or Kruskal—Wallis
test for comparisons of more than two groups, the two-sided Chi-
square test or Fisher test for binomial decomposition, and the logRank
test for survival analyses and Kaplan—Meier curves. Statistical ana-
lyses were performed with Statistica 13 and GraphPad Prism 9 soft-
ware. A p-value <0.05 was considered statistically significant.

3. RESULTS

3.1. CD73 KO delays the onset of hormone receptor-negative
MGTs in a carcinogen-induced mouse model

To assess the effect of CD73 depletion on mammary gland tumori-
genesis, we induced the development of MGTs in WT and CD73 KO
mice with C57BL/6 genetic background using a two-stage chemical
tumorigenesis protocol (Figure 1A). Histopathological analysis classi-
fied MGTs as mostly (over 64%) adenocarcinomas: papillary, solid,
glandular, or acinar (Fig. S1) and CD73 KO did not modify their ratio
(Table S2). There was no significant difference between WT and CD73
KO groups in the incidence of MGTs (72% and 76% of mice with tu-
mors, respectively) but CD73 KO was associated with significantly
longer tumor-free survival (TFS) after tumor induction (Figure 1B).
Most of the MGTs were hormone receptor-positive (HR+), expressing
either progesterone and/or estrogen receptors (Fig. S2), with no sig-
nificant difference in the distribution of PR, ER, and HER2 between CD73
KO and WT groups at the protein (Figure 1C) and mRNA level (Fig. S3).
The CD73 KO-induced increase in TFS was significant in an HR-negative
(HR-), but not in an HR-positive (HR+) group, with a similar effect when
mice were stratified only according to PR or ER expression (Figure 1D).
While CD73 KO-induced effect on TFS was also present in TNBC group,
HER2 overexpression did not affect TFS in CD73 KO mice (Figure 1E).
However, this study was limited by the low incidence of HER2 tumors
(Figure 1C). Furthermore, analysis of the correlation between CD73 and
ER expression was limited by a high fraction of negative results for ER
protein expression, confirmed with RNA-seq results (Fig. S3). It is
consistent with the model applied, using MPA, a synthetic analog of
progesterone for priming before induction with a cancerogene (DMBA),
and a long time that is needed for tumor development and growth. It is
concurrent with the reduced expression of the ERa. isoform in older mice
that were subjected to high levels of progesterone through pregnancy
[41]. Nevertheless, as the quantitative PR load correlates with the
quantitative ER load [42] and BC ER-low cases are associated with
higher PR expression [43], we were able to correlate results with PR
expression.

The analysis of RNA-sequencing data from MGs isolated from mice at
PND 98, four weeks after the last DMBA dose, identified 336 DEGs (FDR
<0.05) between WT and CD73 KO MGs. Gene Ontology (GO) functional
annotation analysis of upregulated and significantly enriched DEGs
showed that (1) the biological processes were mainly involved in the
regulation of cell motility, cell—cell interactions, and lipid metabolism,
especially FA biosynthesis and [-oxidation; (2) the cell components
involved were mainly integral components of membranes, cell-cell
junctions, and peroxisomes (Figure 1F). Changes in the FA meta-
bolism were confirmed by mass spectrometry analysis of the FA profile
of mammary glands from the initiation stage (Table S3). The heat map of
the unsupervised-hierarchical clustering of the data shows increased
percentages of saturated long-chain FAs, myristic (14:0) and palmitic
(16:0) in the CD73 KO group (Figure 1G). It is consistent with an
increased expression of genes involved in the metabolism of acetyl-
coenzyme A (acetyl-CoA) (e.g., Aacs, Acly, Acaca, Acat2) (Figure 1F,H)
(Table S4), an intracellular carbon source for FA biosynthesis, as well as
genes involved in the elongation of saturated and mono-unsaturated FAs
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with 12, 14, and 16 carbons (Elovi6) [44]. An increase in total mono-
unsaturated FAs (total MUFA), especially palmitoleic acid (16:1) in-
dicates an increased FA desaturation consistent with an up-regulation of
Scd1 desaturase, that mainly catalyzes the addition of double bond to
palmitic acid (16:0 -> 16:1) and stearic acid (18:0 -> 18:1). On the
other hand, a significant decrease in the percentage of total PUFANG,
mainly hexadecadienoic acid (16:2n-6; HDA) and a dietary essential FA
and a primary PUFANG - linoleic acid (C18:2n-6; LA), corresponds with
an up-regulation of FA B-oxidation indicated by GO enrichment analysis
(Figure 1F). It is supported by a decrease in the body weight of CD73 KO
mice at the initiation stage of MG tumorigenesis (Fig. S4A).

GO enrichment analysis also indicates CD73 depletion-induced tran-
scriptomic changes in epithelial cell morphogenesis (Figure 1F), a
process in mammary gland development highly regulated by proges-
terone and estrogen receptors [45]. At the initiation stage of tumori-
genesis, mMRNA expression of the gene coding for progesterone
receptor (Pgn) in mammary glands of CD73 KO mice relative to WT was
significantly higher (log2 fold change of 3.52, p-value adjusted for false
discovery rates = 0.016). There was no difference in mRNA expression
of genes coding for estrogen receptor (Esrf) and HER2 (Erbb2).
Protein—protein interaction (PPI) network generated for the products of
identified DEGs using the STRING database indicates a tight interplay
between the expression of the genes involved in FA metabolism and
Pgr, which were all consistently upregulated in the CD73 KO group
(Figure 11). It also highlights PPARY (peroxisome proliferator-activated
receptor gamma), a transcription factor regulating an expression of
genes involved in lipid metabolism, as an important connective node
right in the middle of the network.

