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IV. ABSTRACT 

CD73 plays a significant role in cancer progression and is pointed out as a 

novel target for antitumor therapy. Literature has shown that its high expression 

correlates with enhanced tumor growth, invasive and migratory properties of 

cancer cells, immunosuppressive tumor microenvironment, dyslipidemia, and 

induced angiogenesis. However, its role in breast cancer (BC) development is 

controversial when clinical data is analyzed. 

In this doctoral thesis titled: “The role of CD73 in the initiation, promotion, 

and progression of breast cancer and its evaluation as a therapeutic target”, we 

aimed to investigate the multifaceted function of CD73 in BC tumorigenesis and 

assess its usefulness as a therapeutic target. Using a murine model of chemically 

induced mammary gland tumorigenesis we analyzed CD73 KO (knock-out)-

induced changes at the transcriptome (RNA-seq), proteome (IHC, WB), and 

lipidome (GC-EI-MS) levels. CD73 KO-induced changes were in line with scRNA-

seq and bulk RNA-seq data for human BCs from public collections and lipidome 

data from the patient’s serum. We confirmed data from transcriptome analysis at 

the proteome level with WB or ELISA analysis of BC and leukemia cell lines. 

CD73 KO delayed the onset of hormone receptor/ progesterone receptor 

(HR/PR)-negative mammary gland tumors (MGTs) in the murine model. At the 

initiation stage, it correlated with increased expression of genes related to lipid 

metabolism, including biosynthesis and β-oxidation of fatty acids (FAs) and 

increased percentages of saturated long-chain FAs, total mono-unsaturated FAs, 

and total PUFAn6 in mammary glands (MGs). Transcriptomic analysis indicated a 

CD73, PR, and PPARγ loop regulating lipid metabolism. With cancer progression, 

CD73 KO increased the level of polyunsaturated omega 3/6 FAs in MGTs, known 

ligands of PPARγ and targets for lipid peroxidation. This increase correlated with 

oxidative DNA damage, corroborating with PR- or CD73-dependent changes in 

the intracellular ROS (reactive oxygen species) levels, expression/activation of 

proteins involved in DNA repair (MLH1, γ-H2A.X), and oxidative stress response 

(GSTA3, GPX-1/2, SOD1, p-AMPKα1/2) in MGTs. A corresponding significant 

increase in the tumor mutational burden and genomic instability markers was 

observed in CD73 low HR-negative human BCs from the METABRIC cohort. Taken 

together, these changes prolonged the onset of tumors in the CD73 KO HR/PR-

negative group. 
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CD73 depletion also significantly decreased the overall survival (OS) in 

the groups of mice with multiple MGTs, distant visceral metastases, and PR-positive 

first MGTs. We observed a similar tendency in lymph node (LN)-positive BC patients 

with luminal status. CD73 depletion did not affect the growth rate of the first MGT 

and the incidence or multiplicity of metastases. However, it halved the time 

interval between the development of the first and second MGT and increased the 

growth rate of all second MGTs. CD73 KO induced CD73-specific changes in the 

tumor immune microenvironment and systemic immune response as measured by 

IHC staining, flow cytometry, and CIBERSORT analysis at the transcriptome level. 

However, high tumor burden abrogated them in correlation with the changes in 

whole blood/serum FA profile and expression of molecular markers of lipid 

metabolism, PPARγ, AMPK, and FABP7 in cancer cells and adipocytes. RNA-seq 

data analysis of the second MGTs indicated a CD73 KO-induced compensatory 

effect on neoangiogenesis, confirmed by changes in intratumoral microvessel 

density but prevalently an activation of pyroptotic immune cell death. IHC, WB, 

and ELISA confirmed activation of pyroptosis but indicated a CD73 KO-induced 

switch from lytic to non-lytic mode of pyroptosis. It corroborated with dysregulation 

of intratumoral lipid metabolism and increased genome instability. 

Taken together, CD73 affects the development of the BC at all of its stages 

but with diverse effects depending on the stage. Low CD73 expression or CD73 

KO might drive mutational burden by disrupting the CD73/PR/PPARγ regulatory 

loop, delaying the onset of HR-negative tumors. Results from our study support 

combining therapy targeting the CD73-adenosine axis and tumor lipidome 

against HR-negative tumors at their earliest developmental stage. At the 

metastatic stage of cancer progression, CD73 KO, through the deregulation of 

pyroptosis, fatty acid metabolism, and neovasculogenesis, fastens the increase in 

tumor burden in association with a prevalent PR-positive status of the first tumor. 

That may have implications for anti-CD73 therapy, both as a monotherapy and in 

combination with immunotherapy for advanced BC. 
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V. ABSTRACT IN POLISH 

CD73 odgrywa znaczącą rolę w progresji nowotworów i jest wskazywany 

jako nowy cel terapii przeciwnowotworowej. W literaturze wykazano, że jego 

wysoka ekspresja koreluje ze zwiększonym wzrostem guza, inwazyjnymi i 

migracyjnymi właściwościami komórek nowotworowych, immunosupresyjnym 

mikrośrodowiskiem guza, dyslipidemią i indukowaną angiogenezą. Jednak jego 

rola w rozwoju raka piersi (BC) jest kontrowersyjna gdy analizowane są dane 

kliniczne. 

W niniejszej pracy doktorskiej zatytułowanej: „Rola CD73 w inicjacji, 

promocji i progresji raka piersi oraz jego ocena jako cel terapeutyczny”, naszym 

celem było zbadanie wieloaspektowej funkcji CD73 w procesie nowotworzenia 

BC i ocena jego przydatności jako celu terapeutycznego. Wykorzystując mysi 

model chemicznie indukowanej kancerogenezy w gruczole sutkowym, 

przeanalizowaliśmy zmiany wywołane przez knock-out CD73 (CD73 KO) na 

poziomie transkryptomu (RNA-seq), proteomu (IHC, WB) i lipidomu (GC-EI-MS). 

Zmiany wywołane przez CD73 KO zostały skorelowane z danymi scRNA-seq i bulk 

RNA-seq dla ludzkich BC z publicznych kolekcji oraz danymi z analizy lipidomu z 

surowicy pacjentów. Wyniki analiz transkryptomicznych potwierdziliśmy na 

poziomie proteomu za pomocą analizy WB lub ELISA na liniach komórkowych raka 

piersi i białaczek. 

W modelu mysim CD73 KO opóźnił pojawienie się guzów gruczołu 

sutkowego (MGT) z brakiem ekspresji receptorów hormonalnych/receptora 

progesteronowego (HR/PR). Na etapie inicjacji korelowało to ze zwiększoną 

ekspresją genów związanych z metabolizmem lipidów, w tym biosyntezą i β-

oksydacją kwasów tłuszczowych (FA) oraz zwiększonym stężeniem procentowym 

nasyconych długołańcuchowych FA, jednonienasyconych i wielonienasyconych 

omega 3/6 FA w gruczołach sutkowych (MGs). Analiza transkryptomiczna 

wskazała na pętlę regulatorową CD73, PR i PPARγ modulującą metabolizm 

lipidów. Wraz z progresją nowotworu, CD73 KO zwiększył poziom 

wielonienasyconych kwasów tłuszczowych omega 3/6 w MGT, znanych ligandów 

PPARγ i substratów w procesie peroksydacji lipidów. Wzrost ten korelował z 

oksydacyjnym uszkodzeniem DNA, co wiązało się z zależnymi od PR lub CD73 

zmianami w wewnątrzkomórkowych poziomach ROS (reaktywne formy tlenu), 

ekspresją/aktywacją białek zaangażowanych w naprawę DNA (MLH1, γ-H2A.X) i 
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odpowiedzi na stres oksydacyjny (GSTA3, GPX-1/2, SOD1, p-AMPKα1/2) w MGT. 

Podobny znaczący efekt na wzrost obciążenia mutacyjnego guza i markerów 

niestabilności genomowej zaobserwowano w HR-negatywnych ludzkich BC o 

niskiej ekspresji CD73 z kohorty METABRIC. Podsumowując, zmiany te wydłużyły 

czas pojawienia się HR/PR-ujemnych nowotworów w grupie CD73 KO. 

CD73 KO znacząco zmniejszył również całkowite przeżycie (OS) w grupach 

myszy z wieloma MGT, odległymi przerzutami trzewnymi i PR-dodatnimi pierwszymi 

MGT. Zaobserwowaliśmy podobną tendencję u pacjentów z LN-dodatnim (zajęte 

węzły chłonne) BC o statusie luminalnym. CD73 KO nie wpłynął na tempo wzrostu 

pierwszego MGT oraz częstość występowania lub mnogość przerzutów. Jednak 

skrócił o połowę odstęp czasu między rozwojem pierwszego i drugiego MGT i 

zwiększył tempo wzrostu wszystkich drugich MGT. CD73 KO indukował 

charakterystyczne dla CD73 zmiany w mikrośrodowisku immunologicznym guza i 

ogólnoustrojowej odpowiedzi immunologicznej, mierzone za pomocą barwienia 

IHC, cytometrii przepływowej i analizy CIBERSORT na poziomie transkryptomu. 

Jednak wysokie obciążenie nowotworem znosiło je w korelacji ze zmianami w 

profilu FA krwi pełnej/surowicy i ekspresją molekularnych markerów metabolizmu 

lipidów, PPARγ, AMPK i FABP7 w komórkach nowotworowych i adipocytach. 

Analiza danych RNA-seq drugiego MGT wskazała na efekt kompensacyjny w 

neoangiogenezie wywołany przez CD73 KO, potwierdzony przez zmiany gęstości 

mikrounaczynienia wewnątrz guza, ale przede wszystkim aktywację 

pyroptotycznej śmierci komórek zależnej od odpowiedzi komórek układu 

odpornościowego. IHC, WB i ELISA potwierdziły aktywację pyroptozy ale wykazały 

indukowane przez CD73 KO przejście z litycznego do nielitycznego trybu 

pyroptozy. Korelowało to z rozregulowaniem metabolizmu lipidów w guzach 

nowotworowych i zwiększoną niestabilnością genomu. 

Podsumowując, CD73 wpływa na rozwój BC na jego wszystkich etapach 

ale wywołując różne efekty zależnie od etapu. Niska ekspresja CD73 lub CD73 KO 

może powodować wzrost obciążenia mutacyjnego poprzez zakłócenie pętli 

regulacyjnej CD73/PR/PPARγ, opóźniając wystąpienie guzów HR-ujemnych. Wyniki 

naszych badań wspierają łączenie terapii ukierunkowanej przeciw osi CD73-

adenozyna i lipidom guza przeciwko guzom HR-ujemnym na ich najwcześniejszym 

etapie rozwoju. Na zaawansowanym etapie progresji raka piersi, CD73 KO, 

poprzez deregulację pyroptozy, metabolizmu kwasów tłuszczowych i 
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unaczynienia nowotworowego, przyspiesza wzrost obciążenia nowotworem w 

powiązaniu z przewagą statusu PR-dodatniego pierwszego guza. Powyższe wyniki 

mogą mieć wpływ na decyzję odnośnie wyboru terapii anty-CD73, zarówno jako 

monoterapii, jak i w połączeniu z immunoterapią zaawansowanego raka piersi. 
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VI. INTRODUCTION 

CD73 (ecto-5’-nucleotidase, eNT) has a significant role in cancer 

progression and is pointed out as a novel target for antitumor therapy [1]. It is a 

glycosyl-phosphatidylinositol (GPI)-linked cell surface protein catalyzing the 

conversion of nucleoside 5’-monophosphates to nucleosides, preferentially 5’-

AMP to extracellular adenosine (eAdo). CD73 is overexpressed in many types of 

murine and human cancer cell lines [2,3], including breast cancer (BC) [4]. During 

solid tumor growth, developing hypoxia and inflammation induce CD73 

overexpression. It results in an accumulation of extracellular adenosine, a 

bioactive molecule that mediates its action through four G protein-coupled 

receptors, A1, A2A, A2B, and A3 [5,6]. The CD73-adenosine axis initiates and 

regulates a process of neoangiogenesis and the “angiogenetic switch” needed 

to stimulate the invasive potential of tumor cells [7,8]. It is also associated with an 

impaired antitumor immune response through regulatory T cells (Tregs) that restrict 

CD8+ T-cell mediated antitumor response. Additionally, CD73 regulates the 

activity of other cells involved in both innate and adaptive immune responses [9–

12]. CD73 depletion through genetic alterations or inhibition has been shown to 

decrease the growth of primary tumors and induce resistance to metastasis 

formation in syngeneic or xenotransplant mouse models of many cancer types, 

including BC [9,13–17]. CD73 was also shown to exert a critical oncogenic role 

during tumorigenesis. Its genetic knock-out reduced tumor incidence in the 

murine model of 3-methyl-cholanthrene-induced fibrosarcoma through a 

mechanism relying upon IFN-, natural killer (NK) cells, and CD8+ T cells. In TRAMP 

transgenic mice CD73 depletion with monoclonal antibodies delayed the 

development of prostate cancer in correlation with an increased ratio of tumor-

infiltrating CD8+ to CD4+ T cells [18]. 

However, its role in breast cancer development is still poorly understood 

[2,3]. Breast cancer, the most frequently diagnosed type of cancer in women 

worldwide [19], is characterized by high heterogeneity with various 

clinicopathological features [20]. In making clinical decisions and predicting 

outcomes for BC patients, a molecular classification based on gene expression 

profiling is used, with estrogen receptor (ER) and progesterone receptor (PR) 

expression, and human epidermal growth factor receptor type 2 (HER2) 

overexpression, as the main biomarkers. Patients with triple-negative breast 
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cancers (TNBC), lacking these biomarkers, have the worst clinical outcome 

[20,21]. Most clinical studies demonstrated a correlation between high CD73 

expression and shorter overall survival (OS) in BC, but with diverse data about its 

dependence upon ER or HER2 status (Table 1). 

Table 1. Correlation between CD73 expression at mRNA or protein level and breast cancer 

clinical outcome. 

CD73 

expression 

measurement 

Number 

of 

patients 

Breast cancer 

subtype 
Results Ref. 

mRNA level 

2898 ER+ and ER- 

High CD73 expression correlates 

with shorter OS only in ER-negative 

patients. 

[22] 

6209 
TNBC, ER+PR+, 

HER2+ 

High CD73 expression correlates 

with shorter OS in TNBC patients, 

independent of LN involvement, 

tumor size, and age. 

[23] 

1128 
All BCs, 

ER+, ER-, HER2+ 

High CD73 expression is 

associated with shorter OS in all 

patients and shorter DMFS in all 

untreated patients or untreated 

HER2+ patients, but not ER+ 

patients. 

[24] 

1981 
All BCs, 

HER2+ 

High CD73 expression is 

associated with shorter DSS; in the 

HER2+ subtype, it is not significant. 

 

protein level 

 

30 

ER+/PR-, ER-/PR, 

HER2+(ER+/PR+), 

HER2+(ER-/PR-), 

HER2-(ER+/PR+), 

HER2-(ER-/PR-) 

High CD73 expression correlates 

with distant or LN metastases and 

relapse within 10 years, 

independent of hormonal 

receptor and HER2 status. 

[25] 

136 
ER+/-, PR+/-, 

HER2+/- 

High CD73 expression in primary 

tumors from Stage I-III patients 

correlates with longer DFS and OS, 

independent of hormonal 

receptor and HER2 status, LN 

status, tumor size, histological 

type, and grade. 

[26] 

122 TNBC 
High CD73 expression correlates 

with decreased DFS and OS. 
[27] 

183 
ER+/-, PR+/-, 

HER2+/- 

No difference in DSF and OS 

according to CD73 expression. 

CD73 expression has no 

association with molecular 

subtypes but is associated with 

positive PR status, higher T-stage, 

and LN metastasis. 

[28] 

DFS - disease-free survival, DMFS – distant-metastatic free survival, DSS – disease-specific 

survival, LN – lymph node, OS - overall survival, ER – estrogen receptor, PR – progesterone 

receptor, HER2 - human epidermal growth factor receptor type 2, TNBC - triple-negative 

breast cancer 
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On the other hand, Supernat et al. [26] reported that CD73 expression 

strongly correlated with longer disease-free survival (DFS) and OS in BC patients. 

This study correlated CD73 expression with tumor burden and suggested that 

elevated CD73 expression could predict a good prognosis in Stage I-III BC 

patients. 

Meta-analyses linking CD73 expression and clinical outcome suggested 

that in BC, the correlation could further depend on patient characteristics and 

clinical features, such as age, chosen population, and previous treatment [2,3]. 

Orthotopic syngeneic BC models can mostly overcome the heterogeneity 

problem. However, they do not fully reflect a multistage process in BC progression. 

The niche-related changes at the time of primary tumor development seem to be 

significant for early cancer dissemination in BC [29,30]. Therefore, we decided to 

apply a carcinogen/promoter-induced multistage BC model reflecting the 

developmental pathway of human disease, with organ-specific stages of 

epithelial transformation, the native stroma, the immune system, and the 

microenvironment [31,32]. We used mice with a constitutive knock-out of the 

cd73/nt5e gene (CD73 KO) with a C57BL/6 genetic background [33]. In the 

C57BL/6 mouse strain, highly resistant to 7,12-dimethylbenz[a]anthracene (DMBA)-

induced carcinogenesis [34], priming mammary gland with a synthetic analog of 

progesterone (medroxyprogesterone acetate, MPA) before DMBA, gives rise to 

MGTs of similar heterogeneity to the human BCs [32,35,36]. 

Furthermore, CD73 also seems to have a role in lipid homeostasis regulation 

as its knock-out (KO) induced dyslipidemia in healthy mice [37]. Cellular lipids, 

especially their major constituent, fatty acids, are essential membrane 

components, signaling molecules, and nutrient storage [38,39]. Quickly 

proliferating cancer cells have an increased demand for energy and 

macromolecules, required for carcinogenesis, tumor cell survival, and cancer 

progression. Therefore, upregulated endogenous FA synthesis is the critical 

metabolic adaptation in various cancers, including BC. This results in cancer cell 

membrane enrichment with saturated (SFAs) and monounsaturated FAs (MUFAs). 

[38,40]. Energy generated through FA oxidation (FAO) into acetyl-CoA significantly 

supports the malignant phenotype as it can sustain cell viability during nutrient 

deprivation, e.g. during hypoxia [38,41]. Under such conditions, cancer cells can 

also increase the uptake of dietary polyunsaturated FAs (PUFAs) needed to 
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generate important mediators of tissue inflammation regulating anti-cancer 

immune response. Interestingly, there are differences in FA metabolism between 

BC subtypes, with TNBC tumors being more dependent on the uptake of 

exogenous FAs [38,40]. 