3.2. CD73 regulates lipid metabolism in hormone-sensing
epithelial cells

Analysis of the publicly available GTEX transcriptomic data of mam-
mary glands from healthy women also shows upregulation of genes
involved in lipid metabolism in MGs with low compared to high
expression of the CD73 gene (NT5E) (Figure 2A). The affected pro-
cesses included lipid storage and its regulation, triglyceride biosyn-
thesis and catabolic process, cholesterol metabolism, and lipid
catabolism, but also regulation of progesterone secretion. KEGG
analysis highlighted the upregulated expression of DEGs associated
with the regulation of lipolysis in adipocytes and fatty acid biosyn-
thesis, with an enrichment of PPAR, AMPK, and adipocytokine
signaling pathways.

To indicate the cell population in a mammary gland most involved in
the CD73 KO-induced changes we used single-cell RNA-sequencing
(scRNA-seq) data from Broad Institute datasets. In white adipose tissue
(WAT) of human and murine healthy mammary glands [38], there is no
significant correlation between PPARG/Pparg and NT5E/Nt5e expres-
sion, in general, and for specific subpopulations of cells including
adipocytes and their progenitor/stem cells (ASPCs), vascular cells, and
immune cells (Figure 2B). In both species adipocytes and pericytes
have the highest PPARG/Pparg expression, while there are some dif-
ferences in NT5E/Nt5e expression, especially in ASPCs, LEC (lymphatic
endothelial cells) and neutrophil subpopulations. Next, we analyzed
scRNA-seq data from a human breast atlas [39]. There is a significant
correlation between NT5E and PPARG expression (Spearman R
rho = 0.753) for a population consisting of epithelial cell subsets,
alveolar cells (AV), hormone sensing cells (HS), and basal cells (BA) as
well as endothelial cells, fibroblasts, and immune cells. The
unsupervised-hierarchical clustering of Spearman R correlation matrix
between NT5E expression and selected lipid-metabolism-associated
genes (Figure 2C), indicates a strong correlation between low CD73
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expression and high expression of genes involved in the metabolism of
acetyl-coenzyme A (acetyl-CoA) (Aacs, Acaca) in the subpopulation of
hormone-sensing cells. Similarly, as in MGs from CD73 KO mice at the
initiation stage of tumorigenesis.

3.3. CD73 regulates FA metabolism during BC development

We explored RNA-seq data from MGs and MGTs to analyze CD73’s role
in the development of a primary tumor in a mammary gland
(Figure 3A). About 17% of DEGs between the initiation and progression
stages were unique for the CD73 KO or WT group indicating CD73-
induced differences in the gene expression during tumor develop-
ment. GO enrichment analysis suggests that CD73 KO at the pro-
gression stage suppresses fat cell differentiation together with the lipid
metabolic process, simultaneously nullifying the effect observed at the
initiation stage on FA biosynthesis and B-oxidation (Figure 3B). It is
accompanied by suppressed regulation of epithelial cell differentiation
and mammary gland development, as well as cell—cell signaling,
transmembrane transport, and reactive oxygen species metabolic
process. Therefore, we compared the FA profiles of MGs and MGTs. In
the WT group, the most significant change induced by tumor devel-
opment was an increase in the total percentage of anteiso branched-
chain FAs (total anteiso BCFA), which together with iso BCFAs are
indicated to inhibit FA biosynthesis in human BC cells [46] (Figure 3C,
Table S5). In the CD73 KO group, besides a similar increase in total
anteiso BCFAs, there was a significant increase in the percentage of
FAs with longer chains, saturated (18:0, 20:0; 21:0; 22:0; 24:0) and
monounsaturated (24:1), a PUFAn3, ETA (eicosatetraenoic acid), and
some PUFANG, especially arachidonic acid (ARA), and its elongation
product, adrenic acid (AdA) (Figure 2C, Table S6). There was also a
corresponding decrease in the percentage of palmitic acid (16:0) and
eicosenoic acid (20:1). As a result, at the progression stage itself, the
differences in FA profiles between WT and CD73 KO groups in FA
profiles were abolished (Table S7).

Next, we compared the CD73-associated changes in the transcriptome
of healthy mammary glands from GTEX datasets and breast carci-
nomas from patients from the METABRIC cohort (Figure 3D). The GO
analysis of significantly enriched DEGs shows a similar nullifying effect
of low NT5E expression in BC progression on initiation-induced
changes in lipid and FA metabolism in mammary glands, when
compared to NT5E high groups (Figure 3E). Comparison of unsuper-
vised hierarchical clustering of genes involved in KEGG pathways
(PPARG, AMPK, and adipocytokine signaling pathways, regulation of
lipolysis in adipocytes and fatty acid biosynthesis) analyzed by GSEA
from GTEX datasets (Figure 2A) with the METABRIC datasets confirms
changes induced by BC progression (Figure 3E).
Immunohistochemical staining of murine MGTs for PPARy showed its
significantly higher nuclear localization in the WT group compared to
the CD73 KO group indicative of its activation (Figure 3F). We also
observed a significant drop in Pparg expression at the transcriptomic
level in CD73 KO mice (log2 fold change of —1,89, p-value adjusted for
false discovery rates = 0.0008). It indicates, that CD73 might regulate
lipid and FA metabolism through the PPARY signaling pathway during
tumorigenesis in mammary glands.

3.4. CD73 regulates lipid metabolism, stress response, and
mutational tumor burden in association with the development of PR-
negative tumors

Next, we analyzed the effect of CD73 expression on nuclear localization
and activation of PPARY in murine MGTs in correlation with their PR
status. In PR-negative tumors, PPARY nuclear localization (Figure 4A)
and its activation (Figure 4B) were decreased in the CD73 KO group,
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Figure 2: CD73-dependent regulation of lipid metabolism and PPARY pathway in healthy murine and human mammary glands. (A) The bubble matrix represents GO and
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PPARy in tumor cells. Mean -+ SEM. The scale bar represents 200 pm. Mann—Whitney test, *p < 0.050.
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while in the PR-positive tumors, it was at a comparable low level
independently of CD73 expression. It indicates that CD73 can upre-
gulate activation of the PPARy signaling pathway in PR-negative
MGTs. We observed a similar effect for human PR-negative BCs with
high expression of CD73 (Figure 4B), even if the sample size of CD73
low tumors limited the study.

10

To understand the mechanism underlying these changes, we assessed
DEGs (FDR <0.05) between WT and CD73 KO MGTs stratified by their
PR status (Figure 4C). The growth rate of primary tumors, measured
from the moment they were palpable, was not modified by CD73 KO
and PR status of MGTs (Fig. S4B), therefore, the changes in gene
expression might reflect the pathways modified during an earlier stage
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of tumor development. KEGG pathway analysis of 20 DEGs identified
for PR-negative MGTs pointed out mismatch repair as one of the most
enriched terms (Figure 4D). Unsupervised hierarchical clustering
analysis of the protein-coding DEGs unique for PR-negative MGTSs,
grouped CD73 KO PR-negative tumors with MGs at the initiation stage,
both WT and CD73 KO. These genes are involved in mitogenic
signaling (Dynit1b, Pcdh8/PAPC), stress response (Mih1, Amyi,
Gsta3), especially DNA mismatch repair (MIh7), FA metabolism
(Dynit1b, Gsta3, Crybad), and progesterone/estrogen activity (Gsta3,
Cryba4) (Table S8). For MIh1 and Dynit1b, the difference in expression
was carried over from the initiation stage (Figure. 4E). This data in-
dicates the association between CD73 activity, FA metabolism,
mutational tumor burden, and progesterone signaling in the regulation
of mammary gland tumorigenesis.

Interestingly, at the initiation stage down-regulated expression of Mih1
was compensated by up-regulation of 10 other genes from
G0:0006974 (cellular response to DNA damage stimulus) pathway
(Figure 4F, Table S9). PPI analysis generated for the products of these
DEGs using the STRING database shows a network consisting mostly
of the proteins involved in the DNA repair and stability with Brip1
(BRCA1 interacting protein C-terminal helicase 1) as a connecting node
for Mih1 (part of DNA damage response, DDR). Furthermore, it was
accompanied by an up-regulated expression of the Sesn2 gene, coding
Sestrin2, a highly conserved metabolic protein with protective activity
against DNA damage, oxidative stress, and hypoxia acting mainly
through activation of the key energy sensor and a negative regulator of
FAS, AMP-dependent protein kinase (AMPK) [47,48]. Up-regulation of
these genes faded out at the progression stage (Fig. S5). Therefore, as
the next step, we analyzed MGTs for CD73 KO-induced changes in the
expression of MLH1, phosphorylated form of AMPK (p-AMPKe.1/2), and
phosphorylated form of histone H2AX (y-H2A.X), an indirect marker of
DNA double-strand breaks (DSBs) (Figure 4G). IHC staining showed a
significant drop in MLH1 (confirming transcriptome analysis) and p-
AMPKa1/2 expression in CD73 KO PR-negative MGTs, while no dif-
ferences were detected in PR-positive MGTs. However, the level of -
H2AX was unchanged in all groups with a PR-status-dependent ten-
dency only.