Adipocytes, prevalent in the breast stroma can supply BC with FAs and their 

continuous interactions facilitate oncogenic-driven metabolic reprogramming of 

cancer cells. In TNBC increased FAO correlates with amplified MYC oncogene 

[39,42]. In tumorigenesis of BC, estrogen was also indicated as an important factor 

in regulating tumor mutational burden through its metabolization to genotoxic, 

mutagenic metabolites [43]. The progesterone receptor is also a critical mediator 

of mammary gland carcinogenesis of chemically induced or spontaneous tumors 

[44,45]. Furthermore, CD73 is a zinc-dependent enzyme [6]. About 80% of women 

of reproductive age are at risk for zinc deficiency, which in the mammary gland 

impairs CD73 activity but increases demand for CD73 expression through oxidative 

stress [46–48]. Extensive ROS generation caused by impaired oxidative stress 

response is one of the causes of DNA damage and increased tumor mutational 

burden [49]. Additionally, while CD73 expression can be upregulated by hypoxia 

and inflammation [50], it can also be downregulated by external factors, such as 

a high-fat diet [37]. However, the role of CD73 in regulating lipid metabolism and 

its effect on the process of mammary gland tumorigenesis has not been analyzed 

so far. 
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VII. AIMS 

The involvement of CD73 in breast cancer development, although proven, 

remains inconclusive as to its clinical impact and is still not fully understood. The 

objective of this doctoral thesis was to investigate the role of CD73 in breast 

cancer at all stages of development, initiation, promotion, and progression with 

the formation of metastatic lesions with a focus on its role as a therapeutic target 

in cancer therapy.  

The research was part of the NCN OPUS 14 grant “The role of CD73 (ecto-5'-

nucleotidase) in the processes of promotion and progression of breast cancer and 

its assessment as a therapeutic target” under contract 2017/27/B/NZ5/02192, 

where I was employed as a Ph.D. student. It also contains results obtained from 

three GUMed grants, that is: IDUB Young Research “Analysis of the role of 

extracellular adenosine metabolism in the regulation of the epithelial-

mesenchymal transition process and the impact on tumor stem cells in breast 

cancer and melanoma in vitro” under contracts 664/73-3306/63/351, IDUB Young 

Research “The effect of CD73 inhibition on the Senescence-associated secretory 

phenotype (SASP) in breast cancer” under contract 01-65024/0007220/643 and 

IDUB SG “Analysis of the role CD73 in the modulation of lipid metabolism in breast 

cancer” under contract 71-01424/K16 0007669. 

The primary aim of the study was to analyze the multifaceted function of 

CD73 in breast cancer at all stages of tumor development and its potential 

correlation with specific tumor subtypes. The study particularly focused on 

exploring novel aspects of CD73's role in this process. This objective was 

accomplished in the attached article (covering the initiation, promotion, and 

progression stages) and the section containing unpublished data (focusing on the 

progression stage). 

The article (Paweł Kamil Serafin, Marta Popęda, Kamila Bulak, Agata Zwara, 

Barbara Galikowska-Bogut, Anna Przychodzka, Adriana Mika, Tomasz Śledziński, 

Marcin Stanisławowski, Kamila Jendernalik, Marika Bolcewicz, Wiktoria Laprus, 

Grzegorz Stasiłojć, Rafał Sądej, Anna Żaczek, Leszek Kalinowski, and Patrycja 

Koszałka. Knock-out of CD73 delays the onset of HR-negative breast cancer by 

reprogramming lipid metabolism and is associated with increased tumor 

mutational burden. Molecular Metabolism, 2024 Sep 18:89:102035) focused on the 

impact of CD73 KO-induced changes in lipid metabolism, corresponding changes 
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in oxidative stress, and tumor mutational burden, on the development of PR/HR-

negative breast cancer. Section of unpublished data focused on CD73 KO-

induced changes in lipid metabolism, and immune response with a specific focus 

on pyroptosis, an inflammatory cell death, and neovasculogenesis at the 

progression stage of metastatic breast cancer in correlation with tumor burden 

and PR status. 

The secondary aim was to find a molecular basis for lack of consistency 

between the data obtained from pre-clinical models and clinical samples and to 

assess which functions of CD73 in breast cancer development and progression 

could affect its usefulness as a therapeutic target. Again, this aim was achieved 

both in the attached article (for the development of PR/HR-negative breast 

cancer) and the section of unpublished data (for the progression stage of 

advanced metastatic breast cancer).  

 

VIII. DESCRIPTION OF PUBLISHED AND UNPUBLISHED RESULTS 

Published results 

CD73 is crucial for cancer progression. However, its role in the tumorigenesis 

process of BC remains controversial indicative of the gaps in our knowledge. 

Therefore, in a published article, we aimed to demonstrate novel aspects of 

CD73's role in breast cancer tumorigenesis, such as the metabolic rewiring of fatty 

acid metabolism, cellular stress repair mechanisms, and tumor mutational burden 

in the development of the MGTs. 

We applied a murine model of chemically induced mammary gland 

tumorigenesis to analyze CD73 KO-induced changes at the transcriptome (RNA-

seq), proteome (IHC, WB), and lipidome (GC-EI-MS) levels. CD73 KO-induced 

changes were then correlated with scRNA-seq and bulk RNA-seq data for human 

breast tissues and BCs from publicly available Broad Institute, GTEx, and METABRIC 

datasets. Transcriptomic differences were confirmed at the proteome level with 

IHC or WB analysis of BC tissue microarrays and 20 BC cell lines. 

CD73 KO delayed the onset of HR/PR-negative MGTs in a murine model but 

did not affect the onset of PR-positive tumors. This delay primarily correlated with 

increased expression of genes related to lipid metabolism, including biosynthesis 

and FA β-oxidation in the CD73 KO group at the initiation stage. Changes in the 
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FA metabolism were confirmed by mass spectrometry analysis of the MGs FA 

profile. GC-EI-MS has shown increased percentages of saturated long-chain FAs, 

total mono-unsaturated FAs, and total PUFAn6 in the CD73 KO group. PPI (protein-

protein interaction) network based on STRING analysis of RNA-seq data from 

mammary glands indicated an interplay between CD73 KO, up-regulated 

expression of PR-coding gene, and DEGs involved in FA metabolism, with PPARγ 

(peroxisome proliferator-activated receptor gamma), a main regulator of FA 

synthesis, as a main connective node. scRNA Seq data of human and murine 

white adipose tissue and breast indicated that in epithelial cells of mammary 

glands, PPARγ 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 PPARγ and target for lipid 

peroxidation. This increase led to oxidative DNA damage which correlated with 

the downregulation of genes involved in cellular stress response (Mlh1, Gsta3). It 

also corroborated with PR- or CD73-dependent changes in the intracellular ROS 

levels and expression/activation of proteins involved in DNA repair (MLH1, γ-H2A.X) 

and oxidative stress response (GSTA3, GPX-1/2, SOD1, p-AMPKα1/2) in MGTs or 

human BC cell lines. We also observed a significant corresponding increase in the 

tumor mutational burden and genomic instability markers in CD73 low HR-

negative human BCs from the METABRIC cohort. Taken together, these changes 

might delay the onset of tumors in the CD73 KO HR/PR-negative group. 

To conclude, CD73 has a significant role in tumorigenesis driving the 

reprogramming of lipid metabolism through the regulatory loop with PR and 

PPARγ in epithelial cells of mammary glands at the initiation stage. Low CD73 

expression or CD73 KO might drive mutational burden by disrupting this regulatory 

loop, delaying the onset of HR-negative tumors. Results from our study support 

combining therapy targeting the CD73-adenosine axis and tumor lipidome 

against HR-negative tumors at their earliest developmental stage. 
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Unpublished results 

1. Introduction 

 Expression of CD73 (ecto-5’-nucleotidase, eNT, NT5E) is increased in solid 

cancers as part of an adaptive response to hypoxia or inflammation. It mediates 

several tissue-protective mechanisms through eAdo-regulated purinergic signaling 

including the regulation of an extracellular balance between proinflammatory 

ATP and immunosuppressive Ado. eAdo accumulation in solid tumors favors 

neoplastic progression promoting neoangiogenesis, cancer cell proliferation, their 

invasive phenotype, and immunosuppressive tumor microenvironment. The CD73-

adenosine axis is especially associated with the inhibition of cytotoxic T 

lymphocytes (CTLs) response through regulatory T cells (Tregs) [10,11]. Depletion of 

CD73 through genetic alterations or inhibition has been shown to decrease the 

growth of primary tumors and induce resistance to metastasis formation in 

syngeneic or xenotransplant mouse models of many cancer types, including BC 

[9,15]. It has led to more than 15 phase I/II clinical trials for anti-cancer therapy of 

advanced solid tumors, including breast cancer, with CD73 as a main therapeutic 

target. Nevertheless, the clinical efficacy of anti-CD73 agents applied as 

monotherapy has been lower than expected from preclinical research [51]. 

For BC, the most frequently diagnosed type of cancer in women worldwide 

[19], clinical data indicates a significant ambiguity about the association between 

CD73 expression and overall survival (OS) [3]. High CD73 expression on the protein 

level was shown to correlate with (1) presence of distant or lymph node 

metastases independently of the main clinical biomarkers of BC, the expression of 

hormone receptors for estrogen and progesterone, and 

amplification/overexpression of human epidermal growth factor receptor 2 [25], 

(2) decreased OS in TNBC [27], (3) positive PR status, higher T-stage, and LN 

metastasis, but no change in OS [28], (4) longer OS in stage I-III patients, 

independent of other biomarkers, including hormonal status, LN status, tumor size 

or its grade [26]. It was suggested, that other parameters can affect these 

correlations, such as age, chosen population, and previous treatment [3]. 

Furthermore, while BC is historically defined as immunologically “cold” with 

low lymphocyte infiltration, its immune landscape is highly dynamic and variable 

[52]. Close collaboration between immune and inflammatory cells, cancer cells, 

and stromal elements is required for metastasis, a most critical aspect of cancer 
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progression, not only for the stimulation of invasive phenotype, increase in blood 

vessel permeabilization, survival of metastatic cells in circulation and their 

extravasation, but also for a formation of the pro-metastatic niche [53]. However, 

both inflammation and immunosuppression can be associated with tumor 

progression. In established tumors this balance is profoundly tilted towards pro-

tumor inflammation, however, anti-tumor immune response requires inflammatory 

signals to develop efficiently. Inflammatory cell death, through the release of ATP, 

can activate the inflammasome-dependent release of IL-1β, a factor critical for 

the adaptive aspect of anti-tumor immunity [52,53]. Pyroptosis, a lately described 

type of pro-inflammatory, caspase-dependent, and Gasdermin (GSDM)-

mediated programmed cell death of cancer and immune cells has a significant 

regulatory role in this process. In BC, one of the most prominent regulators of 

pyroptosis is dysregulation of lipid metabolism, including lipid uptake and 

transport, de novo synthesis, and lipid storage. Bioactive lipid molecules can 

promote pyroptosis through ROS production [54]. Cancer-associated adipocytes 

(CAAs) are the main component of BC’s stroma and can promote cancer 

progression through metabolic reprogramming and the shaping of the tumor 

immune microenvironment [55]. We have recently demonstrated that CD73 has a 

significant role in reprogramming the lipid metabolism of BC, with its knock-out/low 

expression associated with increased tumor mutational burden during the early 

stage of tumorigenesis [56]. It is an important aspect of cancer progression as the 

hypoxic tumor microenvironment can induce a metabolic switch stimulating the 

change from endogenous FA synthesis to increased exogenous FA uptake in 

developing tumors, including dietary PUFAs, needed to generate mediators 

regulating tissue inflammation [57]. 

Therefore, we applied a carcinogen/promoter-induced multistage BC 

model reflecting the heterogeneity of the human BCs [32] to analyze CD73's role 

in BC progression. We assessed the changes induced by CD73 KO in the growth 

and progression of MGTs and their genome instability through the dysregulation of 

GSDMD-mediated pyroptotic cell death in correlation with changes in lipid 

metabolism and tumor immune microenvironment (TIME) at the transcriptome, 

proteome, and lipidome levels. The main changes observed were correlated with 

the data from human tissues and cell lines. 
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2. Material and Methods 

2.1. Murine models of mammary tumorigenesis 

All experimental procedures were approved by the Local Ethics Committee 

and performed per the ARRIVE ethical guidelines [58] and EU Directive 

2010/63/EU. Wild-type (WT) (Charles River, Calco, Italy) and CD73 KO C57BL/6 

mice [33] 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 ketamine and 

xylazine injected intraperitoneally at 100 mg/kg and 10 mg/kg body weight, 

respectively. 

Two-stage chemical induction of mammary tumorigenesis. To induce 

mammary tumors female WT (n = 39) and CD73 KO (n = 41) 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. 

Incidence (number of mice with tumors) and multiplicity (number of tumors per 

mouse) were recorded. Mammary gland tumors were defined as multiple when 

more than one well-distinguished tumor foci were separated by normal or benign 

mammary gland tissue. Overall survival of mice was defined as the time from the 

last DMBA administration to euthanasia. Mice were euthanized when any tumor 

reached 10 mm in diameter as measured with a caliper or at PND 273. The overall 

health of mice was monitored three times a week. 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.  

Orthotopic murine breast cancer model. E0771 tumor cells (2.5 × 106) were 

injected s.c. into the fourth mammary gland of 8-week-old female WT (n = 6) and 

CD73 KO (n = 9) C57BL/6 mice. CD73 KO mice were treated with adenosine 5'-α,β-

methylene diphosphate (AOPCP; Cat. No. M3763, Sigma-Aldrich) at 20 mg/kg 

body weight and WT mice with 0.9% NaCl by i.p. injection on days 1, 5, 7, 9, 12, 14, 
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16, and 19 after implantation of tumor cells. The tumor surface was measured by 

recording perpendicular diameters using a caliper. When one of the diameters 

reached 10 mm, mice were euthanized through cervical dislocation. 

Histochemical and immunohistochemical analysis of tumors for ER, PR, and 

HER2 status was described in the previous study [56]. 

2.2. Patients and tissue specimens 

Serum samples of 115 BC patients treated between 2010 and 2015 at the 

Medical University of Gdansk were collected, and the CD73 low/high status of 

patients was quantified based on the measurement of CD73 serum activity, 

according to the following protocol. In brief, 50 µl of diluted (1:5) serum samples in 

Buffer S- (50 mM Tris-HCl pH = 8.0, 5mM MgCl2, 10 mM B-glycerophosphate with 

0,1% Triton X-100, 5 µM EHNA, 500 µM levamisol) was mixed with 50 µl of Buffer S+ 

(Buffer S- + 0.4 mM AMP) and incubated for 15 min in 37°C. The reaction was 

halted with 100 µl 1,3M HClO4, samples were placed on ice for 15 min, then 

centrifugated for 10 min with 14000G at 4°C. Simultaneously, negative controls of 

samples were processed (100 µl 1,3M HClO4 was added to 50 µl of diluted serum 

samples in Buffer S-, followed by 50 µl of Buffer S+, an incubation on ice and a 

centrifugation). After that, all samples were incubated for 30 min on ice. pH of 

samples (range 5.0 – 6.0) was adjusted with 3M K3PO4, then samples were 

centrifugated and placed for 15 min on ice. Supernatants were placed into 96-

well V-shape plates, AMP and Ado standards were added to separate wells and 

analyzed with HPLC-RP according to the well-established method described 

earlier [59]. 2 μL of the sample was injected into a UHPLC system consisting of a 

Nexera LC40 set, and an SPD-M30A diode array detector equipped with a high-

sensitivity, 85 mm optical path cell (Shimadzu, Japan). Analytes were separated 

on a ReproSil-Pur 120 C18-AQ (150 × 2.0 mm ID, 4 μm) column with a dedicated 

guard (Dr. Maisch, Germany). CD73 activity was measured as the AMP to Ado 

conversion rate and stated in µmol/min/l. Activity results were then sorted by 

median.  

The concentration of Il-1β and Il-6 in serum and the level of GSDMD were 

analyzed according to the procedure in sections 2.9 and 2.10, respectively. Serum 

samples of 81 BC patients were analyzed for FA profile according to the method 

written in section 2.11. Table 2 shows the characteristics of patients included in 
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cytokine analysis and Table 3 shows the characteristics of patients selected for FA 

profile analysis. 

 

Table 2. Clinicopathological characteristics of the patients cohort included in the serum 

cytokine analysis. 

Variable n % 

Menopausal status 
    

premenopausal 26 23 

postmenopausal 88 76 

Missing data 1 1 

T stage     

T1 58 51 

T2 46 40 

T3 5 4 

T4 4 3 

Missing data 2 2 

N stage     

N0 64 55 

N1 33 29 

N2 10 9 

N3 6 5 

Missing data 2 2 

Histological type     

Ductal 95 83 

Lobular 17 15 

Other  3 2 

ER     

Negative 19 17 

Positive 93 81 

Missing data 3 2 

PR     

Negative 27 23 

Positive 84 73 

Missing data 4 4 

HER2     

Negative 87 76 

Positive 21 18 

Missing data 7 6 

CD73 Activity (µmol/min/l )     

Median (Mean) 3.664 (3.382) 

Range 0.639 - 11.511 
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Table 3. Clinicopathological characteristics of the patients cohort included into the serum 

FA profile analysis. 

Variable n % 

Menopausal status     

premenopausal 20 25 

postmenopausal 61 75 

Missing data 0 0 

T stage     

T1 41 51 

T2 32 40 

T3 6 7 

T4 2 2 

Missing data 0 0 

N stage     

N0 36 44 

N1 28 35 

N2 11 14 

N3 6 7 

Missing data 0 0 

Histological type     

Ductal 65 80 

Lobular 11 15 

Other  4 5 

ER     

Negative 17 21 

Positive 64 79 

Missing data 0 0 

PR     

Negative 23 28 

Positive 57 71 

Missing data 1 1 

HER2     

Negative 66 81 

Positive 14 17 

Missing data 2 2 

CD73 Activity (µmol/min/l )     

Median (Mean) 4.068 (4.625) 

Range 1.003 - 34.578 

 

2.3. Breast cancer and leukemia cell lines 

Breast cancer cell lines: BT-474 (#HTB-20), HCC1143 (#CRL-2321), HCC1806 

(#CRL-2335), MCF7 (#HTB-22), MDA-MB-231 (#HTB-26), MDAMB-436 (#HTB-130), 

T47D (#HTB-133) and leukemia cell lines: Daudi (#CCL-213), HL60 (#CCL-240), 
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Jurkat (#TIB-152), K562 (#CCL-243), MOLT4 (#CRL-1582), Namalwa (#CRL-1432), 

NK92 (#CRL-2407), Raji (#CCL-86), Ramos (#CRL-1596), RS4;11 (#CRL-1873), THP1 

(#TIB-202) and U937 (#CRL-1593.2) were acquired from the American Type Culture 

Collection (ATCC, Manassas, USA). CAL51 (#ACC302), BJAB (#ACC 757), EHEB 

(#ACC 67), EOL1 (#ACC 386), MOLM13 (#ACC 554), MOLM16 (#ACC 555) and 

SU-DHL-4 (#CRL-2957) were 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 Möller (QIMR Berghofer Medical 

Research Institute, Herston, Queensland, Australia). 

Cell lines were routinely cultured either in DMEM (#10-013-CV, Corning) 

(EO771, MCF7, MDA-MB-231, T47D), α MEM (#10712124, Gibco) (NK92) or RPMI-

1640 (#10-040-CV, Corning) (other cell lines) supplemented with 10% fetal bovine 

serum (FBS, #BWSTS181F, VWR) and 1% of penicillin/streptomycin (#P7539, Sigma-

Aldrich). For selected cell lines culture medium was supplemented with 5 μg/ml 

(BT-474) or 10 μg/ml human insulin (#I9278, Sigma-Aldrich) (MDA-MB-436) or 1% of 

sodium pyruvate (#S8636, Sigma-Aldrich) (E0771). NK-92 cell line was maintained 

in α-MEM medium (1 × 106/ml) with 12.5% fetal bovine serum, 12.5% horse serum 

(#H1270), 2 mM L-glutamine (#59202C), 0.2 mM myo-inositol (#I5125), 0.1 mM β-

mercaptoethanol (#444203), 0.02 mM folic acid (#F8758) and 1% of 

penicillin/streptomycin, all purchased from Sigma Aldrich. All cells were 

maintained in 5% CO2 at 37°C. All cells were regularly tested for mycoplasma 

contamination and cultured at low passages to avoid genome drift. 