3.5. CD73 regulates DDR and oxidative stress response in a PR-
and mutational landscape-dependent context in BC cell lines
Changes in Mih1 expression in PR-negative tumors were accompanied
by a decreased expression of Gsta3 at the progression stage (Table S8).
Glutathione S-transferase A3 (GSTA3) is an antioxidative protease
involved in glutathione-dependent removal of lipid peroxidation products
[49]. It indicates a potential role of CD73 in the regulation of mutational
burden through the regulation of lipid peroxidation in association with
CD73’s effect on FA metabolism. Therefore, using human BC cell lines
we assessed the impact of CD73 inhibition on the expression of DDR and
DSBs markers, oxidative stress, glutathione S-transferase activity, and
general levels of reactive oxygen species (ROS) production in correlation
with PR expression (Figure 5A,B,C,D Fig S6). Western Blot analysis
showed a significant time-dependent decrease in MLH1 levels in PR-
negative BC cells after incubation with CD73 inhibitor, AOPCP
(Figure 5A), except for the BRCA1 mutant cell line (MDA MB 436). The
level of y-H2A.X increased in both PR-positive and most PR-negative
cell lines (increase in 4T1 and MDA MB 436, decrease in MDA MB
231), indicating accumulation of DNA damage induced by CD73
chemical depletion. In the oxidative stress response, we observed a
significant overall increase of SOD1 expression in TNBC cell lines, an
enzyme that catalyzes superoxide anion radical (05~) to oxygen and
hydrogen peroxide (H20,), while the level of GPx-1/2 (glutathione
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peroxidase 1/2), enzyme next in the cascade was not changed. How-
ever, we did observe a significant PR-dependent increase in glutathione
S-transferase activity (Figure 5C, Fig. S6E), which led to a substantial
drop in intracellular levels of ROS (Figure 5D, Fig. S6F).

Some of the results of CD73 depletion on the expression of analyzed
DDR and DSB markers indicate the potential interfering effect of the
diverse genomic and mutational landscape of BC cell lines. Therefore,
we assessed the basal mRNA expression in a panel of selected 48 BC
cell lines from CCLE datasets to further analyze the association be-
tween NT5E, PPARG, PGR, and DEGs specific for PR-negative tumors
(specifically GSTA3 and MLH1) in human BC cells. While there was
some correlation between CD73 and PPARY when PR status-based
dichotomization was applied, with higher co-expression of NT5E
and PPARG in PR-negative tumors (in agreement with the data from
TMAs — Figures 4B), MLH1 and GSTA3 were mostly expressed
independently of PR status (Figure 5D), similarly as in our murine
model (Figure 4E). Next, we assessed these changes at the protein
level following chemical depletion of CD73 activity in the cell lines. In
normoxic conditions, similar to these at the early stages of tumor
development, CD73 inhibition or lack of PR increased PPARY
expression (Figure 4E,F). Similar results were observed in all three
applied models (Fig. S7A,B), but the CD73 KO PR-negative MGTSs,
probably due to the overrepresentation of larger and deeply hypoxic
MGTs in our murine model compared to the clinical cohort
(Fig. S8A,B). Meanwhile, changes in MLH1 expression were PR-
specific, with expression increased in PR-negative controls (iden-
tical to WT PR-negative MGTSs; Figure 4E,G) and decreased in AOPCP-
treated cells (similar to CD73 KO MGs and PR-negative MGTSs;
Figure 4E,G and Fig. 4A). There were no significant changes in GSTA3
expression following CD73 inhibition, only a PR-status dependent
tendency (similar to distribution of ROS production in Figure 5D).
However, a more detailed analysis (Figure 9A,B,C) indicates that
some intrinsic molecular subtypes of BC are more sensitive to CD73-
induced changes, especially Luminal B and Mesenchymal TNBC/
TNBC-B.

3.6. CD73 regulates genome stability and TMB in correlation with
the HR status of BC patients

To confirm the clinical significance of CD73 depletion-induced changes
on genome stability in PR/ER-negative mammary gland tumors, we
analyzed data from the METABRIC cohort (Figure 6A). We limited our
analysis to the double positive (PR + ER+) and double negative (PR-
ER-) tumors to omit the problem connected with the reduced ER
expression in our murine model resulting in significant differences in
the distribution of hormonal receptors (PR, ER) between analyzed
models (Table S10).

We observed differences in the distribution of integrative cluster
(IntClust) groups, novel molecular stratification of the breast cancer
population derived from the impact of somatic copy number aberra-
tions (CNAs) on the transcriptome [37], according to the PR/ER and
NT5E status of the patients (Figure 6B). PR/ER status affected the
distribution of patients classified to IntClust 1, 2, 3, 4ER-+/ER-, 6, 7, 8,
and 10 groups, while differences in NT5E expression affected their
distribution to IntClust 3, 4ER+/ER-, 5, 9, and 10 groups. Analysis of
the effect in IntClust 5 (related to the HER2-+ patients [37]), shows that
PR-ER- groups had a higher percentage of HER2+ patients (NT5E high
— 28%, NT5E low — 22%; HER2+ patients), than the
PR + ER + groups (NT5E high — 7%, NT5E low — 2%; triple positive
BC patients). Ultimately, the NT5E low PR-ER- group presented
decreased incidence in IntClusts with good prognosis and low genome
instability (IntClust 3, 4ER+/ER-, 7, 8) and increased in IntClust 10 with
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Figure 5: CD73 through reprogrammed lipid metabolism regulates oxidative stress response and tumor mutational burden in association with PR expression. (A) CD73
depletion-induced time-manner changes in MLH1, y-H2A.X, GPx-1/2, and SOD1 protein expression in BC cell lines treated with AOPCP (CD73 inhibitor). Representative images of
western blot analysis of each antigen for each set of conditions. (B) Summarized results of densitometry analysis from 5 cell lines for MLH1, y-H2A.X, GPx-1/2, and SOD1 after 48h
of stimulation (Control vs AOPCP). Mean + SEM. (C) Summary results of the relative activity of glutathione S-transferase in vitro from 10 cell lines after 48h of stimulation with
AOPCP. Mean + SEM. (C) Summary results of the general level of intracellular ROS production in vitro from 9 cell lines after 48h of stimulation with AOPCP, measured by flow
cytometry. Mean + SEM. (D) The heatmap of the mRNA expression of NT5E, PPARG, MLH1, and GSTA3 in 48 BC cell lines from CCLE datasets sorted by NT5E expression. (E) CD73
depletion-induced changes of CD73, MLH1, PPARy, and GSTAS3 protein expression in 20 BC cell lines treated with AOPCP for 48h and cultured in normoxia conditions, evaluated by
western blot analysis. Representative images of each antigen for each pair of conditions. (F) The changes induced by CD73 inhibition in vitro at the protein level of PPARY, MLH1,
and GSTA3. Summary results of densitometry analysis from 20 cell lines. Mean + SEM. ANOVA or Kruskal—Wallis test for multiple comparisons; Paired t-test or Wilcoxon
matched-pairs test for paired comparisons; unpaired t-test or Mann—Whitney test for other comparisons. *p < 0.050, **p < 0.010, ***p < 0.001, ****p < 0.0001.
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Figure 6: Low CD73 (NT5E) expression increases tumor mutational burden in PR-ER- BC patients. A) Flow chart of human MGTs genome and transcriptome analyses from
METABRIC cohort. Patients NT5E high/low (NT5E high - T1, NT5E low - T3) were grouped according to their PR/ER status. B) Distribution of integrative clusters (IntClust) in analyzed
groups. Data shows the percentage of patients classified to certain IntClust in a total number of patients. The prognostic value of IntClust: darker red — least favorable, darker
green — most favorable, yellow — intermediate value. C) The heatmap of the unsupervised hierarchical clustering of gene mutation profiles in analyzed groups. Only genes with
significant differences in frequencies between tested groups were analyzed. Red denotes a higher and blue a lower fraction of mutated samples per group. D) The STRING
database-generated visualization of a protein—protein interactions network of protein products of mutated genes involved in cell differentiation, lipid metabolism, DNA repair, and
apoptosis. The lines represent text-mining evidence in the PPI network, and their thickness indicates the strength of data support. The bubble colors represent gene involvement in
GO terms and Reactome Pathways listed in table. E) Differences in TMB, number of breakpoints, Gll, and CAAI in patients grouped according to the NT5E and PR/ER status. TMB,
number of Breakpoints and GlI - Kruskal-Wallis test, ***p < 0.001, ****p < 0.0001, CAAl — Fisher test.
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worse prognosis and high genome instability (IntClust 10 is charac-
teristic for basal tumors), suggesting that the NT5E low PR-ER-
phenotype might be associated with poor survival. The same strong
effects of PR/ER and NT5E status were observed for the unsupervised
hierarchical clustering analysis of the most mutated genes across the
analyzed groups of patients (Figure 6C) (Table S11). In the NT5E low
PR-ER- group, the most mutated genes are involved in nucleic acid and
lipid metabolic processes, regulation of response to stress, apoptosis,
deubiquitination, DNA repair, and G2/M DNA damage checkpoints
(Figure 6D). Next, we analyzed common markers of genome instability
and dysregulation of DNA repair. The NT5E low PR-ER- group was
characterized by the highest tumor mutational burden (TMB), number
of DNA breakpoints, genomic instability index (Gll), and complex arm-
wise aberration index (CAAIl) (Figure 6E). The PR/ER status had the
most impact on the number of DNA breakpoints (p-value for PR/
ER = 4.63E-06; 2-way ANOVA with interactions), while NT5E
expression affected Gll the most (p-value for NT5E = 1.01E-03; 2-way
ANOVA with interactions) (Table S12). The effect on TMB (p-value for
CD73-PR/ER interaction = 1.26E-02; 2-way ANOVA with interactions)
and CAAI (p-value for NT5E/PR/ER phenotype = 0.02078; Chi-square
test) might be a compound effect of both HR-negative and NT5E low
status. Each of these factors is considered an independent prognostic
marker of unfavorable value, that supports our overall hypothesis that
low CD73 expression enhances mutational burden through lipid
metabolism disruption in correlation with the development of HR-
negative tumors.

4. DISCUSSION

Using a murine model of chemically induced mammary gland
tumorigenesis, we observed that CD73 genetic depletion delayed the
onset of mammary tumors, mainly HR-negative ones (Figure 7). This
delay correlated with increased biosynthesis and B-oxidation of fatty
acids in the CD73 KO group as indicated by RNA-seq and FA profile. In
the CD73 KO group, STRING analysis indicated an interplay between
the up-regulated DEGs involved in FA metabolism and increased
expression of the gene coding for PR, with PPARy as a main con-
nective node. We observed a significant association between CD73,
PPARY, and PR in regulating tumor mutational burden in murine and
human mammary gland tumors. Our results seem to suggest that low
CD73 expression/CD73 KO enhances mutational burden through
disruption of lipid metabolism prolonging the onset of more aggressive
HR-negative tumors. However, further growth of MGTs was not
affected in correlation with a nullifying effect of cancer progression on
CD73 KO-induced changes in lipid metabolism.