2.4. RNAseq analysis of murine samples 

RNA extraction and sequencing methodology was fully described in a 

previous study [56]. Gene ontology enrichment analysis was performed using the 

topGO [60] R package. Gene names were mapped to GO terms using the 

org.Mm.eg.db package [61]. Only GO terms with a p-value  0.05 were 

considered significantly enriched. For deconvolution analysis of bulk RNA-seq 

data, we used the CIBERSORTx algorithm [62]. The normalized read count matrix 

was used as input for the analysis. We employed the LM22 signature, which 

comprises 22 immune cell types. Since the LM22 signature matrix consists of 547 

human genes, the mouse gene symbols were converted into human homologs 

using BioMart [63]. The CIBERSORTx analysis was run with batch correction disabled 

and 100 permutations for significance analysis. The results of the analysis were 



31 

 

visualized using ggplot [64]. A PPI network of proteins encoded by DEGs was 

visualized using the STRING database (string-db.org) [65]. 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 

or KEGG pathways. 

2.5. In silico analysis of publicly available patient datasets 

mRNA expression level obtained from RNA-Seq data of 1067 BC patients 

published in the Kaplan-Meier Plotter (https://kmplot.com/analysis/) database 

(state for 30.09.2024) was used to determine the association between CD73 

expression and survival in PR-positive (CD73 low PR+, N = 274; CD73 high PR+, N = 

283) and PR-negative (CD73 low PR-, N = 44; CD73 high PR-, N = 45) lymph nodes 

metastatic BC patient [66]. The low/high status of CD73 expression was 

determined by trichotomization of the patients’ cohort (T1 vs T3, where each part 

represents 33% of the cohort). 

mRNA expression data of 1904 malignant breast tissue samples from the 

METABRIC cohort and 96 treatment-naïve primary tumor and metastatic samples 

from the Metastatic Breast Cancer Project (Provisional, December 2021) were 

accessed from cBioPortal for Cancer Genomics (https://www.cbioportal.org/; 

access date: 13.01.2024). Samples were classified by trichotomization of NT5E 

gene expression (CD73 high – T1, CD73 low – T3) in each dataset. CIBERSORT 

analysis was performed as described for murine samples (2.5). TMB Score, GII, 

CAAI, and Number of breakpoints were obtained for the METABRIC cohort [67]. 

scRNA-seq datasets covering NT5E, lipid-metabolism- and pyroptosis-

related gene expression, as well as cell population distribution in human breast 

cancer [68], were analyzed and visualized using software provided by the Single 

Cell Portal (https://singlecell.broadinstitute.org/). Bubble plots depict the mean 

gene expression for each cell subset. 

2.6. Immunohistochemistry (IHC) 

5 µm tissue sections of FFPE murine tumor samples were deparaffinized and 

rehydrated, then endogenous peroxidase activity was quenched with a 

peroxidase suppressor for 10 min. Heat-induced antigen retrieval for 10 minutes 

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% 

https://kmplot.com/analysis/
https://www.cbioportal.org/
https://singlecell.broadinstitute.org/
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PBST (0.1% Tween 20 in PBS solution) solution for 5 minutes 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.O.M® Mouse IgG Blocking 

Reagent (#MKB-2213-1, Vector Laboratories) for 30 min followed by M.O.M® 2.5% 

Normal Horse Serum (#MP-7451, Vector Laboratories) for 20 min. After that sections 

were incubated with primary antibodies against CD8, CD20, F4/80, FoxP3, CD34, 

FABP7, PPARγ, phospho-AMPKα1/2, MLH1, and γ-H2A.X for 2 h at room 

temperature in a humidified chamber, detailed data of antibodies is included in 

Table 4. PBST was used instead of the primary antibody for the negative control. 

Sections were then washed in PBST and incubated with appropriate secondary 

antibodies, followed by detection with NovaRed® (#SK-4800, Vector Laboratories) 

as the chromogen substrate. Tissues were counterstained with hematoxylin and 

prepared for mounting. Slides were scanned at 20x 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 

(percentage of positively stained cells among total tumor cells) scores. Nuclear 

and cytoplasmic staining were assessed and reported separately. 
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Table 4. List of combinations of primary and secondary antibodies used in 

immunohistochemistry (IHC). R – rat, RB – rabbit, M – mouse. RT – ready to use. 

Immunohistochemistry (IHC) 

Primary Antibodies Secondary Antibodies 

Antigen Host Dilution 
Catalog 

No. 
Producent Reactivity Dilution 

Catalog 

No. 
Producent 

CD8 R 1:250 
NBP1-

4904 

Novus 

Biologicals 

ImmPRESS® 

HRP Goat Anti-

Rat IgG 

Polymer 

Detection Kit, 

Peroxidase 

RT MP-7444 
Vector 

Laboratories 
CD20 R 1:500 

NBP1-

43435 

F4/80 R 1:250 
NB600-

404 

FoxP3 RB 1:300 
NB100-

39002 

ImmPRESS® 

HRP Goat Anti-

Rabbit IgG 

Polymer 

Detection Kit, 

Peroxidase 

RT MP-7451 
Vector 

Laboratories 

CD34 RB 1:300 ab198395 

Abcam 

FABP7 RB 1:400 A11604 

PPARγ RB 1:400 A11183 

CASP1 RB 1:300 A0964 

GSDMD-

NT 
RB 1:300 A22523 

MLH1 M 1:300 A20544 

M.O.M® 

ImmPRESS® 

Horse Anti-

Mouse IgG 

Polymer 

Reagent, 

Peroxidase 

RT MP-2400 
Vector 

Laboratories 

phospho-

AMPKα1/2 
RB 1:300 AP1441 

Goat anti-

rabbit*HRP 
1:400 A9169 

Sigma 

Aldrich 
γ-H2A.X RB 1:400 A9718 

Cell 

Signaling 

 

2.7. Quantification of immune cells by flow cytometry analysis 

Freshly isolated spleens were finely minced with scissors. Isolated lungs were 

first minced and then digested with Liberase TM (#5401119001, Roche) for 40 min 

in a water bath. Next, spleen fragments or digested lung tissue were pressed 

through 40-µm nylon mesh to obtain a single-cell suspension in PBS. The cell 

suspension was layered on Ficoll (Ficoll Paque Premium 1.084, #17-5446-02, GE 

Healthcare), centrifuged at room temperature for 30 min at 400 g, and 

mononuclear cells were harvested from the interphase. Collected cells were 

resuspended in PBS and counted using ADAM-MC (NanoEntek, Korea) cell 
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counter. Propidium iodide-stained dead cells were excluded from the count. Cells 

were fixed with 4% paraformaldehyde for 10 min at 4°C, then incubated with an 

appropriate primary antibody and isotype controls for 30 min at 4°C using a 

Staining Buffer (1% FBS, 0,9% sodium azide in PBS) for surface antigens (CD3, CD8, 

CD20) or Perm/Wash Buffer (#554723, BD Bioscience) for intracellular antigens 

(FoxP3), detailed data of antibodies is included in Table 5. 

Table 5. List of combinations of primary and secondary antibodies used in flow cytometry. 

R – rat, RB – rabbit. 

Flow cytometry 

Primary Antibodies Secondary Antibodies 

Antigen Host Dilution 
Catalog 

No. 
Producent Reactivity Dilution 

Catalog 

No. 
Producent 

CD3ε R 1:200 MAB4841 

Novus 

Biologicals 

Goat anti-rat 

IgG Alexa 

Fluor® 647  

1:2000 ab150167 

Abcam 

CD8 R 1:100 
NBP1-

4904 

CD20 R 1:500 
NBP1-

43435 

F4/80 R 1:200 
NB600-

404 

FoxP3 RB 1:1000 
NB100-

39002 

Goat anti-

rabbit IgG 

Alexa Fluor® 

488  

1:2500 ab150077 

IgG2a 

Kappa 

Light 

Chain 

Isotype 

Control 

mAb 

R 
1:100, 

1:500 

NBP1-

43321 
Goat anti-rat 

IgG Alexa 

Fluor® 647  

1:2000 ab150167 

IgG2b 

Isotype 

Control 

mAb  

R  1:200 MAB0061 

IgG 

Isotype 

Control 

mAb  

RB 1:1000 
NBP2-

24891 

Goat anti-

rabbit IgG 

Alexa Fluor® 

488  

1:2500 ab150077 

 

Cells were washed with the Staining Buffer or Perm/Wash Buffer, 

respectively, and incubated in the dark for 30 min at 4°C with appropriate 

secondary fluorochrome-conjugated antibodies. After washing cells were 

resuspended in 150 μl of the Staining Buffer. Flow cytometry was performed using 

LSR II instrument (Becton Dickinson, USA). All measurements were done on 1×104 

cells exhibiting typical forward and side scatter of non-disintegrated cells. All 
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analyses include three technical measurements for each biological repeat. Data 

have been analyzed offline using the BD FACSDiva (BD Biosciences). 

2.8. Western blot analysis of cell lysates 

Cells were stimulated with 200 μM AOPCP (Adenosine 5'-α,β-methylene 

diphosphate - CD73 inhibitor) (#M3763, Sigma-Aldrich) for 48h, then 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 μg) 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 against FABP7, PPARγ, 

β-actin, CD73, and GAPDH at 4°C, detailed data of antibodies is included in Table 

6. 

Table 6. List of combinations of primary and secondary antibodies used in Western blot. RB 

– rabbit, M – mouse.  

Western Blot 

Primary Antibodies Secondary Antibodies 

Antigen Host Dilution 
Catalog 

No. 
Producent Reactivity Dilution 

Catalog 

No. 
Producent 

FABP7 RB 1:1000 A11604 
Abclonal Goat anti-

rabbit 

Alexa 

Fluor® 680 

AffiniPure™ 

1:12500 

111-625-

144 

Jackson 

ImmunoResearch 

PPARγ RB 1:2000 A11183 

1:25000 CD73 RB 1:500 ZRB1035 

Sigma 

Aldrich 

GAPDH RB 1:4000 ABS16 

β-actin M 1:4000 A5441 

Donkey 

anti-mouse 

Alexa 

Fluor® 790 

AffiniPure™ 

1:25000 
715-655-

150 

 

Appropriate fluorescent secondary antibodies and Odyssey system (LI‐Cor, 

Lincoln, USA) were used to visualize detected proteins. Densitometry of bands 

representing detected proteins was done with Fiji ImageJ software. Relative 

expression of proteins was counted as a percent of a geometric mean of β-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. 
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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. 

2.9. Quantification of Il-1β and Il-6 level by ELISA 

Level of Il-1β and Il-6 from serum samples of 115 BC patients and from 

supernatants of 20 leukemia cell lines (after stimulations with AOPCP for 48h) was 

measured using commercially available ELISA Kits (#88-7261-88 and #88-7066-86, 

respectively) from ThermoFisher Scientific. Interleukin levels were quantified 

following the manufacturer’s instructions and stated in pg/ml. For summarized 

graphs, results for a group of cell patients or immune cells were presented as 

normalized data, either from the mean of two technical repetitions for each serum 

sample or from 3 biological repetitions for leukemia supernatants. For patient 

samples, results were compared to the CD73 high LN-positive group; for leukemia 

cells, results were compared to Control Myeloid cells. 

2.10. Dot blot analysis of serum samples 

1 µl of serum samples in two technical repetitions for each antigen and 

blank control was placed on nitrocellulose membrane and left to dry. Next, 

membranes were blocked in skimmed milk in TBS‐T at room temperature for 1h 

and immunoblotted overnight with specific primary antibodies for GSDMD full and 

Transferrin at 4°C, detailed data of antibodies is included in Table 7. Appropriate 

fluorescent secondary antibodies and Odyssey system (LI‐Cor, Lincoln, USA) were 

used to visualize detected proteins. Densitometry of dots representing detected 

proteins was done with Fiji ImageJ software. Relative expression of proteins was 

counted as a percent of a mean Transferrin level of expression. Summarized results 

for a group of patients were presented as normalized data and compared to the 

CD73 high LN-positive group. 

Table 7. List of combinations of primary and secondary antibodies used in dot blot. RB – 

rabbit. 

Dot Blot 

Primary Antibodies Secondary Antibodies 

Antigen Host Dilution 
Catalog 

No. 
Producent Reactivity Dilution 

Catalog 

No. 
Producent 

GSDMD 

full form 
RB 1:1000 A17308 

Abclonal 

Goat anti-

rabbit Alexa 

Fluor® 680 

AffiniPure™  

1:12500 
111-625-

144 

Jackson 

ImmunoResearch 
Transferrin RB 1:1000 A19130 
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2.11. Quantification of intracellular calcium level by flow cytometry 

analysis 

1.5×105 of cells of selected breast cancer cell lines (BT-474, CAL51, E0771, 

HCC1143, HCC1806, MCF7, MDA-MB-231, MDAMB-436, T47D) were seeded to 24 

well plates for overnight to attached, then stimulated with 200 μM AOPCP for 48h. 

Then cells were incubated with 1 µM Calcein-AM solution in DMSO (#56496, Sigma 

Aldrich) for 30 min at 37°C, then washed with PBS and detached with Trypsin 

solution (#25-053-CI, Corning). After washing cells were resuspended in 200 μl of 

PBS and subjected to cytometric analysis (CytoFLEX, Beckman Coulter) at 

λex = 488 nm, λem = 525/40 nm. All measurements were carried out with 1×104 cells 

exhibiting typical forward and side scatter of non-disintegrated cells. All analyses 

include three technical measurements for each biological repeat, from at least 

three 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. Fatty acid profile analysis 

The extraction of total lipids from serum and whole blood was performed 

according to the method of Folch et al. [69]. 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. [70]. Heatmaps of the 

unsupervised hierarchical clustering of the FA data were generated with the 

GenePattern platform [71] 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 extend from 

the root at the left to the leaf node for each fatty acid. The branches indicate 

similarity, with shorter branches representing higher similarity. 
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2.13. Statistical analyses 

Mean values were obtained from at least three separate experiments and 

reported as the mean (±SEM) or (±SD). Statistical analyses were performed with 

the unpaired t-test or Mann-Whitney test for comparisons of two unpaired groups, 

paired t-test or Wilcoxon matched-pairs 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 analyses were 

performed with Statistica 13 and GraphPad Prism 9 software. A p-value <0.05 was 

considered statistically significant. 
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3. Results 

3.1. CD73 KO reduces OS in correlation with an increasing tumor 

burden in the induced BC model 

To assess the effect of CD73 depletion on the progression of MGTs, we 

induced the development of MGTs in WT and CD73 KO mice with C57BL/6 genetic 

background using a two-stage chemical tumorigenesis protocol (Fig. 1A). CD73 

KO did not affect the incidence, multiplicity, histological subtype or the distribution 

of PR, ER, and HER2 of MGTs in this model as previously demonstrated [56], but was 

associated with a significant decrease in OS (Fig. 1B). 

 

Figure 1. Effect of CD73 KO on MPA/DMBA-induced mammary gland tumorigenesis. (A) 

The design of the study. (B) Kaplan-Meier curve for the overall survival (OS) of tumor-

bearing mice (logrank test values are shown) (WT, n = 28, CD73 KO, n = 31). (C) Kaplan-

Meier curves for OS in WT and CD73 mice grouped according to IHC staining for 

progesterone (PR) and estrogen (ER) receptors or to MGTs Status (sMGT – mice with single 

MGT, mMGTs – mice with multiple MGTs) (logrank test values are shown). (D) Distribution of 

PR marker in first MGTs according to MGTs Status (single vs. multiple) in WT and CD73 KO 
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mice. (E) Kaplan-Meier curves for OS in LN-positive BC patients from KM Plotter cohorts 

(logRank test values are shown). *p < 0.050, **p < 0.010, ***p < 0.001. 

When mice in WT and CD73 KO groups were grouped according to the 

hormonal status of the first MGT or tumor multiplicity (Fig. 1C), CD73 KO-induced 

decrease in OS was observed only in mice with PR-positive tumors or multiple MGTs 

(mMGTs). Their OS rate was comparable to that of mice with PR-negative tumors 

or single MGT (sMGT). When tumors were grouped according to estrogen receptor 

(ER) status, CD73 KO had the opposite effect on OS. However, this was an effect 

of the overrepresentation of ER-negative MGTs according to IHC staining, a 

limitation of the study discussed in our previous study (3). Therefore, we excluded 

the impact of ER status from further analyses. 

Further analysis indicated that in mMGTs groups, first-developing tumors 

were mostly PR-positive (Fig. 1D). It is in line with reports on tumors with luminal A 

subtype (PR and ER-positive, but HER2-negative) having a higher incidence of 

lymph node metastasis and increased tumor multiplicity. They have, however, a 

better clinical prognosis than TNBC due to less visceral and bone metastasis 

[72,73]. We observed a similar correlation between CD73 expression and OS in 

the KM Plotter cohort of patients (stratification of CD73 expression at the RNA level 

– RNA Seq) with high tumor burden (LN-positive group) when PR status was 

applied (Fig. 1E). 

 

Figure 2. CD73 KO effect on the progression of first developing MGTs in MPA/DMBA-

induced mammary gland tumorigenesis and MGTs in E0771 syngeneic model. (A) The 

changes in the tumor surface and growth rate of the first developed MGT. WT, n = 27 (PR+, 

n = 17, PR-, n = 10, sMGT, n = 17, mMGTs, n = 10), CD73 KO, n = 31 (PR+, n = 18, PR-, n = 13, 
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ER+, n = 10, ER-, n = 21, sMGT, n = 17, mMGTs, n = 14). Kruskal - Wallis test. (B) The changes in 

the growth rate of MGTs in the E0771 syngeneic model. WT, n = 4, CD73 KO, n = 5. Mann-

Whitney test. *p < 0.050. (C) Kaplan-Meier curves for OS in WT and CD73 mice from E0771 

syngeneic model. logrank test values are shown, WT, n = 5, CD73 KO, n = 6. 

CD73 KO did not affect the growth rate of the first developing MGT (Fig. 

2A), contrary to the results from syngeneic/xenotransplant BC models [9,15]. 