CD73 KO-induced delay in tumorigenesis was observed for prostate
cancer in TRAMP transgenic mice, but it was correlated with the CD73
KO-induced changes in the immune microenvironment [7]. However,
for BC we observed this delay to be limited to the HR-negative subtype
of MGTs and to correlate with an increased expression of PR at the
mRNA level. While PR signaling was shown to have a suppressive role
in the pro-oncogenic microenvironment in the prostate at the early
stages of tumor development [50], in the murine model of mammary
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gland tumorigenesis it was PR ablation that had a protective effect,
reducing mammary tumor incidence and their growth [10]. Never-
theless, it was indicated that PR signaling induces paradoxical context-
dependent effects on mammary tumorigenesis, both driving BC and
being a favorable marker of disease outcome as it is associated with
the more differentiated and less aggressive PR-positive tumors [51].

Both ER and PR can modulate abnormal lipid metabolism in BC, which
is highly affected by continuous interactions between tumor cells and
cancer-associated adipocytes (CAAs). Modulation of lipid metabolism
is an important part of metabolic reprogramming during neoplastic
cascade. In BC development, the expression of main enzymes involved
in de novo synthesis of FAs, ACLY (ATP citrate lyase), ACACA (acetyl-
CoA carboxylase alpha, ACC1), FASN (FA synthase), and SCD1
(stearoyl-CoA desaturase 1), is usually upregulated resulting in
increased levels of SFAs and MUFAs. However, silencing of ER results
in decreased expression of ACACA while estradiol induces SCD1
expression in ER-positive cells [12]. During metabolic reprogramming,
there is a cooperation between ER and PR signaling. FA metabolism is
affected mainly through PR signaling, estrogens target the PI3SK/AKT/
mTOR pathway and oncogenes, and together they affect glycolysis
[52]. As a result, there are significant differences between FA meta-
bolism in cancer subtypes, with TNBC tumors more dependent on the
uptake and storage of exogenous FAs than de novo synthesis [12—14].
CD73 KO-induced deregulation of lipid metabolism in mammary
glands at the initiation stage indicated PPARY as a main connective
node. Furthermore, the correlation between PPARG/Pparg and NT5E/
Nt5e expression was significant for epithelial subsets of cells in murine
and human mammary glands, while absent for adipocytes. It indicates,
that CD73 KO-induced changes in PPARy activity affect mainly cell
populations undergoing neoplastic transformation into mammary tu-
mors and not their microenvironment, including adipocytes and im-
mune cells.

PPARY is a transcription factor broadly expressed not only in adipose
tissue but also in various epithelial cell types. It regulates the tran-
scription of genes involved in lipid metabolism, including Pparg/
PPARG, adipocyte differentiation, energy and glucose homeostasis,
and oxidative stress response [1,53,54]. Its increased nuclear locali-
zation is associated with longer OS of cancer patients, while its
cytoplasmic localization is a prognostically unfavorable factor. There is
growing evidence that PPARy acts as a tumor suppressor in BC
modulating tumorigenic cascade and cancer progression, through
interaction with the IGF system and its down-stream pathways, such
as mitogen-activated protein kinase (MAPK), phosphoinositide 3-
kinase (PI3K), and the mechanistic target of rapamycin (mTOR) path-
ways. Through the upregulation of PTEN, PPARYy can inhibit the PI3K/
AKT/mTOR pathway activated by ER signaling, as a result inducing
growth arrest. On the other hand, ER signaling can repress PPARY
activation, while PPARy can antagonize progesterone activity by
stimulating PR degradation and inhibiting progesterone-induced PR
phosphorylation [1,53,55]. It correlates with an increased PPARy
expression and activation in PR-negative MGTs in our model. However,
CD73 KO results in its significant down-regulation in cancer cells of
PR-negative tumors, but not PR-positive tumors.

PR and PPARYy play opposite roles in the regulation of PI3K/AKT
signaling regulating cell proliferation and survival. Furthermore,
phosphorylation through the MAPK/ERK1/2 (extracellular regulated
kinase 1/2) pathway has a negative role on PPARY levels [1] and PR
levels and activity [11]. Activation of MAPK/ERK1/2 and PI3K/Akt
pathways in normal and cancer cells is strongly associated with
extracellular adenosine signaling through adenosine receptors. Loss of
progesterone receptor was shown to be correlated with adenosine

I

MOLECULAR
METABOLISM

signaling through the PI3K/AKT signaling pathway [56,57]. While in the
adult mammary gland PR is expressed in only a fraction of luminal
epithelial cells, PR-positive cells can stimulate the proliferation of PR-
negative cells in the basal epithelium through paracrine signaling [11].
Thus, the CD73 KO-induced increase in PR expression can indirectly
affect developing PR-negative tumors through their microenvironment
and sensitize them to the deregulatory effect of CD73 KO/CD73 low
expression on lipid metabolism.