However, when we applied a syngeneic E0771 mammary tumor model in the 

same CD73 KO mice, its orthotopic growth was significantly inhibited (Fig. 2B) and 

the OS of CD73 KO mice was increased (Fig. 2C). Nevertheless, CD73 KO induced 

a significant decrease in the intratumoral microvessel density (iMVD) in these MGTs 

(Fig. 3A,B) in agreement with the effect of CD73 KO on neoangiogenesis observed 

in syngeneic models [74,75]. Interestingly, CD73 KO-induced effect on iMVD was 

present in the first tumors from mMGTs and PR-negative groups only. As most of 

the first tumors from the mMGTs group were stratified as PR-positive it underlines 

the powerful effect of CD73 KO on iMVD in PR-negative tumors. It is in agreement 

with the previously observed modulatory effect of PR status on CD73 KO-induced 

changes at the early stages of MGT tumorigenesis [56]. The change in iMVD in first 

tumors was accompanied by an increased invasive phenotype of tumor cells, as 

observed by their increased blood vessel infiltration (Fig. 3C,D) in sMGT, mMGTs, 

and PR-positive tumors, but not PR-negative ones. About 45% of mice developed 

the metastatic disease when visceral organs were analyzed (Fig. 3C) and in this 

group, CD73 KO was associated with decreased OS (Fig. 3E,F). While the number 

of metastatic foci of distant metastasis and their organ distribution was not 

affected by CD73 KO, this part of the study was limited as no brain or bone 

metastases were analyzed. Additionally, no histopathological analysis of lung 

tissue was performed to check for the presence of micrometastases, as the tissue 

was digested to obtain mononuclear cells. 
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Figure 3. Effect of CD73 KO on angiogenesis and tumor burden in MPA/DMBA-induced 

mammary gland tumorigenesis. (A) Representative images of immunohistochemical 

staining for MGTs blood vessels. The scale bar represents 200 μm. (B) IHC results of CD34 
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staining in MGTs. WT (First n = 21, Second n = 12, PR+ n = 13, PR- n = 8, sMGT n = 11, mMGTs 

n = 10), CD73 KO (First n = 23, Second n = 11, PR+ n = 10, PR- n = 13, sMGT n = 14, mMGTs n 

= 9). Mean ± SEM. Kruskal-Wallis test. (C) Table summarizing an incidence of blood vessel 

infiltration by tumor cells and incidence of distant visceral metastases with the division 

according to their placement. Two-sided chi-square test. (D) Representative 

microphotographs of blood vessel infiltration by tumor cells in WT and CD73 KO mice. The 

scale bar represents 50 μm. (E) OS in mice with visceral metastases or (F) lung metastases 

alone (logrank test values are shown). Comparison between WT and CD73 KO mice with 

visceral metastases (without the brain metastases), WT, n = 13, CD73 KO, n = 14, and mice 

with lung metastases alone, WT, n = 11, CD73 KO, n = 10. (G) The latency between the 

development of a first and second MGT in WT and CD73 KO mMGTs mice. Mann-Whitney 

test. (H) The changes in the growth rate of first and second MGTs. Mann-Whitney test. *p < 

0.050, **p < 0.010, ***p < 0.001, **** p < 0.0001. 

However, analysis of the clonal relatedness in multiple invasive breast 

carcinomas indicated that almost half of them were clonally related to primary 

tumors [76]. In our induced model, when second MGTs (a generalization 

encompassing the development of all MGTs after the first MGT) were observed, 

their multiplicity was not affected, similar to visceral metastases. Nevertheless, the 

time interval between the appearance of the first and second MGT was halved in 

the CD73 KO group (Fig. 3G) and the growth rate of the second MGTs was 

significantly increased (Fig. 3H). Furthermore, there was no CD73 KO-induced 

difference in the microvessel density between WT and CD73 KO in these tumors 

(Fig. 3B). 

These results indicate a potential stimulatory effect of CD73 depletion on 

the development and growth of secondary tumors/metastases, in correlation with 

the PR-positive status of the primary tumor. 

3.2. High tumor burden abrogates CD73 KO-induced changes in 

immune response in the induced BC model 

TIME promotes carcinogenesis, including tumor growth, metastasis, and 

immune evasion [77]. The density of tumor-infiltrating cells (TILs) represents a 

significant prognostic and predictive marker in cancer. However, breast cancer 

has low immunogenicity and infiltration by immune cells, besides the more 

aggressive TNBC subtype [78], a feature we also observed in our induced BC 

model. Gene Ontology (GO) functional annotation analysis of upregulated and 
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significantly enriched DEGs between WT and CD73 KO in RNA-sequencing data 

from first MGTs indicated no significant PR-dependent differences in immune 

response at the transcriptome (Fig. 4A,B) and proteome level (Fig. 4C), as well as 

in systemic response (Fig. 4D). Therefore, we focused our further analysis on tumor 

burden-dependent changes in immune cells. 

 

Figure 4. CD73 KO-induced changes in first MGTs immune cell infiltration according to PR 

Status. CIBERSORT analysis of CD73 KO-induced changes in immune cell infiltration in 
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murine (A) PR-positive and (B) PR-negative MGTs. Blue – CD73 KO, Pink – WT. Fisher test. (C) 

Immunohistochemical staining for immune cell markers in PR-positive and PR-negative 

MGTs. WT (PR+ n = 13, PR- n = 8), CD73 KO (PR+ n = 10, PR- n = 13). Mean ± SEM. ANOVA or 

Kruskal-Wallis test. (D) Flow cytometry analysis of immune cell markers from spleen. WT (PR+ 

n =17, PR- n = 11), CD73 KO (PR+ n = 18, PR- n = 13). Kruskal-Wallis test. *p < 0.050, **p < 

0.010, **p < 0.001, **** p < 0.0001. 

For a more sensitive RNA-seq data analysis, we profiled tumor-infiltrating 

cells with CIBERSORT, a versatile computational method for quantifying cell 

fractions from bulk tissue gene expression profiles [79]. We observed no significant 

difference between WT and CD73 KO in immune cell infiltration of first and second 

MGTs in mMGTs mice on transcriptome level (Fig. 5B,C). CIBERSORT analysis 

showed only a CD73 KO-dependent increase in activated NK cells in all first tumors 

(data not shown). Similarly, we observed no correlation of immune cell infiltration 

with CD73 expression in transcriptome data of BC metastases from the Metastatic 

Breast Cancer (MBC) Project (Fig. 5D). IHC staining of MGTs for selected markers 

agreed with RNA-seq results, except a CD73 KO-induced decrease in FoxP3 

expression – a marker of Treg cells in second MGTs (Fig. 6A), a change observed in 

syngeneic models of BC. Interestingly, flow cytometry analysis of the mononuclear 

cells isolated from the lungs indicated no significant CD73 KO-induced changes in 

the major populations of immune cells (Fig. 6C). 

Figure 5. CD73 KO-induced changes in intratumoral immune cell response. CIBERSORT 

analysis of CD73 KO-induced changes in immune cells infiltration in murine (A) sMGT, (B) 

mMGTs, and (C) second mMGTs, and in human (D) treatment-naïve metastases from the 

Metastatic Breast Cancer Project data. Blue – CD73 KO/CD73 low, Pink – WT/CD73 high. 

Fisher test. (Figure on the next page). 

Only when sMGT mice were analyzed, significant CD73 KO-induced 

alterations in immune tumor infiltration were present on transcriptome (Fig. 5A) 

and protein level (Fig. 6A) as well as in the profile of splenic immune cells (Fig. 6B). 

CIBERSORT analysis of RNA-seq data from METABRIC cohorts also indicated an 

increased intensity of immune response in LN-negative group compared to LN-

positive group (Fig. 7A,B). These changes correlated with the ones observed in 

syngeneic models [10,11].  
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Figure 6. Enhanced tumor burden abolishes CD73 KO-induced intratumoral and systemic 

immune cell response changes. (A) Immunohistochemical staining for immune cell 

markers in murine first and second MGTs. WT (First n = 21, Second n = 12, sMGT n = 11, 

mMGTs n = 10), CD73 KO (First n = 23, Second n = 11, sMGT n = 14, mMGTs n = 9). Mean ± 

SEM. Kruskal-Wallis test. The scale bar represents 200 μm. Flow Cytometry analysis of 

immune cell markers from (B) spleen and (C) lungs. WT (All n=28, sMGT n = 17, mMGTs n = 

11), CD73 KO (All n=31, sMGT n = 17, mMGTs n = 14). Kruskal-Wallis test. *p < 0.050, **p < 

0.010, ***p < 0.001, **** p < 0.0001. 
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Figure 7. CD73 KO-induced changes in immune cell infiltration of primary tumors 

according to LN Status from METABRIC cohort. CIBERSORT analysis of immune cell infiltration 

in primary tumors of (A) LN-negative and (B) LN-positive BC patients from METABRIC 

datasets. Blue – CD73 low, Pink – CD73 high. Mann-Whitney test with FDR correction. 

•p<0.1, *p < 0.050, **p < 0.010, **p < 0.001, **** p < 0.0001. 

These results indicate that prolonged tumor development in the induced 

model and increased tumor burden mostly ablate CD73 KO-induced changes in 

the tumor immune microenvironment and systemic immune response. 

3.3. CD73 KO regulates lytic/non-lytic switch of tumor-associated 

pyroptosis linked to increased tumor burden 

To understand the molecular basis for the CD73 KO-induced changes in OS 

and its correlation with the development of the second tumors, we explored RNA-

seq data from the first and second MGTs.  



49 

 

 



50 

 

Figure 8. CD73 KO activates pyroptosis in second MGTs. (A) The bubble matrix represents 

the enrichment results of pathways changed by CD73 KO in first and second MGTs 

compared to WT mice. The matrix illustrates the -log10(FDR) values and percentage of up- 

(red) or down-regulated (blue) genes mapped to each term (pie chart). (B) Visualization 

of a protein-protein interactions network of products of genes involved in pyroptosis, 

immune system response, and calcium signaling generated using the STRING database. 

CD73 KO-induced changes in gene expression in second MGTs are denoted with arrows.  

The analysis of RNA-sequencing data identified 114 DEGs (FDR < 0.05) 

between WT and CD73 KO for the first MGTs and 201 DEGs for the second MGTs. 

GO functional annotation analysis of upregulated and significantly enriched DEGs 

in second MGTs (Fig. 8A) indicated a strong CD73 KO-induced activation of 

pyroptosis, a process of inflammatory cell death of cancer and immune cells [54]. 

PPI network generated for the products of identified DEGs using the STRING 

database (Fig. 8B) indicated an upregulation in critical upstream genes regulating 

pyroptosis (Nlrp1b, Nlrc4, Naip5, Casp1). Other biological processes were mainly 

involved in the regulation of immune system development and activation of the 

immune response through T cells, B cells, and monocytes, cytokines-mediated 

signaling pathways including NF-B and Il-1β pathways, contrary to the results of 

tumor immune infiltration in these tumors (Fig. 5C, Fig. 6A). Additionally, GO 

analysis indicated that the development of second MGTs abolishes CD73 KO-

induced decrease in expressions of genes regulating fat cell differentiation and 

lipid metabolism, a crucial regulator of immune cell response and pyroptosis 

[54,55].  

Therefore, we analyzed the changes in an expression of GSDMD-NT, a 

caspase-cleaved form of GSDMD acting as the main executor of pyroptotic cell 

death. It creates transmembrane channels typical for pyroptosis, releasing LDH, 

ATP, and a mature form of Il-1β [54]. IHC staining for GSDMD-NT and its main 

activator, CASP1 (caspase 1), indicated a CD73 KO-induced decrease in the 

GSDMD-NT protein levels in all analyzed tumors (Fig. 9A). At the same time, CASP1 

expression was significantly increased in all second MGTs, independently of CD73 

expression (Fig. 9B). Therefore, in second MGTs an increased expression of GSDMD 

activator, CASP1 correlated with CD73 KO-induced decrease in GSDMD-NT, 

indicative of the switch from lytic to non-lytic mode of pyroptosis. Non-lytic 

pyroptosis characterizes the increased release of cytokines such as Il-1β and Il-18 

as well as the full-length form of GSDMD encapsulated in a large complex within 
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extracellular vesicles (EV) into the tumor microenvironment, without favorable for 

patients anti-tumor response from the immune system [54,80,81]. Increased levels 

of the GSDMD full form (Fig. 9C) and mature Il-1β (Fig. 9D) in serum from CD73low 

patients with increased tumor burden seem to collaborate with this hypothesis. 

Additionally, a relatively low systemic level of proinflammatory Il-6 (Fig. 9E) present 

in the serum from CD73low patients corroborates with a sparse immune cell 

infiltration of second MGTs (Fig. 5C, Fig. 6A). 

 

 

Figure 9. CD73 governs the conversion of lytic and non-lytic forms of tumor-associated 

pyroptosis. Immunohistochemical staining for GSDMD-NT (A) and CASP1 (B) in murine first 

and second MGTs. WT (First n = 21, Second n = 12, sMGT n = 11, mMGTs n = 10), CD73 KO 

(First n = 23, Second n = 11, sMGT n = 14, mMGTs n = 9). Mean ± SEM. The scale bar 

represents 200 μm. (C) Dot blot analysis of the level of the full form of GSDMD in the serum 

of BC patients. Mean ± SEM. Quantification of Il-1β (D) and Il-6 (E) the level in BC patients 

serum measured by ELISA. Mean ± SEM. (F) Summary results of the general level of 

intracellular calcium level in vitro from 9 cell lines after 48h of stimulation with AOPCP, 

measured by flow cytometry. Mean ± SEM. Kruskal-Wallis test. *p < 0.050, **p < 0.010, ***p < 

0.001, **** p < 0.0001. 
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Extensive Ca2+ signaling, linked to intracellular ROS metabolism, is one of the 

main upstream regulators of pyroptosis and immune response [54,81]. GO analysis 

of the PPI network (Fig. 8B) indicated a potential role of CD73 KO in the regulation 

of calcium ion homeostasis (GO: 0055074) and transport (GO: 0070588), as well as 

regulation of response to stress (GO: 0080134) in second tumors. Furthermore, 

CD73 has a known protective role in ectopic calcification [82]. We analyzed 

relative levels of Ca2+ in tumor cells (Fig. 9F), however, the difference was 

independent of CD73 activity and dependent on PR expression, similar to 

intracellular ROS levels in BC cells [56]. 

3.4. In immune cells CD73 KO has a negligible effect on pyroptosis 

and its regulation through lipid metabolism  

Next, we analyzed the impact of CD73 inhibition on lipid metabolism and 

pyroptosis in immune cells in vitro with a panel of 20 leukemia cell lines 

representing main immune cell types, myeloid cells, NK and T lymphocytes, and B 

lymphocytes. We analyzed the expression of PPARγ, a transcription factor 

regulating an expression of genes involved in lipid metabolism [83], and one of the 

proteins involved in subcellular trafficking of fatty acids, FABP7 (fatty acid binding 

protein 7). Down-regulation of FABP7 expression in LN metastases has lately 

been demonstrated to correlate with increased immune infiltration in BC [84]. We 

observed no alteration in PPARγ and FABP7 expression at the protein level (Fig. 

10A,B), but for the CD73 inhibition-induced decrease in PPARγ in B lymphocytes. 

However, no changes in Il-1β and Il-6 levels were observed in cell culture 

supernatants (Fig. 10C) in any main groups. We obtained similar results in scRNA 

data analysis of human breast cancer cells (Fig. 10D,E). There was no significant 

correlation between CD73 expression and main markers of lipid 

metabolism/pyroptosis in most subsets of immune cells. No significant correlation 

was also observed between immune cells, lipid metabolism, and pyroptosis 

markers expression in second mMGTs (Fig. 10F). Overall, those data show that 

CD73 KO does not affect the expression of the main markers of pyroptosis and 

lipid metabolism in immune cells. 
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Figure 10. CD73 does not modify lipid metabolism and pyroptosis of immune cells. (A) 

CD73 depletion-induced changes of PPARγ and FABP7 protein expression in 20 leukemia 

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. 

(B) The changes induced by CD73 inhibition in vitro at the protein level of PPARγ and 
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FABP7. Results of densitometry analysis from 20 cell lines sorted into cell type groups. Mean 

± SEM. (C) Quantification of Il-1β and Il-6 levels in leukemia cell line-derived supernatants 

measured by ELISA. Mean ± SEM. (D) Expression of NT5E (CD73), lipid metabolism, and 

pyroptosis-related genes on the single-cell level (scRNA Seq) in human breast cancer. 

Feature plot visualizing the mean gene expression. (E) UMAP plot with identified cell 

populations assigned (color key depicted on the graph), and dot plot visualizing gene 

expression levels of NT5E, PPARG, PRKAA1, CASP1, and GSDMD in cell subsets. (F) 

Spearman R correlation between immune cells, lipid metabolism, and pyroptosis markers 

in second mMGTs. 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. 

Together with the low immune infiltration of the tumors, this indicates that 

CD73 KO-dependent differences in the induced model of BC are mediated by 

changes in cancer cells and not immune cells. 

3.5. CD73 KO deregulates pyroptosis through dysregulation of 

intratumoral lipid metabolism in association with tumor burden  

Bioactive lipid molecules have a significant role in the regulation of 

pyroptosis. Furthermore, Il-1β can stimulate tumor growth rate modulating lipid 

metabolism, including FA uptake [54]. There were only negligible changes in the 

FA profiles between WT and CD73 KO mice in the first tumors from sMGT and 

mMGTs groups [56], however, we could not exclude a systemic effect of CD73 

KO-induced changes in lipid metabolism on immune cells and metastases/second 

tumors. Therefore, we used mass spectrometry to analyze the FA profile of 

serum/full blood in correlation with tumor burden. 
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Figure 11. CD73 modifies the serum FA profile and intratumoral lipid metabolism of cancer 

cells and CAAs. (A) PUFA profile differences in serum from LN-positive and LN-negative 

patients serum sorted by CD73 status. Mean ± SD. (B) PUFAn3/n6 ratio in serum from LN-

positive and LN-negative patients serum sorted by CD73 status. Mean ± SD. (C) The 

heatmap of the unsupervised hierarchical clustering of the differences between WT sMGT 

and mMGTs mice in the whole blood fatty acids profile (sMGT, n = 6; mMGTs, n = 4). (D) 
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The heatmap of the unsupervised hierarchical clustering of the differences between WT 

and CD73 KO sMGT mice in the whole blood fatty acids profile (WT, n = 6; CD73 KO, n = 4). 

Immunohistochemical staining for PPARγ, p-AMPKα1/2, and FABP7 in (E) tumor cells and (F) 

CAAs of murine first and second MGTs. Mean ± SEM. The scale bar represents 200 μm. (G) 

Percentage of CAAs in first and second MGTs. Mean ± SEM. The scale bar represents 200 

μm. ANOVA or Kruskal-Wallis test. * p < 0.050, ** p < 0.010, *** p < 0.001, **** p < 0.0001.  

Serum from BC patients was stratified based on tumor burden (LN-

negative/positive) and CD73 enzymatic activity (CD73 high/low) (Fig. 11A, Table 

S1-4). Most of the changes were LN-dependent, especially for PUFAn3, with a 

significant decrease in DGLA levels in the LN-positive group, and a strong 

tendency for increased DHA levels, total PUFAn3 levels, and PUFAn3/n6 ratio (Fig. 

11B). Changes in PUFAn3 correlated with similar and significant raise in DHA, DPA, 

and total PUFAn3 levels in full blood of WT mice when sMGT and mMGTs groups 

were compared (Fig 11C, Table S5). The only significant CD73 low-dependent 

difference in the serum of BC patients was an increase in DPA levels in the LN-

negative group (Fig. 11A), with a similar change observed in the sMGT group (Fig. 

11D, Table S6). However, both in LN-positive patients and in the mMGTs group, 

CD73 KO-dependent changes were absent (Table S7,8). It is consistent with both 

low immune infiltration of second MGTs as demonstrated by IHC/CIBERSORT and 

impaired pyroptosis in these tumors. 

PUFAn3 and PUFAn6 are cofactors of PPARγ, a transcription factor 

regulating lipid metabolism in various types of cells, including adipocytes, cancer, 

and immune cells, and a target for the formation of lipid peroxide intermediates, 

one of the reactive oxygen species [85]. In a previous study, we pointed out 

PPARγ as a main connective node in CD73-related regulation of early stages of 

mammary tumor development [56]. Both PPARγ and AMP-dependent kinase 

(AMPK) are indicated as important regulators of lipid-mediated pyroptosis [54]. 

AMPK is a cellular energy sensor, that inhibits FA synthesis (FAS), increases FA 

uptake, and regulates antioxidant defense during oxidative stress [86]. 

Furthermore, GO analysis of the PPI network (Fig. 8B) indicated a possible interplay 

between products of the genes coding for AMPKα1/2 (Prkaa1/Prkaa2) and PPARγ 

(Pparg) in the regulation of CD73 KO-induced changes in second tumors.  

IHC staining of first MGTs for lipid metabolism markers, PPARγ, phospho-

AMPKα1/2, and FABP7, showed significant CD73 KO- and tumor burden-
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dependent changes in both cancer cells and CAAs (Fig. 11E,F). CD73 KO-induced 

decrease in expression of PPARγ and phospho-AMPKα1/2 in tumor cells of first 

MGTs was a result of changes seen in sMGT, as there were no differences between 

mMGTs mice. FABP7 expression did not differ between WT and CD73 KO sMGT. 

However, tumor burden alleviated FABP7 level in WT mMGTs leading to significant 

disparities between CD73 KO and WT mMGTs. FABP7 is a fatty acid binding protein 

involved in the uptake and intracellular transportation of PUFA, mainly DHA, also 

decreased in serum/whole blood. FABP7 and DHA are prognostic markers of 

favorable value, as evidence showed their negative impact on cancer cell 

growth in BC cells [87–89]. Reduced FABP7 expression in CD73 KO mMGTs also 

aligns with a significant rise in PPARγ and phospho-AMPKα1/2 and a drop in FABP7 

(tumor burden manner) expression in CAAs (Fig. 11F), a vital source of lipids for 

cancer cells in the tumor microenvironment [90].  

However, in the second MGTs decreased levels of PPARγ and phospho-

AMPKα1/2 in CAAs (compared to the first MGTs) were balanced with elevated 

FABP7 expression in tumor cells. It indicates that tumor cells in second mMGTs 

depended more on FA uptake from the bloodstream (we observed no difference 

in microvessel density) than on cooperation with CAAs. Overall, this data 

correlated with the enhanced tumor growth rate of second MGTs in CD73 KO, 

suggesting that tumor cells from first MGTs were probably less prone to harmful 

properties of serum PUFAn3/DHA. It also corresponds with the CD73 KO-induced 

decrease in the percentage of CAAs in the tumor stroma (Fig. 11G). 

Our results suggest that CD73 KO-induced deregulation of pyroptosis in 

second tumors can directly affect cancer cells and CAAs and is mediated 

through the changes in their FA metabolism. While changes in systemic FA profiles 

in the sMGT group may affect the immune response through paracrine signaling, 

an increase in tumor burden abrogates these changes, thus indicating that any 

therapeutic target should involve stimulation of immune response or direct 

targeting of cancer cells or CAAs. 

3.6. CD73 KO increasing genome instability activates pyroptosis in 

association with tumor burden 

Intensive lipid metabolism, especially FA oxidation and peroxidation, may 

lead to excessive generation of ROS, increased chromosomal fraction, and 

genome instability [91]. In a previous study, we highlighted the regulatory role of 
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CD73 in mismatch repair (affecting MLH1) and DNA double-strand break repair 

(affecting γ-H2A.X) in the early development of PR-negative MGTs [56]. Genome 

instability can activate tumor-associated pyroptosis through the cGAS-STING 

(cyclic GMP-AMP synthase - stimulator of interferon genes) pathway [91,92], 

therefore we analyzed the impact of tumor progression on the expression of DNA 

damage repair markers in the first and second MGTs. 

 

Figure 12. CD73 KO-induced DNA damage response in association with tumor burden. (A) 

MLH1 and (B) γ-H2A.X in murine first and second MGTs. Mean ± SEM. The scale bar 

represents 200μm. ANOVA or Kruskal-Wallis. (C) Differences in TMB, number of breakpoints, 

GII, and CAAI in patients grouped according to the NT5E and LN status. TMB, number of 

Breakpoints, and GII - Kruskal-Wallis test, CAAI – Fisher test. *p < 0.050, **p < 0.010, *** p < 

0.001, **** p < 0.0001. 

In the first tumors, we observed a CD73 KO-induced decrease in 

the expression of MLH1 in tumor cells, however, it was a result of changes seen in 

sMGT, as there were no differences between WT and CD73 KO mice in the mMGTs 

group (Fig. 12A). This change correlated with decreased expression of PPARγ and 

phospho-AMPKα1/2. In the second MGTs, we observed a comparable reduction in 

MLH1, which correlated with a decrease in phospho-AMPKα1/2 and GSDMD-NT 

expression (Fig. 12A). γ-H2A.X expression did not differ between WT and CD73 KO 

in the sMGT group (Fig. 12B). However, tumor burden enhanced MLH1 and γ-

H2A.X levels in CD73 KO mMGTs leading to significant disparities between CD73 

KO sMGT and mMGTs. Interestingly, the expression of γ-H2A.X dropped regardless 
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of CD73 expression in second MGTs (Fig. 12B). This change negatively 

corresponded to the level of FABP7 and CASP1 in cancer cells and positively with 

the level of PPARγ in CAAs and infiltration of B lymphocytes. These data suggest 

that CD73 KO-induced increase in genome instability in second MGTs caused by 

reduced levels of MLH1 and γ-H2A.X stimulates pyroptosis. The change is driven 

through the NLRP3/CASP1/GSDMD signaling pathway, as indicated by RNA-seq 

and IHC data (Fig. 8A,B; Fig. 9A,B). However, the expression of pyroptosis executor 

protein, GSDMD-NT, was decreased by CD73 KO in correlation with increased 

tumor burden, turning pyroptosis to its non-lytic type. 

To confirm the clinical relevance of CD73/NT5E depletion-induced changes 

on genome stability in mammary gland tumors, we analyzed data from the 

METABRIC cohort (Fig. 12C). We observed significant NT5E-dependent differences 

in the distribution of genomic instability index (GII) and tumor mutational burden 

(TMB) (in LN-positive patients). Those data correlate with previously shown CD73 

depletion-induced drop in γ-H2A.X level in BC cell lines. We also observed LN-

dependent differences in the distribution of a number of DNA breakpoints, which 

resembles the expression of γ-H2A.X in mMGTs. No difference, however, has been 

seen in the complex arm-wise aberration index (CAAI).  

Taken together, our data from all three models (in vitro, in vivo, clinical 

samples) indicates a significant CD73- and LN-dependent impact of tumor 

genome instability on the regulation of pyroptosis in connection with intratumoral 

lipid metabolism. 

4. Discussion 

Our results indicate that CD73 plays a protective role in BC progression 

resulting in prolonged OS. It can suppress further increase in the tumor burden, 

when multiple MGTs or distant metastases are present, in correlation with the 

prevalent PR-positive status of the first developing tumor. For human BC, the 

prognostic relevance of the anatomic tumor burden, measured as LN status and 

the tumor size, was indicated to be non-linear and highly dependent on the 

molecular markers of BC, an expression of PR and ER, and HER2 overexpression 

[93]. However, our results indicate that CD73 status might be an additional factor 

for such prognostic relevance. Our study was limited by an application of the 

murine model of BC, as we observed a higher incidence of multiple mammary 

gland tumors (37% of WT and 45% of CD73 KO) than observed human bilateral 
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breast cancer (1.4% - 11.8%)[94]. However, it can be explained by an early 

removal of the primary tumor in a clinical setting. An early removal of the primary 

tumor can also diminish niche-related changes observed in our research. 

Our previous results demonstrated, that CD73 KO-driven reprogramming of 

lipid metabolism through the regulatory loop with PR and PARP delays the onset 

of PR-negative tumors. However, CD73 KO-induced changes in FA metabolism 

were mostly abrogated by the developing hypoxic microenvironment at the 

progression stage [56]. At this stage, we observed significant interactions between, 

PPAR, p-AMPKα1/2, and FABP7 in tumor cells and CAAs (Fig. 13). Enhanced FA 

synthesis, mediated mainly by PPAR is a critical metabolic adaptation in cancer 

as it provides FAs for membrane biogenesis for rapidly proliferating tumor cells 

[83,85]. However, AMPK inhibits de novo synthesis of fatty acids (FAs) and 

activates their uptake and oxidation [95] in correlation with the activity of FABPs 

(fatty acid binding proteins), especially FABP7, highly expressed in mammary 

glands and metastases [96]. However, adipocytes, prevalent in the breast stroma 

can also supply BC with FAs and their continuous interactions facilitate oncogenic-

driven metabolic reprogramming of cancer cells [39,42]. These interactions 

between tumor cells and CAAs might be responsible for previously observed 

significant lack of differences in FA profiles of first tumors [56]. Furthermore, CD73-

generated extracellular adenosine can activate MAPK/ERK1/2 and PI3K/Akt 

proliferative and survival pathways in cancer cells [97,98], and increased eATP 

levels in hypoxic tumors can also stimulate tumor growth [99]. This could explain 

the similar growth rate of MGTs measured at the later stage of tumor 

development. These results agree with the clinical data, where there was no 

association between CD73 expression and T stage [26] or diameter [4]. However, 

in quickly developing and fast-growing second tumors CD73 KO-induced 

deregulation of lipid metabolism significantly decreased the percentage of CAAs 

thus disrupting their cooperation with cancer cells.  
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Figure 13. CD73 KO-induced changes in TME and systemic response in sMGT and mMGTs 

mice. 

Neoangiogenesis is required for tumor growth and its hematogenous 

spread, two factors associated with reduced survival and worse clinical prognosis 

[96]. CD73-generated adenosine has a crucial role in the induction of 

neoangiogenesis [8,74] and the regulation of the invasive potential of tumor cells 

as the neoangiogenic switch is associated with a transition to malignancy [7]. 

Nevertheless, while generally iMVD increases in correlation with tumor size, for BC 

there was no statistically significant correlation between iMVD and vascular 

invasion [100]. In the CD73 KO group, we observed an increased intravasation of 

blood vessels by tumor cells. However, CD73 deficiency can result in endothelial 

dysfunction, an effect that increases with age, as eAdo is crucial in reducing 

inflammation-induced damage to the endothelial barrier [101]. Such CD73 KO-

induced vascular leakage was demonstrated in response to hypoxia [102] and as 

such may result in increased transmigration of tumor cells, especially in this model, 

with significantly aged animals compared to syngeneic models. However, we 

observed no significant differences in the number of distant metastases, in 

correlation with CD73 KO-induced decrease in iMVD. These results might also 

indicate an earlier spread of tumor cells in correlation with a faster onset of 

second tumors. 

Furthermore, the CD73 KO group showed an increased growth rate of 

second tumors, in correlation with no significant changes in iMVD. CD73 regulates 

neovasculogenesis through vascular endothelial growth factor (VEGF) and its 

receptor, VEGFR2 [8,98]. However, in human BC most tumor subtypes, but for the 

basal-like (including TNBC), are driven by redundant angiogenic pathways [103]. 

In agreement with this data,  CD73 KO affected mostly PR-negative tumors. Many 

pro-angiogenic factors, such as EGF, HGF, and FGF, released in TME maintain 

angiogenesis even when VEGF signaling is blocked [104]. RNA-seq data analysis 

indicated a significantly increased expression of FGFR4 (fibroblast growth factor 

receptor 4) and FGF7 (fibroblast growth factor 7) in second tumors of the CD73 KO 

group. FGFR4 regulates angiogenesis and plays a significant role in the resistance 

to anti-VEGF therapy [105]. It correlates with an observed abrogation of CD73 KO-

induced anti-neoangiogenetic effect in second tumors and their increased 

growth rate. FGFR4 expression is often upregulated in BC metastases and is 
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associated with breast cancer progression [106]. It also regulates lipid metabolism 

and its deficiency impacts the adipogenesis and adipocyte functions related to 

adipokine secretion and lipid metabolism in both breast and breast tumor tissues 

[107]. Thus, its activity can abrogate CD73 KO-induced effects in second 

tumors/metastases. 

PPAR may also educate altered stromal cells, counteracting the pro-

inflammatory milieu that drives breast cancer progression [83,85], and directly 

repress inflammation by modifying the lipid metabolism of immune cells [108]. As 

its expression is high in tumor cells and CAAs only in the first tumors from WT mice in 

the sMGT group it can explain CD73 KO-induced differences in FA profiles of full 

blood and immune system being significant only in this group.  

With the application of syngeneic models, CD73-generated eAdo 

(extracellular adenosine) was indicated as a major immunosuppressive factor 

inhibiting CTLs’ activity through Treg cells. In syngeneic models, CD73 KO depletion 

improved anti-tumor immunity through decreased Treg levels resulting in reduced 

metastasis [10]. However, in clinical research, such correlations were controversial 

[109]. 

GSDMD-mediated pyroptosis has been classified as lytic cell death 

characterized mainly by inflammasome activation and release of 

proinflammatory cytokines such as Il-1β, and Il-18 through pore formation [81]. In 

the second CD73 KO MGTs, we observed robust activation of NF-κB/ IFN signaling, 

canonical inflammasome, and caspase activation with a simultaneous decline in 

the cleaved form of GSDMD, indicating the non-lytic type of pyroptosis [80]. In the 

serum of BC patients, we observed a corresponding increase of GSDMD and 

mature Il-1β. 

CD73 KO-dependent decrease in intratumoral GSDMD-NT, occurring in all 

first MGTs, regardless of PR or tumor burden status, highlights a different 

mechanism regulating GSDMD activation for first tumors compared to second 

ones. GSDMD expression, modification, oligomerization, and stabilization can be 

modified by several processes [81]. We observed a significant CD73 KO-induced 

decrease in Serpinb10 and Serpinb11 on transcriptome level (log2Fold change -

2,54 and -5,25, respectively) in all first MGTs, with additional decline in Cathepsin 

J/R in mMGTs (log2Fold change for Ctsj = -8,64 and Ctsr = -8,86). In neutrophils, 

Serpinb1a and Serpinb6a indirectly affect GSDMD-related neutrophil pyroptosis by 
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inhibiting cathepsin G, a serine protease that participated in GSDMD-associated 

immune response [110]. Furthermore, vesicles containing GSDMD-NT pores can be 

shed into intracellular space through the activation of calcium-dependent repair 

mechanisms of plasma membrane (PM) damage [80]. In the second MGTs, CD73 

KO significantly enhanced the expression of pyroptosis and immune response 

markers corresponded with increased intracellular ROS level and Ca2+ signaling, 

one of the main upstream regulators of pyroptosis [54]. Peroxidation of lipids in 

cancer cells PM through PLCγ1 can activate calcium signaling regulating GSDMD-

NT migration to PM as well as induce calcium flux and mtROS production leading 

to NLRP3 inflammasome and pyroptosis activation [54,111]. Since most of the 

second MGTs come from mice with PR-positive first MGTs, and Ca2+ and ROS 

signaling changes in a PR-dependent manner in cancer cells, low activity of 

calcium signaling in the first tumors of mMGTs mice probably impaired systemic 

response to developing tumors, creating a necessary niche for second MGTs. 

However, the mechanism of CD73 KO-induced decrease in the intratumoral level 

of GSDMD-NT still requires further elucidation.  

Omega-3 fatty acids can modulate inflammation and exhibit anticancer 

effects, promoting pyroptotic-related cancer cell death in TNBC cells [112]. EPA 

and DHA, representative of PUFAn3, can significantly inhibit both CASP1 activity 

and Il-1β secretion in macrophage cell line, THP1 [113]. In the osteoarthritis model, 

the PUFAn-3-rich diet attenuated disease progression and inhibited the TLR4/NF-κB 

and NLRP3/caspase-1/GSDMD signaling pathways [114]. In sMGT, CD73 KO 

increased EPA/DHA levels in blood correlated with the downregulation of GSDMD-

NT. PUFAs are a cofactor of PPARγ, which together with AMPK can regulate FA 

uptake through FABPs [86]. In the WT mMGTs group, we observed a significant 

increase in FABP7, an unfavorable prognostic marker in cancer [87–89]. Together 

with an increased percentage of EPA, DHA, and total PUFAn3, and increased 

expression of GSDMD-NT, those changes might explain significantly prolonged OS 

in this group compared to WT sMGT and CD73 KO mMGTs groups. 

FA oxidation induces mitochondrial damage, resulting in genome instability 

and the release of DNA into the cytosol, triggering the cGAS-STING signaling 

pathway, which stimulates pyroptosis. On the other hand, proteins involved in 

inflammasome and pyroptosis (NLRP3, CARDs, CASP1, GSDMD) can regulate the 

cGAS-STING pathway [91]. Upregulation in CD73 expression induced by 
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radiotherapy (RT) or gemcitabine correlated with elevated protection against 

DNA damage in colorectal cancer and PDAC [92,115]. Increased DNA damage 

in CD73-deficient tumor cells was associated with activation of the cGAS-STING 

pathway, and cGAS expression in tumor cells was required for antitumor activity of 

the CD73 inhibition in vivo.  

Furthermore, FAs can deregulate angiogenesis induced by mitochondrial 

damage and cytosolic DNA sensor cGAS–STING–IRF3 signaling [116]. Such effects 

might be PR-dependent as progesterone was shown to inhibit cellular antioxidant 

effect and increase oxidative stress in endothelial cells [117]. Furthermore, CD73 

KO-induced lack of VEGF signaling can affect Ca2+/calmodulin-dependent 

kinase kinases (CaMKKs) activation of AMPK [95], which correlates with the IHC 

results for AMPK and results of STRING analysis for the second tumors. CD73 KO-

induced decrease in expression of AMPK in these tumors is quite significant as it 

can protect against DNA-damaging agents, possibly through DNA repair [95].  

Our study shows that prolonged tumor development and increased tumor 

burden mostly diminish CD73 KO-induced changes in TIME and systemic immune 

response. Changes in lipid metabolism/pyroptosis-related markers were tumor cell-

specific, as no differences were seen in immune cells. Therefore, to target 

pyroptosis not only in cancer cells but also to activate it in immune cells, 

combining therapy of anti-CD73 agents, PUFAn3 dietary supplementation, and 

immune checkpoint inhibitors (ICB) (anti-PD-1/L1, anti-CTLA-4) would be a more 

reliable approach in BC patients’ treatments.  

Our study of FA profile was limited to whole blood analysis in the mouse 

model, while most clinical studies apply analysis of serum samples. However, while 

the FA profile of the full blood reflects the balanced proportion of FA pools in 

plasma and circulating cells, FA profiles in blood plasma [118] or serum [119] 

similarly reflect the FA status, especially estimates of omega-3 fatty acid status. 