Low PR expression in BC is associated with a decrease in MLHT (MutL
homolog 1 gene) expression, a member of the DNA mismatch repair
system, an aberrant DNA mismatch repair, and increased mutational
tumor burden [58]. We observed the downregulated expression of genes
involved in cellular stress response (Mih1, Gsta3) induced by CD73 KO in
correlation with the PR-negative phenotype. We observed also a sig-
nificant CD73-depletion-induced decrease in MLH1 expression in PR-
negative MGTs and PR-negative BC cell lines, correlating with the
changes in PPARY expression at the protein level. At the initiation stage
of mammary gland tumorigenesis changes in Mih1 were accompanied
by an upregulated network of the genes involved in the DNA repair and
stability as indicated by STRING database analysis. MLH1 through its
interaction with FANCJ (also known as BRIP1 or BACH1), a DNA helicase,
is needed for recovery and restart of replication [59,60]. However, up-
regulation of these compensatory genes faded out at the progression
stage, and in human colorectal cancer MLH1 deficiency was shown to
impair tumor growth through increased mutational load [59]. Further-
more, in the METABRIC cohort, low CD73 expression correlated with
increased TMB and genomic instability in the PR-negative group. Thus,
our results indicate that the activity of oncogenes and genes involved in
the regulation of DNA stability is connected to the pathways regulated by
PR, PPARY, and CD73. On the other hand, increased PR signaling in
TNBC cell lines was shown to upregulate the expression of genes
detrimental to cell proliferation and invasion including many tumor-
suppressor genes, but also consistently dampen the genes involved in
the maintenance of genomic stability, especially the ones involved in
DNA repair [61]. This correlates with CD73 KO-induced delay in the
onset of more aggressive PR-negative tumors in our model.

In most of the BC cell lines, we observed a CD73-depletion-induced
increase in the expression of y-H2A.X, a phosphorylated form of
histone H2AX, an indirect marker of DNA double-strand breaks (DSBs).
Its phosphorylation is a crucial step in the response to DNA damage, as
it is required for the assembly of repair factors at the sites of damage,
and is a marker of DNA replication stress [62]. However, in mammary
glands, we have seen no CD73 KO-induced difference in the expres-
sion of y-H2A.X. On the other hand, we analyzed tumors isolated at the
specific endpoint, when they reached over 1 cm in diameter, which is
quite a late stage in tumor development and 'y-H2A.X was indicated as
not the most reliable marker for assessing solid cancer samples [62].
Furthermore, we observed a significant CD73 KO-induced decrease in
the expression of p-AMPKa.1/2, while AMPKa. knockout was shown to
enhance H2A.X phosphorylation and DDR, possibly through down-
stream effector pathways Chk2/p53-p21(cip1) and Akt-mTOR [63].
AMPK, activated by the energy-replete conditions, inhibits de novo
synthesis of fatty acids (FAs) and activates their uptake and FAO. It has
also a crucial role in regulating antioxidant defense during oxidative
stress upregulating the expression of several antioxidant genes [64].
Furthermore, with cancer progression, we observed a CD73 KO-
induced increase in the levels of PUFAn3 and PUFAn6, known li-
gands of PPARY and a target for the formation of lipid peroxide in-
termediates, one of the reactive oxygen species [1,2]. We also
observed significant, CD73-and PR-dependent changes in the
expression of PPARy, which can regulate an expression of a vast array
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of genes involved in the response to oxidative stress, both pro- and
antioxidant [54]. Therefore, our results strongly indicate, that CD73 has
a significant role in the regulation of tumor mutational burden through
the regulation of DNA damage and oxidative stress response modu-
lating lipid metabolism in correlation with PR expression at the early
stages of tumorigenesis (Figure. 7).

However, we have also observed a significant effect of PR-status itself
on ROS levels and oxidative stress response. Decreased expression of
progesterone receptor was shown to correlate with increased ROS
levels in tumor cells [65]. Furthermore, in developing tumors hypoxia
and reperfusion due to the neoangiogenesis process result in the
generation of ROS [66]. CD73 is one of the main regulators of an
adaptive response to hypoxia [6]. The hypoxic tumor microenvironment
can induce a further metabolic switch stimulating the change from
endogenous FA synthesis to increased exogenous FA uptake in
developing tumors through inhibition in glucose-based acetyl-CoA
generation, a process accompanied by inhibition of the oxygen-
dependent FA desaturation [15]. The differences in the expression of
genes involved in lipid metabolism and the changes in FA profiles
induced by CD73 KO were thus nullified by the development of
mammary tumors. As a result, CD73 KO did not affect the tumor
growth rate in our model, even when tumors were stratified according
to ER/PR expression. Similar results were observed in the analysis of
human BCs by Supernat et al. [40], with no correlation between CD73
expression, histological type, lymph node status, grading, and ER/PR
status on 0OS and DFS (disease-free survival). This can explain the
differences in the correlation between PPARy and CD73 expression in
murine and human tumors as they significantly differed in their size.
Therefore, at the later stage of tumor development, CD73-regulated
effects on DDR and oxidative stress can be attenuated by CD73-
regulated response to hypoxia.