Detailed mass chromatograms indicated, that analysis of the whole blood is as 

informative for medical diagnostics as the conventional clinical analysis of blood 

serum [120]. Furthermore, no histopathological analysis of lung tissue was 

performed to check for the presence of micrometastases, as the tissue was 

homogenized to obtain mononuclear cells for further analysis. However, the 

development of metastases from micrometastases was shown to be simply a time-

dependent progression in the lungs [121]. 
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To conclude, CD73 KO does not affect the development of the first tumor 

and has a negligible effect on immune response with increased tumor burden. 

However, through the deregulation of pyroptosis, fatty acids metabolism, and 

neovasculogenesis it can fasten the increase in tumor burden at the metastatic 

stage of cancer progression in association with a prevalent PR-positive status of 

the first tumor. Our results indicate that CD73 depletion in patients with a high 

tumor burden can result in a significant increase in cancer progression. It can be a 

limiting factor for anti-CD73 therapy as well as a potential prognostic factor in 

correlation with LN status. Furthermore, we have demonstrated for the first time 

that CD73 depletion can activate pyroptosis in secondary tumor foci and 

deregulate it, switching it from a lytic to a non-lytic mode. Together with an 

abrogation of CD73 KO-induced effects on the immune system at the advanced 

stage of cancer progression, it indicates that combining anti-CD73 therapy with 

modulators of immune response such as anti-PD-1/PD-L1 or anti-CTLA-4 mAbs 

needs to be carefully thought out. 
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5. Supplementary tables 

Table S1. Fatty acids profile (%) in serum of CD73 high and CD73 low LN-negative patients. 

CD73 high (N = 18); CD73 low (N = 18). Mean ± SD. Multiple unpaired t-tests. 

FA 
CD73 high LN-negative 

N = 18 

CD73 low LN-negative 

N = 18 
p-value 

12:0 0.079 ± 0.045 0.085 ± 0.062 0.7406 

14:0 0.948 ± 0.256 0.936 ± 0.235 0.8873 

16:0 23.182 ± 1.308 23.088 ± 1.185 0.8259 

18:0 6.758 ± 0.505 6.931 ± 0.531 0.3245 

20:0 0.070 ± 0.022 0.086 ± 0.052 0.2379 

22:0 0.136 ± 0.047 0.162 ± 0.066 0.1844 

24:0 0.114 ± 0.064 0.141 ± 0.086 0.2978 

Total ECFA 31.203 ± 1.619 31.485 ± 1.143 0.5700 

13:0 0.010 ± 0.005 0.010 ± 0.005 0.8162 

15:0 0.251 ± 0.048 0.283 ± 0.062 0.0939 

17:0 0.242 ± 0.037 0.271 ± 0.047 0.0437 

19:0 0.015 ± 0.007 0.017 ± 0.007 0.2939 

21:0 0.012 ± 0.005 0.014 ± 0.009 0.4668 

23:0 0.039 ± 0.024 0.045 ± 0.032 0.5382 

25:0 0.014 ± 0.007 0.013 ± 0.008 0.6530 

Total OCFA 0.586 ± 0.104 0.633 ± 0.107 0.2074 

iso 12-methyl-13:0 0.007 ± 0.004 0.008 ± 0.003 0.3244 

iso 13-methyl-14:0 0.017 ± 0.007 0.019 ± 0.011 0.3558 

iso 14-methyl-15:0 0.040 ± 0.015 0.048 ± 0.018 0.1388 

iso 15-methyl-16:0 0.073 ± 0.021 0.091 ± 0.028 0.0351 

iso 21-methyl-21:0 0.005 ± 0.003 0.007 ± 0.004 0.0455 

Total iso BCFA 0.141 ± 0.038 0.174 ± 0.053 0.0382 

anteiso 12-methyl-14:0 0.028 ± 0.006 0.034 ± 0.014 0.1373 

anteiso 14-methyl-16:0 0.057 ± 0.025 0.075 ± 0.033 0.0747 

anteiso 16-methyl-18:0 0.029 ± 0.008 0.032 ± 0.009 0.3288 

anteiso 20-methyl-22:0 0.006 ± 0.004 0.007 ± 0.004 0.1927 

Total anteiso BCFA 0.121 ± 0.034 0.148 ± 0.047 0.0512 

4,8,12-trimethyl-13:0 0.009 ± 0.004 0.012 ± 0.005 0.0794 

Total BCFA 0.271 ± 0.070 0.334 ± 0.097 0.0315 

Total SFA 32.044 ± 1.577 32.499 ± 1.154 0.3646 

14:1 0.049 ± 0.016 0.044 ± 0.017 0.3001 

16:1 3.679 ± 0.704 3.591 ± 0.649 0.7001 

17:1 0.131 ± 0.042 0.143 ± 0.048 0.3990 

18:1 28.336 ± 3.176 26.839 ± 2.146 0.1138 

19:1 0.014 ± 0.005 0.016 ± 0.006 0.3795 

20:1 0.119 ± 0.059 0.117 ± 0.049 0.9025 

22:1 0.011 ± 0.005 0.010 ± 0.004 0.9273 

24:1 0.235 ± 0.094 0.258 ± 0.115 0.5324 

Total MUFA 32.021 ± 3.149 31.321 ± 2.300 0.4882 

HDA 0.009 ± 0.004 0.009 ± 0.004 1.0000 

LA 24.831 ± 3.482 25.002 ± 3.243 0.8796 

ARA 5.774 ± 1.102 6.141 ± 1.196 0.3614 
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DGLA 1.269 ± 0.260 1.197 ± 0.225 0.3894 

EDA 0.103 ± 0.032 0.119 ± 0.050 0.2743 

AdA 0.087 ± 0.025 0.090 ± 0.035 0.7425 

Total PUFAn-6 32.420 ± 4.148 32.570 ± 3.546 0.9120 

ALA 0.298 ± 0.079 0.323 ± 0.148 0.5216 

EPA 0.741 ± 0.369 0.944 ± 0.375 0.1205 

ETA 0.044 ± 0.019 0.053 ± 0.027 0.2344 

DHA 1.228 ± 0.294 1.408 ± 0.443 0.1769 

DPA 0.307 ± 0.089 0.377 ± 0.104 0.0379 

Total PUFAn-3 2.661 ± 0.616 3.066 ± 0.670 0.0853 

PUFAn-3/n-6 ratio 0.084 ± 0.020 0.097 ± 0.035 0.2309 

Values are presented as a mean ± SD. N = number of samples. traces, FA amount below 

the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, 

arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; DGLA, dihomo–linolenic 

acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic acid 

(22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, 

eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, 

hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, monounsaturated 

fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, 

saturated fatty acids. 

 

Table S2. Fatty acids profile (%) in serum of CD73 high and CD73 low LN-positive patients. 

CD73 high (N = 22); CD73 low (N = 23). Mean ± SD. Multiple unpaired t-tests. 

FA 
CD73 high LN-positive 

N = 22 

CD73 low LN-positive 

N = 23 
p-value 

12:0 0.070 ± 0.048 0.091 ± 0.052 0.1663 

14:0 0.917 ± 0.241 0.926 ± 0.257 0.8992 

16:0 23.504 ± 1.156 23.212 ± 1.099 0.3900 

18:0 6.765 ± 0.547 6.667 ± 0.681 0.6040 

20:0 0.074 ± 0.027 0.080 ± 0.040 0.5932 

22:0 0.135 ± 0.049 0.147 ± 0.051 0.4441 

24:0 0.119 ± 0.060 0.133 ± 0.062 0.4454 

Total ECFA 31.543 ± 1.580 31.222 ± 1.158 0.4612 

13:0 0.010 ± 0.004 0.010 ± 0.004 0.6060 

15:0 0.248 ± 0.065 0.251 ± 0.071 0.8751 

17:0 0.247 ± 0.058 0.249 ± 0.061 0.9163 

19:0 0.014 ± 0.005 0.016 ± 0.005 0.1375 

21:0 0.012 ± 0.004 0.013 ± 0.005 0.2248 

23:0 0.040 ± 0.024 0.044 ± 0.020 0.6346 

25:0 0.014 ± 0.010 0.014 ± 0.006 0.8602 

Total OCFA 0.578 ± 0.131 0.592 ± 0.120 0.7309 

iso 12-methyl-13:0 0.007 ± 0.004 0.009 ± 0.006 0.1770 

iso 13-methyl-14:0 0.020 ± 0.010 0.021 ± 0.013 0.6128 

iso 14-methyl-15:0 0.046 ± 0.019 0.045 ± 0.018 0.8351 
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iso 15-methyl-16:0 0.086 ± 0.041 0.090 ± 0.030 0.7360 

iso 21-methyl-21:0 0.004 ± 0.002 0.005 ± 0.003 0.1034 

Total iso BCFA 0.163 ± 0.066 0.171 ± 0.057 0.6806 

anteiso 12-methyl-14:0 0.029 ± 0.013 0.030 ± 0.011 0.6973 

anteiso 14-methyl-16:0 0.066 ± 0.033 0.075 ± 0.035 0.4118 

anteiso 16-methyl-18:0 0.031 ± 0.008 0.033 ± 0.011 0.3709 

anteiso 20-methyl-22:0 0.006 ± 0.004 0.007 ± 0.005 0.4525 

Total anteiso BCFA 0.129 ± 0.047 0.140 ± 0.040 0.3839 

4,8,12-trimethyl-13:0 0.011 ± 0.006 0.010 ± 0.004 0.3834 

Total BCFA 0.299 ± 0.113 0.314 ± 0.085 0.6210 

Total SFA 32.336 ± 1.615 32.116 ± 1.204 0.6257 

14:1 0.043 ± 0.018 0.051 ± 0.022 0.1861 

16:1 3.681 ± 0.905 3.564 ± 0.745 0.6412 

17:1 0.134 ± 0.029 0.143 ± 0.058 0.4981 

18:1 27.935 ± 2.810 28.101 ± 2.738 0.8453 

19:1 0.015 ± 0.006 0.013 ± 0.005 0.2279 

20:1 0.122 ± 0.042 0.122 ± 0.051 0.9944 

22:1 0.012 ± 0.005 0.010 ± 0.005 0.2015 

24:1 0.236 ± 0.096 0.247 ± 0.085 0.6851 

Total MUFA 31.958 ± 3.299 32.233 ± 2.731 0.7772 

HDA 0.012 ± 0.006 0.009 ± 0.004 0.1033 

LA 24.035 ± 3.630 25.119 ± 3.337 0.3029 

ARA 5.989 ± 1.135 6.023 ± 1.024 0.9162 

DGLA 1.113 ± 0.197 1.153 ± 0.288 0.5844 

EDA 0.104 ± 0.026 0.116 ± 0.049 0.3176 

AdA 0.088 ± 0.029 0.088 ± 0.031 0.9527 

Total PUFAn-6 31.206 ± 4.123 32.508 ± 3.910 0.2886 

ALA 0.278 ± 0.080 0.289 ± 0.117 0.7169 

EPA 0.906 ± 0.328 0.799 ± 0.333 0.2859 

ETA 0.050 ± 0.018 0.058 ± 0.024 0.1741 

DHA 1.445 ± 0.404 1.249 ± 0.365 0.0957 

DPA 0.366 ± 0.075 0.340 ± 0.115 0.3707 

Total PUFAn-3 3.045 ± 0.729 2.698 ± 0.682 0.1108 

PUFAn-3/n-6 ratio 0.098 ± 0.025 0.084 ± 0.025 0.0766 

Values are presented as a mean ± SD. N = number of samples. traces, FA amount below 

the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, 

arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; DGLA, dihomo–linolenic 

acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic acid 

(22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, 

eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, 

hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, monounsaturated 

fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, 

saturated fatty acids. 
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Table S3. Fatty acids profile (%) in serum of LN-negative and LN-positive CD73 high 

patients. LN-negative (N = 18); LN-positive (N = 22). Mean ± SD. Multiple unpaired t-tests. 

FA 
CD73 high LN-negative 

N = 18 

CD73 high LN-positive 

N = 22 
p-value 

12:0 0.079 ± 0.045 0.070 ± 0.048 0.5521 

14:0 0.948 ± 0.256 0.917 ± 0.241 0.6984 

16:0 23.182 ± 1.308 23.504 ± 1.156 0.4200 

18:0 6.758 ± 0.505 6.765 ± 0.547 0.9652 

20:0 0.070 ± 0.022 0.074 ± 0.027 0.6080 

22:0 0.136 ± 0.047 0.135 ± 0.049 0.9780 

24:0 0.114 ± 0.064 0.119 ± 0.060 0.8133 

Total ECFA 31.203 ± 1.619 31.543 ± 1.580 0.5229 

13:0 0.010 ± 0.005 0.010 ± 0.004 0.9669 

15:0 0.251 ± 0.048 0.248 ± 0.065 0.8512 

17:0 0.242 ± 0.037 0.247 ± 0.058 0.7451 

19:0 0.015 ± 0.007 0.014 ± 0.005 0.5996 

21:0 0.012 ± 0.005 0.012 ± 0.004 0.8191 

23:0 0.039 ± 0.024 0.040 ± 0.024 0.8951 

25:0 0.014 ± 0.007 0.014 ± 0.010 0.8930 

Total OCFA 0.586 ± 0.104 0.578 ± 0.131 0.8367 

iso 12-methyl-13:0 0.007 ± 0.004 0.007 ± 0.004 0.5769 

iso 13-methyl-14:0 0.017 ± 0.007 0.020 ± 0.010 0.3219 

iso 14-methyl-15:0 0.040 ± 0.015 0.046 ± 0.019 0.2489 

iso 15-methyl-16:0 0.073 ± 0.021 0.086 ± 0.041 0.2129 

iso 21-methyl-21:0 0.005 ± 0.003 0.004 ± 0.002 0.2777 

Total iso BCFA 0.141 ± 0.038 0.163 ± 0.066 0.2102 

anteiso 12-methyl-14:0 0.028 ± 0.006 0.029 ± 0.013 0.9443 

anteiso 14-methyl-16:0 0.057 ± 0.025 0.066 ± 0.033 0.3372 

anteiso 16-methyl-18:0 0.029 ± 0.008 0.031 ± 0.008 0.5714 

anteiso 20-methyl-22:0 0.006 ± 0.004 0.006 ± 0.004 0.9000 

Total anteiso BCFA 0.121 ± 0.034 0.129 ± 0.047 0.5621 

4,8,12-trimethyl-13:0 0.009 ± 0.004 0.011 ± 0.006 0.2552 

Total BCFA 0.271 ± 0.070 0.299 ± 0.113 0.3706 

Total SFA 32.044 ± 1.577 32.336 ± 1.615 0.5875 

14:1 0.049 ± 0.016 0.043 ± 0.018 0.2250 

16:1 3.679 ± 0.704 3.681 ± 0.905 0.9942 

17:1 0.131 ± 0.042 0.134 ± 0.029 0.7551 

18:1 28.336 ± 3.176 27.935 ± 2.810 0.6816 

19:1 0.014 ± 0.005 0.015 ± 0.006 0.7569 

20:1 0.119 ± 0.059 0.122 ± 0.042 0.8330 

22:1 0.011 ± 0.005 0.012 ± 0.005 0.3457 

24:1 0.235 ± 0.094 0.236 ± 0.096 0.9724 

Total MUFA 32.021 ± 3.149 31.958 ± 3.299 0.9555 

HDA 0.009 ± 0.004 0.012 ± 0.006 0.1171 

LA 24.831 ± 3.482 24.035 ± 3.630 0.4870 

ARA 5.774 ± 1.102 5.989 ± 1.135 0.5684 

DGLA 1.269 ± 0.260 1.113 ± 0.197 0.0371 

EDA 0.103 ± 0.032 0.104 ± 0.026 0.9738 
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AdA 0.087 ± 0.025 0.088 ± 0.029 0.9028 

Total PUFAn-6 32.420 ± 4.148 31.206 ± 4.123 0.3823 

ALA 0.298 ± 0.079 0.278 ± 0.080 0.4329 

EPA 0.741 ± 0.369 0.906 ± 0.328 0.1471 

ETA 0.044 ± 0.019 0.050 ± 0.018 0.3369 

DHA 1.228 ± 0.294 1.445 ± 0.404 0.0705 

DPA 0.307 ± 0.089 0.366 ± 0.075 0.0281 

Total PUFAn-3 2.661 ± 0.616 3.045 ± 0.729 0.0963 

PUFAn-3/n-6 ratio 0.084 ± 0.020 0.098 ± 0.025 0.0779 

Values are presented as a mean ± SD. N = number of samples. traces, FA amount below 

the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, 

arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; DGLA, dihomo–linolenic 

acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic acid 

(22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, 

eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, 

hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, monounsaturated 

fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, 

saturated fatty acids. 

 

Table S4. Fatty acids profile (%) in serum of LN-negative and LN-positive CD73 low patients. 

LN-negative (N = 18); LN-positive (N = 23). Mean ± SD. Multiple unpaired t-tests. 

FA 
CD73 low LN-negative 

N = 18 

CD73 low LN-positive 

N = 23 
p-value 

12:0 0.085 ± 0.062 0.091 ± 0.052 0.7318 

14:0 0.936 ± 0.235 0.926 ± 0.257 0.9060 

16:0 23.088 ± 1.185 23.212 ± 1.099 0.7312 

18:0 6.931 ± 0.531 6.667 ± 0.681 0.1851 

20:0 0.086 ± 0.052 0.080 ± 0.040 0.6517 

22:0 0.162 ± 0.066 0.147 ± 0.051 0.4091 

24:0 0.141 ± 0.086 0.133 ± 0.062 0.7285 

Total ECFA 31.485 ± 1.143 31.222 ± 1.158 0.4967 

13:0 0.010 ± 0.005 0.010 ± 0.004 0.8323 

15:0 0.283 ± 0.062 0.251 ± 0.071 0.1436 

17:0 0.271 ± 0.047 0.249 ± 0.061 0.2060 

19:0 0.017 ± 0.007 0.016 ± 0.005 0.5494 

21:0 0.014 ± 0.009 0.013 ± 0.005 0.8790 

23:0 0.045 ± 0.032 0.044 ± 0.020 0.8418 

25:0 0.013 ± 0.008 0.014 ± 0.006 0.6279 

Total OCFA 0.633 ± 0.107 0.592 ± 0.120 0.2820 

iso 12-methyl-13:0 0.008 ± 0.003 0.009 ± 0.006 0.3597 

iso 13-methyl-14:0 0.019 ± 0.011 0.021 ± 0.013 0.6168 

iso 14-methyl-15:0 0.048 ± 0.018 0.045 ± 0.018 0.5852 

iso 15-methyl-16:0 0.091 ± 0.028 0.090 ± 0.030 0.9048 

iso 21-methyl-21:0 0.007 ± 0.004 0.005 ± 0.003 0.0979 
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Total iso BCFA 0.174 ± 0.053 0.171 ± 0.057 0.8712 

anteiso 12-methyl-14:0 0.034 ± 0.014 0.030 ± 0.011 0.3294 

anteiso 14-methyl-16:0 0.075 ± 0.033 0.075 ± 0.035 0.9839 

anteiso 16-methyl-18:0 0.032 ± 0.009 0.033 ± 0.011 0.6894 

anteiso 20-methyl-22:0 0.007 ± 0.004 0.007 ± 0.005 0.7041 

Total anteiso BCFA 0.148 ± 0.047 0.140 ± 0.040 0.5610 

4,8,12-trimethyl-13:0 0.012 ± 0.005 0.010 ± 0.004 0.1329 

Total BCFA 0.334 ± 0.097 0.314 ± 0.085 0.4828 

Total SFA 32.499 ± 1.154 32.116 ± 1.204 0.3449 

14:1 0.044 ± 0.017 0.051 ± 0.022 0.2590 

16:1 3.591 ± 0.649 3.564 ± 0.745 0.9064 

17:1 0.143 ± 0.048 0.143 ± 0.058 0.9932 

18:1 26.839 ± 2.146 28.101 ± 2.738 0.1236 

19:1 0.016 ± 0.006 0.013 ± 0.005 0.0759 

20:1 0.117 ± 0.049 0.122 ± 0.051 0.7299 

22:1 0.010 ± 0.004 0.010 ± 0.005 0.8617 

24:1 0.258 ± 0.115 0.247 ± 0.085 0.7416 

Total MUFA 31.321 ± 2.300 32.233 ± 2.731 0.2997 

HDA 0.009 ± 0.004 0.009 ± 0.004 0.8563 

LA 25.002 ± 3.243 25.119 ± 3.337 0.9108 

ARA 6.141 ± 1.196 6.023 ± 1.024 0.7354 

DGLA 1.197 ± 0.225 1.153 ± 0.288 0.6079 

EDA 0.119 ± 0.050 0.116 ± 0.049 0.8373 

AdA 0.090 ± 0.035 0.088 ± 0.031 0.8667 

Total PUFAn-6 32.570 ± 3.546 32.508 ± 3.910 0.9597 

ALA 0.323 ± 0.148 0.289 ± 0.117 0.4070 

EPA 0.944 ± 0.375 0.799 ± 0.333 0.2079 

ETA 0.053 ± 0.027 0.058 ± 0.024 0.5409 

DHA 1.408 ± 0.443 1.249 ± 0.365 0.2301 

DPA 0.377 ± 0.104 0.340 ± 0.115 0.2974 

Total PUFAn-3 3.066 ± 0.670 2.698 ± 0.682 0.1070 

PUFAn-3/n-6 ratio 0.097 ± 0.035 0.084 ± 0.025 0.2147 

Values are mean ± SD. N = number of samples. traces, FA amount below the detection 

threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, arachidonic 

acid (20:4 n-6); BCFA, branched-chain fatty acids; DGLA, dihomo–linolenic acid (20:3 n-6); 

DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic acid (22:5 n-3); ECFA, 

even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, eicosapentaenoic acid 

(20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, hexadecadienoic acid (16:2 n-6); 

LA, linoleic acid (18:2 n-6); MUFA, monounsaturated fatty acids; OCFA, odd chain fatty 

acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids. 
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Table S5. Fatty acids profile (%) in whole blood of sMGT and mMGTs WT mice. WT sMGT (n = 

12, N = 6); WT mMGTs (n = 6, N = 4). Mean ± SD. Multiple unpaired t-tests. 

FA 
WT sMGT 

N = 6 

WT mMGTs 

N = 4 
p-value 

12:0 0.133 ± 0.074 0.133 ± 0.040 0.9844 

14:0 1.492 ± 0.398 1.473 ± 0.410 0.9430 

16:0 34.892 ± 3.080 33.230 ± 3.228 0.4355 

18:0 16.682 ± 1.860 16.218 ± 3.021 0.7836 

20:0 0.513 ± 0.134 0.520 ± 0.170 0.9463 

22:0 0.743 ± 0.168 0.798 ± 0.360 0.7528 

24:0 0.952 ± 0.151 0.970 ± 0.341 0.9089 

26:0 0.197 ± 0.081 0.170 ± 0.081 0.6233 

28:0 0.062 ± 0.058 0.038 ± 0.028 0.4693 

30:0 traces ± traces traces ± traces - 

Total ECFA 52.875 ± 7.919 53.548 ± 4.443 0.8825 

13:0 0.038 ± 0.012 0.040 ± 0.016 0.8543 

15:0 0.998 ± 0.278 0.995 ± 0.346 0.9869 

17:0 0.743 ± 0.040 0.675 ± 0.087 0.1255 

19:0 0.177 ± 0.022 0.165 ± 0.048 0.6092 

21:0 0.227 ± 0.059 0.213 ± 0.121 0.8085 

23:0 0.220 ± 0.058 0.240 ± 0.117 0.7254 

25:0 0.142 ± 0.083 0.133 ± 0.066 0.8576 

Total OCFA 2.545 ± 0.401 2.460 ± 0.758 0.8207 

2,6,10-trimethyl-12:0 0.100 ± 0.041 0.098 ± 0.062 0.9406 

4,8,12-trimethyl-14:0 0.063 ± 0.040 0.048 ± 0.034 0.5342 

Total trimethyl- BCFA 0.163 ± 0.077 0.145 ± 0.095 0.7444 

iso 12-methyl-13:0 0.015 ± 0.008 0.018 ± 0.005 0.6096 

iso 13-methyl-14:0 0.055 ± 0.014 0.053 ± 0.021 0.8222 

iso 14-methyl-15:0 0.077 ± 0.010 0.060 ± 0.008 0.0272 

iso 15-methyl-16:0 0.102 ± 0.021 0.095 ± 0.013 0.5949 

iso 18-methyl-19:0 0.010 ± 0.000 traces ± traces - 

iso 20-methyl-21;0 0.032 ± 0.020 0.030 ± 0.018 0.8986 

iso 21-methyl-22:0 0.042 ± 0.015 0.033 ± 0.026 0.4951 

iso 22-methyl-23;0 0.018 ± 0.010 0.023 ± 0.015 0.5630 

iso 23-methyl-24:0 0.010 ± 0.000 0.010 ± 0.000 - 

Total iso BCFA 0.347 ± 0.048 0.313 ± 0.061 0.3486 

anteiso 12-methyl-14;0 0.215 ± 0.086 0.233 ± 0.115 0.7893 

anteiso 14-methyl-16;0 0.170 ± 0.061 0.183 ± 0.081 0.7866 

anteiso 16-methyl-18;0 0.077 ± 0.023 0.078 ± 0.039 0.9663 

anteiso 20-methyl-22;0 0.018 ± 0.008 0.038 ± 0.028 0.1719 

anteiso 22-methyl-24:0 0.042 ± 0.012 0.058 ± 0.032 0.2905 

Total anteiso BCFA 0.518 ± 0.173 0.588 ± 0.286 0.6426 

Total BCFA 1.028 ± 0.271 1.045 ± 0.438 0.9419 

Total SFA 56.448 ± 7.920 57.053 ± 3.538 0.8912 

14:1n-9 0.203 ± 0.092 0.238 ± 0.112 0.6119 

14:1n-11 0.010 ± 0.000 0.010 ± 0.000 - 

16:1 4.590 ± 1.319 4.720 ± 1.186 0.8780 

17:1 0.175 ± 0.056 0.185 ± 0.053 0.7847 
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18:1 23.457 ± 1.926 23.413 ± 1.323 0.9693 

19:1 0.022 ± 0.012 0.018 ± 0.005 0.5260 

20:1 0.310 ± 0.080 0.308 ± 0.062 0.9595 

22:1 0.110 ± 0.084 0.088 ± 0.017 0.6168 

24:1 0.295 ± 0.034 0.220 ± 0.041 0.0138 

Total MUFA 29.168 ± 2.781 29.195 ± 1.785 0.9870 

HDA 0.010 ± 0.000 0.010 ± 0.000 - 

LA 7.532 ± 1.755 8.488 ± 1.893 0.4366 

ARA 1.815 ± 0.412 2.380 ± 0.500 0.0860 

DGLA 0.405 ± 0.085 0.440 ± 0.069 0.5152 

EDA 0.097 ± 0.021 0.080 ± 0.012 0.1848 

AdA 0.080 ± 0.030 0.085 ± 0.017 0.7752 

Total PUFAn-6 9.935 ± 2.237 11.478 ± 2.409 0.3297 

ALA 0.030 ± 0.020 0.045 ± 0.006 0.1945 

EPA 0.273 ± 0.098 0.450 ± 0.076 0.0162 

ETA 0.050 ± 0.017 0.053 ± 0.010 0.7957 

DHA 1.097 ± 0.197 1.440 ± 0.265 0.0455 

DPA 0.188 ± 0.050 0.288 ± 0.069 0.0294 

Total PUFAn-3 1.633 ± 0.324 2.275 ± 0.401 0.0231 

PUFAn3/n6 ratio 0.169 ± 0.035 0.202 ± 0.034 0.1739 

Values are presented as a mean ± SD. N = number of samples, n – number of mice. traces, 

FA amount below the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic 

acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; 

DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, 

docosapentaenoic acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid 

(20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); 

HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 

monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty 

acids; SFA, saturated fatty acids. 
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Table S6. Fatty acids profile (%) in whole blood of WT and CD73 KO sMGT mice. WT sMGT (n 

= 12, N = 6); CD73 KO sMGT (n = 8, N = 4). Mean ± SD. Multiple unpaired t-tests. 

FA 
WT sMGT 

N = 6 

CD73 KO sMGT 

N = 4 
p-value 

12:0 0.133 ± 0.074 0.150 ± 0.074 0.7377 

14:0 1.492 ± 0.398 1.375 ± 0.415 0.6670 

16:0 34.892 ± 3.080 32.175 ± 1.257 0.1379 

18:0 16.682 ± 1.860 15.633 ± 1.615 0.4033 

20:0 0.513 ± 0.134 0.478 ± 0.078 0.6456 

22:0 0.743 ± 0.168 0.640 ± 0.158 0.3588 

24:0 0.952 ± 0.151 0.840 ± 0.167 0.3027 

26:0 0.197 ± 0.081 0.145 ± 0.053 0.2962 

28:0 0.062 ± 0.058 0.043 ± 0.046 0.6030 

30:0 traces ± traces traces ± traces - 

Total ECFA 52.875 ± 7.919 51.478 ± 2.974 0.7484 

13:0 0.038 ± 0.012 0.040 ± 0.018 0.8631 

15:0 0.998 ± 0.278 0.765 ± 0.225 0.2014 

17:0 0.743 ± 0.040 0.585 ± 0.127 0.0193 

19:0 0.177 ± 0.022 0.180 ± 0.037 0.8611 

21:0 0.227 ± 0.059 0.178 ± 0.046 0.1985 

23:0 0.220 ± 0.058 0.208 ± 0.048 0.7300 

25:0 0.142 ± 0.083 0.158 ± 0.021 0.7217 

Total OCFA 2.545 ± 0.401 2.113 ± 0.447 0.1482 

2,6,10-trimethyl-12:0 0.100 ± 0.041 0.063 ± 0.024 0.1437 

4,8,12-trimethyl-14:0 0.063 ± 0.040 0.028 ± 0.005 0.1174 

Total trimethyl- BCFA 0.163 ± 0.077 0.090 ± 0.028 0.1108 

iso 12-methyl-13:0 0.015 ± 0.008 0.010 ± 0.000 0.2753 

iso 13-methyl-14:0 0.055 ± 0.014 0.040 ± 0.008 0.0886 

iso 14-methyl-15:0 0.077 ± 0.010 0.060 ± 0.008 0.0272 

iso 15-methyl-16:0 0.102 ± 0.021 0.090 ± 0.018 0.3983 

iso 18-methyl-19:0 0.010 ± 0.000 0.010 ± 0.000 - 

iso 20-methyl-21;0 0.032 ± 0.020 0.018 ± 0.005 0.2183 

iso 21-methyl-22:0 0.042 ± 0.015 0.025 ± 0.010 0.0852 

iso 22-methyl-23;0 0.018 ± 0.010 0.013 ± 0.006 0.4512 

iso 23-methyl-24:0 0.010 ± 0.000 0.010 ± 0.000 - 

Total iso BCFA 0.347 ± 0.048 0.265 ± 0.044 0.0260 

anteiso 12-methyl-14;0 0.215 ± 0.086 0.170 ± 0.049 0.3765 

anteiso 14-methyl-16;0 0.170 ± 0.061 0.153 ± 0.051 0.6488 

anteiso 16-methyl-18;0 0.077 ± 0.023 0.068 ± 0.021 0.5334 

anteiso 20-methyl-22;0 0.018 ± 0.008 0.030 ± 0.010 0.1158 

anteiso 22-methyl-24:0 0.042 ± 0.012 0.028 ± 0.013 0.1056 

Total anteiso BCFA 0.518 ± 0.173 0.440 ± 0.141 0.4756 

Total BCFA 1.028 ± 0.271 0.795 ± 0.205 0.1839 

Total SFA 56.448 ± 7.920 54.385 ± 3.424 0.6413 

14:1n-9 0.203 ± 0.092 0.195 ± 0.066 0.8806 

14:1n-11 0.010 ± 0.000 0.023 ± 0.025 0.3559 

16:1 4.590 ± 1.319 5.273 ± 0.942 0.4008 

17:1 0.175 ± 0.056 0.168 ± 0.033 0.8177 
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18:1 23.457 ± 1.926 24.780 ± 1.717 0.3002 

19:1 0.022 ± 0.012 0.015 ± 0.006 0.3271 

20:1 0.310 ± 0.080 0.408 ± 0.099 0.1237 

22:1 0.110 ± 0.084 0.088 ± 0.017 0.6168 

24:1 0.295 ± 0.034 0.290 ± 0.080 0.8940 

Total MUFA 29.168 ± 2.781 31.238 ± 1.983 0.2376 

HDA 0.010 ± 0.000 0.010 ± 0.000 - 

LA 7.532 ± 1.755 9.253 ± 1.287 0.1334 

ARA 1.815 ± 0.412 2.313 ± 0.520 0.1293 

DGLA 0.405 ± 0.085 0.490 ± 0.067 0.1349 

EDA 0.097 ± 0.021 0.098 ± 0.017 0.9486 

AdA 0.080 ± 0.030 0.078 ± 0.015 0.8838 

Total PUFAn-6 9.935 ± 2.237 12.235 ± 1.842 0.1278 

ALA 0.030 ± 0.020 0.035 ± 0.017 0.7050 

EPA 0.273 ± 0.098 0.493 ± 0.176 0.0334 

ETA 0.050 ± 0.017 0.050 ± 0.012 1.0000 

DHA 1.097 ± 0.197 1.263 ± 0.369 0.3766 

DPA 0.188 ± 0.050 0.303 ± 0.073 0.0181 

Total PUFAn-3 1.633 ± 0.324 2.143 ± 0.626 0.1256 

PUFAn3/n6 ratio 0.169 ± 0.035 0.173 ± 0.032 0.8447 

Values are presented as a mean ± SD. N = number of samples, n – number of mice. traces, 

FA amount below the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic 

acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; 

DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, 

docosapentaenoic acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid 

(20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); 

HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 

monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty 

acids; SFA, saturated fatty acids. 
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Table S7. Fatty acids profile (%) in whole blood of WT and CD73 KO mMGTs mice. WT 

mMGTs (n = 6, N = 4); CD73 KO mMGTs (n = 8, N = 4). Mean ± SD. Multiple unpaired t-tests. 

FA 
WT mMGTs 

N = 4 

CD73 KO mMGTs 

N = 4 
p-value 

12:0 0.133 ± 0.040 0.153 ± 0.050 0.5559 

14:0 1.473 ± 0.410 1.280 ± 0.123 0.4027 

16:0 33.230 ± 3.228 31.673 ± 0.469 0.3765 

18:0 16.218 ± 3.021 16.525 ± 0.411 0.8468 

20:0 0.520 ± 0.170 0.503 ± 0.050 0.8503 

22:0 0.798 ± 0.360 0.723 ± 0.084 0.6991 

24:0 0.970 ± 0.341 0.918 ± 0.122 0.7820 

26:0 0.170 ± 0.081 0.170 ± 0.029 1.0000 

28:0 0.038 ± 0.028 0.035 ± 0.006 0.8648 

30:0 traces ± traces traces ± traces - 

Total ECFA 53.548 ± 4.443 51.978 ± 0.408 0.5080 

13:0 0.040 ± 0.016 0.040 ± 0.008 1.0000 

15:0 0.995 ± 0.346 0.805 ± 0.077 0.3251 

17:0 0.675 ± 0.087 0.643 ± 0.040 0.5231 

19:0 0.165 ± 0.048 0.190 ± 0.008 0.3437 

21:0 0.213 ± 0.121 0.185 ± 0.047 0.6872 

23:0 0.240 ± 0.117 0.228 ± 0.032 0.8441 

25:0 0.133 ± 0.066 0.105 ± 0.034 0.4847 

Total OCFA 2.460 ± 0.758 2.195 ± 0.162 0.5199 

2,6,10-trimethyl-12:0 0.098 ± 0.062 0.083 ± 0.010 0.6514 

4,8,12-trimethyl-14:0 0.048 ± 0.034 0.038 ± 0.010 0.5921 

Total trimethyl- BCFA 0.145 ± 0.095 0.120 ± 0.014 0.6202 

iso 12-methyl-13:0 0.018 ± 0.005 0.018 ± 0.005 1.0000 

iso 13-methyl-14:0 0.053 ± 0.021 0.045 ± 0.013 0.5601 

iso 14-methyl-15:0 0.060 ± 0.008 0.058 ± 0.010 0.7049 

iso 15-methyl-16:0 0.095 ± 0.013 0.085 ± 0.017 0.3903 

iso 18-methyl-19:0 traces ± traces 0.010 ± 0.000 - 

iso 20-methyl-21;0 0.030 ± 0.018 0.028 ± 0.010 0.8164 

iso 21-methyl-22:0 0.033 ± 0.026 0.028 ± 0.005 0.7216 

iso 22-methyl-23;0 0.023 ± 0.015 0.020 ± 0.008 0.7210 

iso 23-methyl-24:0 0.010 ± 0.000 0.010 ± 0.000 - 

Total iso BCFA 0.313 ± 0.061 0.288 ± 0.038 0.5134 

anteiso 12-methyl-14;0 0.233 ± 0.115 0.190 ± 0.036 0.5075 

anteiso 14-methyl-16;0 0.183 ± 0.081 0.160 ± 0.014 0.6039 

anteiso 16-methyl-18;0 0.078 ± 0.039 0.095 ± 0.013 0.4231 

anteiso 20-methyl-22;0 0.038 ± 0.028 0.035 ± 0.017 0.8829 

anteiso 22-methyl-24:0 0.058 ± 0.032 0.040 ± 0.012 0.3434 

Total anteiso BCFA 0.588 ± 0.286 0.520 ± 0.073 0.6630 

Total BCFA 1.045 ± 0.438 0.928 ± 0.110 0.6214 

Total SFA 57.053 ± 3.538 55.100 ± 0.613 0.3185 

14:1n-9 0.238 ± 0.112 0.188 ± 0.041 0.4353 

14:1n-11 0.010 ± 0.000 0.013 ± 0.006 0.3739 

16:1 4.720 ± 1.186 4.668 ± 0.225 0.9335 

17:1 0.185 ± 0.053 0.178 ± 0.032 0.8157 
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18:1 23.413 ± 1.323 24.973 ± 2.024 0.2444 

19:1 0.018 ± 0.005 0.023 ± 0.005 0.2070 

20:1 0.308 ± 0.062 0.400 ± 0.119 0.2181 

22:1 0.088 ± 0.017 0.093 ± 0.017 0.6932 

24:1 0.220 ± 0.041 0.348 ± 0.036 0.0034 

Total MUFA 29.195 ± 1.785 30.878 ± 2.244 0.2851 

HDA 0.010 ± 0.000 0.010 ± 0.000 - 

LA 8.488 ± 1.893 9.185 ± 0.967 0.5360 

ARA 2.380 ± 0.500 2.150 ± 0.399 0.4990 

DGLA 0.440 ± 0.069 0.490 ± 0.050 0.2832 

EDA 0.080 ± 0.012 0.093 ± 0.022 0.3559 

AdA 0.085 ± 0.017 0.078 ± 0.019 0.5801 

Total PUFAn-6 11.478 ± 2.409 12.000 ± 1.329 0.7171 

ALA 0.045 ± 0.006 0.035 ± 0.013 0.2070 

EPA 0.450 ± 0.076 0.390 ± 0.088 0.3432 

ETA 0.053 ± 0.010 0.058 ± 0.015 0.5945 

DHA 1.440 ± 0.265 1.278 ± 0.246 0.4035 

DPA 0.288 ± 0.069 0.263 ± 0.061 0.6061 

Total PUFAn-3 2.275 ± 0.401 2.023 ± 0.373 0.3921 

PUFAn3/n6 ratio 0.202 ± 0.034 0.168 ± 0.017 0.1208 

Values are presented as a mean ± SD. N = number of samples, n – number of mice. traces, 

FA amount below the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic 

acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; 

DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, 

docosapentaenoic acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid 

(20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); 

HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 

monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty 

acids; SFA, saturated fatty acids. 
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Table S8. Fatty acids profile (%) in whole blood of sMGT and mMGTs CD73 KO mice. CD73 

KO sMGT (n = 8, N = 4); CD73 KO mMGTs (n = 8, N = 4). Mean ± SD. Multiple unpaired t-

tests. 