Furthermore, oncogenes play a critical role in regulating lipid meta-
bolism and metabolic reprogramming, with the most commonly mutated
in BC, PIK3CA, and PTEN, participating in the PI3K/AKT signaling axis. In
the most aggressive TNBC tumors frequently amplified MYC oncogene
can drive FAQ in addition to glycolysis to sustain energy requirements for
its hyperproliferative activity [13,14]. We have observed in this work a
potential effect of diverse genomic and mutational landscape of BC cell
lines on the observed results. Especially BRCA1 as it can interact with
MLH1 independently of its interactions with FANCJ and its mutation can
affect FAS through its interaction with acetyl-CoA carboxylase alpha
(ACACA), an enzyme upregulated by CD73 KO at the initiation stage
[60,67]. Furthermore, the effect of CD73 depletion on p-AMPKoi1/2
activity can be potentially masked by mutations in its downstream
effector pathways that include P53 [63].

CD73 activity can be upregulated by hypoxia and inflammation and as
a Zn-dependent enzyme, it can be significantly affected by zinc
depletion [6]. In the past few years, many highly potent and selective
inhibitors of CD73 and adenosine receptors have been developed and
applied for clinical trials. However, significant limitations as to their
efficiency and selectivity were also demonstrated [3]. There are also
new promising approaches in breast cancer therapy targeting lipid
metabolism with small molecule agents, modulation of lipid meta-
bolism with natural compounds, PUFA supplementation, or an appli-
cation of diabetic drugs, such as metformin, which are already
investigated in clinical trials for cancer prevention and treatment
[2,13]. However, they are still limited in breast cancer by complicated
dynamics of its lipidome in correlation with its molecular subtypes.
Furthermore, aberrant regulation of lipid metabolism in cancer and its
impact on oncogenic signaling pathways in cancer are highly complex

affecting its development, progression, therapeutic resistance, and
recurrence [12,13,16]. As a result, PPARY’s role as a BC suppressor
demonstrated in preclinical studies did not translate well into human
clinical trials with the failure of synthetic PPARY ligands as to their
effectiveness and safety profile [53]. Furthermore, progesterone
emerges as the primary mitogen in the adult breast with clinical evi-
dence suggesting that progestins can increase BC risk in part by
driving its proliferation at the early stage of development [11].
Therefore, elucidation of the connection between the deregulation of
lipid metabolism, oncogenic signaling, and one of the major pathways
in cancer progression, the CD73/adenosine axis, gives us a new insight
into the process of BC tumorigenesis, especially in the context of breast
cancer molecular heterogeneity. A better understanding of this
complicated relationship is needed to improve the efficiency of anti-
cancer therapies targeted against the CD73-adenosine axis or lipid
metabolism.

Our study was limited by a high fraction of ER-negative MGTs in a
murine model. We observed significant differences in the distribution
of tumors with different combined PR/ER statuses in applied models,
especially in the METABRIC cohort, where the number of PR + ER-
tumors was negligible (Table S13). Therefore, we excluded single-
receptor-positive tumors from further analyses. Despite those
evident differences in applied models, we could capture the asso-
ciation between CD73 deficiency and remodeled FA metabolism,
increased TMB, and impaired tumor development in association with
HR-negative BC. Interestingly, analysis of PR/ER combinations in
METABRIC patients showed significant differences in their distribution
between NT5E high and NT5E low groups. Low NT5E expression
correlated with a higher incidence of PR + ER + tumors (86%—14%,
Fisher test <0.0001). It is possible, that in the NT5E low PR-ER-
group, similarly to the murine model we presented, increased TMB
might lead to slower tumor development, explaining a significantly
smaller size of this group. It also highlights potential targets for the
combined anti-CD73 therapy with checkpoint inhibitors such as anti-
PD-1 mAb [3]. Evidence suggests that TMB can predict the efficacy of
immune checkpoint inhibitors as demonstrated by recently FDA-
approved pembrolizumab treatment for the TMB-high tumor sub-
group [68].

Our study was also limited by the low incidence of HER2 tumors (n = 5
for WT and n = 3 for CD73 KO mice). In the METABRIC cohort, we
observed a significant decrease in HER2+ tumor incidence in CD73
low patients (6%, 28/478) compared to CD73 high group (16%, 75/
396, Fisher test <0.0001). In our murine model, we saw that only as a
weak tendency, and the PPARY was not activated (data not shown).
Therefore, further study on a larger group of mice is required to
elucidate the effect of CD73 expression on latency, incidence, and FA
metabolism of HER2-+ tumors.

5. CONCLUSIONS

Our results demonstrate a significant and novel role of CD73 in the
regulation of metabolic reprogramming of lipid metabolism during
mammary gland tumorigenesis. We show CD73 in a regulatory loop
with PR and PPARY in epithelial cells undergoing neoplastic trans-
formation. Its deregulation, by genetic knock-out, inhibition, or the low
expression of CD73, disturbs this process, especially in PR-negative
tumors with their specific metabolic requirements. As a result, TNBC
tumors have their onset delayed, but their genomic instability and
tumor mutational burden seem to be increased in correlation with their
more aggressive phenotype.
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