FA 
CD73 KO sMGT 

N = 4 

CD73 KO mMGTs 

N = 4 
p-value 

12:0 0.150 ± 0.074 0.153 ± 0.050 0.9573 

14:0 1.375 ± 0.415 1.280 ± 0.123 0.6762 

16:0 32.175 ± 1.257 31.673 ± 0.469 0.4822 

18:0 15.633 ± 1.615 16.525 ± 0.411 0.3252 

20:0 0.478 ± 0.078 0.503 ± 0.050 0.6102 

22:0 0.640 ± 0.158 0.723 ± 0.084 0.3925 

24:0 0.840 ± 0.167 0.918 ± 0.122 0.4828 

26:0 0.145 ± 0.053 0.170 ± 0.029 0.4425 

28:0 0.043 ± 0.046 0.035 ± 0.006 0.7559 

30:0 traces ± traces traces ± traces - 

Total ECFA 51.478 ± 2.974 51.978 ± 0.408 0.7504 

13:0 0.040 ± 0.018 0.040 ± 0.008 1.0000 

15:0 0.765 ± 0.225 0.805 ± 0.077 0.7485 

17:0 0.585 ± 0.127 0.643 ± 0.040 0.4217 

19:0 0.180 ± 0.037 0.190 ± 0.008 0.6202 

21:0 0.178 ± 0.046 0.185 ± 0.047 0.8272 

23:0 0.208 ± 0.048 0.228 ± 0.032 0.5133 

25:0 0.158 ± 0.021 0.105 ± 0.034 0.0390 

Total OCFA 2.113 ± 0.447 2.195 ± 0.162 0.7403 

2,6,10-trimethyl-12:0 0.063 ± 0.024 0.083 ± 0.010 0.1677 

4,8,12-trimethyl-14:0 0.028 ± 0.005 0.038 ± 0.010 0.1135 

Total trimethyl- BCFA 0.090 ± 0.028 0.120 ± 0.014 0.1066 

iso 12-methyl-13:0 0.010 ± 0.000 0.018 ± 0.005 0.0240 

iso 13-methyl-14:0 0.040 ± 0.008 0.045 ± 0.013 0.5370 

iso 14-methyl-15:0 0.060 ± 0.008 0.058 ± 0.010 0.7049 

iso 15-methyl-16:0 0.090 ± 0.018 0.085 ± 0.017 0.7049 

iso 18-methyl-19:0 0.010 ± 0.000 0.010 ± 0.000 - 

iso 20-methyl-21;0 0.018 ± 0.005 0.028 ± 0.010 0.1135 

iso 21-methyl-22:0 0.025 ± 0.010 0.028 ± 0.005 0.6704 

iso 22-methyl-23;0 0.013 ± 0.006 0.020 ± 0.008 0.2856 

iso 23-methyl-24:0 0.010 ± 0.000 0.010 ± 0.000 - 

Total iso BCFA 0.265 ± 0.044 0.288 ± 0.038 0.4690 

anteiso 12-methyl-14;0 0.170 ± 0.049 0.190 ± 0.036 0.5334 

anteiso 14-methyl-16;0 0.153 ± 0.051 0.160 ± 0.014 0.7848 

anteiso 16-methyl-18;0 0.068 ± 0.021 0.095 ± 0.013 0.0644 

anteiso 20-methyl-22;0 0.030 ± 0.010 0.035 ± 0.017 0.6774 

anteiso 22-methyl-24:0 0.028 ± 0.013 0.040 ± 0.012 0.1936 

Total anteiso BCFA 0.440 ± 0.141 0.520 ± 0.073 0.3524 

Total BCFA 0.795 ± 0.205 0.928 ± 0.110 0.2989 

Total SFA 54.385 ± 3.424 55.100 ± 0.613 0.6953 

14:1n-9 0.195 ± 0.066 0.188 ± 0.041 0.8527 

14:1n-11 0.023 ± 0.025 0.013 ± 0.006 0.5691 

16:1 5.273 ± 0.942 4.668 ± 0.225 0.2582 
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17:1 0.168 ± 0.033 0.178 ± 0.032 0.6790 

18:1 24.780 ± 1.717 24.973 ± 2.024 0.8894 

19:1 0.015 ± 0.006 0.023 ± 0.005 0.0972 

20:1 0.408 ± 0.099 0.400 ± 0.119 0.9262 

22:1 0.088 ± 0.017 0.093 ± 0.017 0.6932 

24:1 0.290 ± 0.080 0.348 ± 0.036 0.2395 

Total MUFA 31.238 ± 1.983 30.878 ± 2.244 0.8180 

HDA 0.010 ± 0.000 0.010 ± 0.000 - 

LA 9.253 ± 1.287 9.185 ± 0.967 0.9359 

ARA 2.313 ± 0.520 2.150 ± 0.399 0.6376 

DGLA 0.490 ± 0.067 0.490 ± 0.050 1.0000 

EDA 0.098 ± 0.017 0.093 ± 0.022 0.7331 

AdA 0.078 ± 0.015 0.078 ± 0.019 1.0000 

Total PUFAn-6 12.235 ± 1.842 12.000 ± 1.329 0.8429 

ALA 0.035 ± 0.017 0.035 ± 0.013 1.0000 

EPA 0.493 ± 0.176 0.390 ± 0.088 0.3371 

ETA 0.050 ± 0.012 0.058 ± 0.015 0.4583 

DHA 1.263 ± 0.369 1.278 ± 0.246 0.9483 

DPA 0.303 ± 0.073 0.263 ± 0.061 0.4310 

Total PUFAn-3 2.143 ± 0.626 2.023 ± 0.373 0.7532 

PUFAn3/n6 ratio 0.173 ± 0.032 0.168 ± 0.017 0.7841 

Values are presented as a mean ± SD. N = number of samples, n – number of mice. traces, 

FA amount below the detection threshold. AdA, adrenic acid (22:4 n-6); ALA, α-linolenic 

acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain fatty acids; 

DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, 

docosapentaenoic acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid 

(20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-3); ETA, eicosatetraenoic acid (20:4 n-3); 

HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 

monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty 

acids; SFA, saturated fatty acids. 
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IX. DISCUSSION OF PUBLICATION AND UNPUBLISHED RESULTS INCLUDED 

IN THE DOCTORAL DISSERTATION 

CD73 is a cell surface protein with dual, enzymatic, and adhesive 

properties. Evidence has shown that its high expression correlates with enhanced 

tumor growth, invasive and migratory properties of cancer cells, and induced 

angiogenesis [7,8,10,11]. 

CD73 also seems to have a role in lipid homeostasis regulation as its knock-

out induced dyslipidemia in healthy mice [37]. However, our study shows for the 

first time, the vital role of CD73 in lipid metabolism, particularly FA metabolism, in 

breast carcinoma development. Its role is critical, yet significantly distinctive in all 

steps of BC tumorigenesis. At the initiation stage, CD73 KO-induced changes in FA 

metabolism delayed the onset of HR/PR-negative MGTs through enhanced tumor 

mutational burden in correlation with changes in cellular stress response. These 

changes focused our study on pan-lipid metabolic markers and pathways in 

developing tumors and metastatic lesions. At the progression stage, CD73 did not 

affect the growth of the first developing MGTs, their incidence, or multiplicity in 

correlation with the lack of significant differences between FA profiles of WT and 

CD73 KO MGTs. Furthermore, increased tumor burden, due to multiple MGTs or 

metastases, abrogated CD73 KO-induced differences in immune response 

between WT and CD73 KO groups. In the group with a high tumor burden, with first 

tumors developed prevalently of PR-positive status, CD73 KO led to a significantly 

enhanced growth rate of second tumors, consequently reducing the overall 

survival of CD73 KO mMGTs mice. We observed CD73 KO-induced changes in the 

main regulators of lipid metabolism in cancer cells and CAAs, in first and second 

tumors. They correlated with modified serum FA profiles (rise in PUFAn3 level) and 

significant changes in vascularization, percentage of CAAs, genome instability, 

and primarily non-lytic mode of pyroptotic cell death in second tumors. 
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Figure 14. Distinctive, dual, and combined effects of CD73, PR, and LN status on analyzed 

processes in breast cancer based on literature and this research. 

The high complexity of the regulatory role of CD73 during BC tumorigenesis 

(Fig. 14), shown in this research, indicates potential new complications but also 

new therapeutic targets for BC analysis and treatment regime in correlation with 

its main clinical stratification markers [122,123]. At the initiation stage, CD73 KO 

upregulated expression of Pgr in mammary glands without alteration in incidence 

and distribution of PR/Luminal BC in analyzed groups. Our research shows for the 

first time a regulatory loop of CD73, PR, and PPARγ regulating lipid metabolism, 

particularly PUFAn6 metabolism in epithelial cells of mammary glands. We also 

showed a link between CD73 KO-induced changes in lipid metabolism, oxidative 

stress response, and an increase in tumor mutational burden at the initiation stage. 

This ultimately led to the delayed onset of HR-negative tumors. However, CD73 

KO-induced reprogramming of lipid metabolism strongly depended on 

constitutional differences in lipid metabolism between TNBC and Luminal BCs. 

These differences were embodied by different patterns of PPARγ, p-AMPKα1/2, 

and FABP7 expression at the progression stage. As the literature and our data 

show, both CD73 and PR regulate oxidative stress response in cancer [124,125]. 
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However, in our murine model, changes in ROS production and GSTA3 expression 

were PR-dependent with negligible CD73 effect. We also highlighted 

an association between CD73 KO-induced lipid metabolism reprogramming and 

oxidative stress-related genome instability in developed tumors. Another analyzed 

aspect, neoangiogenesis, linked to ROS and hypoxia, exhibits different regulatory 

pathways in TNBC and HR-positive tumors [8,98,103,104]. Our study shows that 

the effect of CD73 KO on angiogenesis was diminished by compensatory 

mechanisms in PR-positive tumors and increased tumor burden in second MGTs. 

Another novelty of this research is the link between CD73 and pyroptosis, a 

novel inflammatory cell death type. Evidence shows that CD73 modulates 

response to hypoxia and inflammation, mediating several tissue-protective 

mechanisms through eAdo-regulated purinergic signaling. Non-lytic form of 

pyroptosis is activated through extracellular ATP binding to P2 receptors and 

formation of NLRP3-ASC-CASP8 Inflammasome complex mediated through Ca2+ 

signaling [80,81]. In our study, we observed a significant increase in the expression 

of P2ry10b (log2 fold change of 2,65, p-value adjusted for false discovery rates = 

0.043) and genes involved in calcium signaling. We showed for the first time the 

connection between CD73 KO-induced lipid metabolism reprogramming and 

genomic instability, and activation of canonical inflammasome and non-lytic 

pyroptosis in second MGTs. Importantly, contrary to literature data on syngeneic 

models [9,10,13,92,115], we observed no significant alterations in the immune cell 

activation, neither in intratumoral infiltration, nor systemic response, especially in 

mice with high tumor burden. Therefore, CD73 KO-induced switch in the mode of 

inflammatory cell death, pyroptosis, might be vital in terms of its potential effect 

on the symptoms of cytokine release syndrome (CRS) which usually occurs during 

immunotherapies in TNBC, HER2-positive BC, and metastatic breast cancer 

[126,127]. 

Literature shows that FGF7 signaling through FGFR2 can induce loss of PR in 

BC thus driving tumor switch from a less aggressive to a more aggressive subtype, 

while FGFR4 expression in metastases correlated with BC progression and 

expression of FGFR4-induced genes [106,128,129]. In the second CD73 KO MGTs, 

we observed a significant increase in FGFR4 and FGF7 expression. While 

FGF7/FGFR4 signaling might stimulate angiogenesis and tumor growth it is possible 

that it might also regulate BC molecular subtype switch. This suggests the feasibility 
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of a study of the possible connection between FGF7-FGFR2/FGFR4 and CD73 in 

the process of molecular subtype switch in metastatic BC. 

Moreover, in our study, tumor burden is linked to PR Status, making 

the relation between CD73, PR, and LN Status quite entangled. It might explain 

the lack of significance in the bivariate correlation between CD73 and BC 

stratification markers, as it is a three-body problem. 

The secondary aim of this doctoral thesis was to find a molecular 

background of CD73 depletion-induced changes in BC development and TME 

that could affect its usefulness as a therapeutic target. It's crucial to notice that BC 

is a heterogeneous disease with multiple molecular and histological subtypes 

[122,123]. Furthermore, patients are diagnosed at the various stages of tumor 

development, varying from stage 1 and in situ carcinoma to stage 4 with spread 

of metastases to distant organs. Our induced model shows the crucial role of 

timing in potential anti-CD73 treatment, as CD73 exhibits diametrically different 

regulatory properties at the early and the advanced stages of BC tumorigenesis. 

At the initiation step/ stage 1, anti-CD73 therapy by impairing HR-negative tumor 

development might lead to advantageous results in patients' treatment. However, 

at stage 4/ metastatic lesion, the same treatment modality might cause 

an increase in disease spread and shorten patients' OS, especially those with PR-

positive primary tumors. Furthermore, most studies show no prognostic value of PR 

and CD73 combination on BC overall survival [23,25,26,28]. However, our study 

indicates the potential usefulness of the PR/CD73 combination as a prognostic 

marker of BC progression for patients with advanced metastatic BC. 

Additionally, a common practice in clinical cancer treatments is tumor 

resection, followed by radio-, chemo-, immune- or targeted therapy [130–132]. 

However, we observed a positive effect of enhanced tumor burden on WT 

mMGTs' overall survival. Therefore, it is questionable whether CD73 high BC patients 

with advanced metastatic disease should have resection of the primary tumor, 

especially as we observed activation of pyroptosis in second WT mMGTs. 

Pyroptosis is increasingly recognized as a target in malignant progression 

and for ICB therapy with anti-PD-1/L1 and anti-CTLA-4 antibodies used as 

therapeutic agents [132]. The lytic form of pyroptosis alters TME by releasing tumor-

associated antigens, damage-associated molecular patterns, and 

proinflammatory cytokines. These changes lead to intratumoral inflammatory 
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responses and the conversion of "cold" to "hot" tumors [132]. Thus, ultimately 

improving the efficacy of ICB therapy. Our results suggest, that in CD73low BC 

patients with advanced metastatic disease, clinicians should focus on immune 

response activation using ICB therapies to enhance the lytic mode of 

pyroptosis. Furthermore, omega-3 fatty acids can promote pyroptotic-related 

cancer cell death in TNBC cells [112]. Especially, DHA can negatively impact 

cancer cell growth in BC [87,88]. Therefore, dietary supplementation of either DHA 

or whole PUFAn3 mixture in combination with anti-CD73 /ICB therapy agents might 

give promising results in metastatic BC patients' treatment. 

This research highlights an important and diverse role of CD73 in breast 

carcinoma, both as a prognostic marker and therapeutic target. Implementation 

of CD73 as an additional prognostic marker in the BC stratification panel will help 

create better cancer regime treatments and indicate potential opportunities for 

new treatment modalities. However, any prognostic or therapeutic application of 

CD73 must take into account its complex correlation with other markers like PR or 

LN status. Additionally, we suggest that BC treatment should combine anti-CD73 

therapy with other treatment modalities, such as PUFAn3 dietary supplementation 

and immune checkpoint inhibitors (anti-PD-1/L1, anti-CTLA-4). 
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Knock-out of CD73 delays the onset of
HR-negative breast cancer by reprogramming
lipid metabolism and is associated with
increased tumor mutational burden
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ABSTRACT

Objective: CD73 (ecto-50-nucleotidase, NT5E), a cell-surface enzyme converting 50-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 scRNA-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 b-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 PPARg, a
main regulator of FA synthesis, as a main connective node. In epithelial cells of mammary glands, PPARg 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 PPARg and
target for lipid peroxidation, which may lead to oxidative DNA damage. It correlated with the downregulation of genes involved in cellular stress
response (Mlh1, Gsta3), PReor 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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double-strand breaks; DDR, DNA damage response; DEGs, differentially expressed genes; DMBA, 7,12-dimethylbenz[a]anthracene; DMEM, Dulbecco’s Modified Eagle’s
Medium; ER, estrogen receptor; FAs, fatty acids; GII, genomic instability index; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; IntClust, integrative
cluster; MPA, medroxyprogesterone acetate; NT5E/Nt5e, ecto-50-nucleotidase gene; OS, overall survival; PPARg/PPARG, peroxisome proliferator-activated receptor gamma;
PR, progesterone receptor; PUFAn3/6, polyunsaturated omega-3/6 FAs; ROS, reactive oxygen species; MGs, mammary glands; MGTs, mammary gland tumors; TFS, tumor-
free survival; TMB, tumor mutational burden; TNBC, triple-negative breast cancer; WT, wild-type

Received June 14, 2024 � Revision received September 16, 2024 � Accepted September 16, 2024 � Available online 18 September 2024

https://doi.org/10.1016/j.molmet.2024.102035

Original Article

MOLECULAR METABOLISM 89 (2024) 102035 � 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/).
www.molecularmetabolism.com

1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:patrycja.koszalka@gumed.edu.pl
mailto:pserafin@gumed.edu.pl
https://doi.org/10.1016/j.molmet.2024.102035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2024.102035&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Conclusions: CD73 has a significant role in tumorigenesis driving the reprogramming of lipid metabolism through the regulatory loop with PR
and PPARg 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/).

Keywords CD73; Breast cancer tumorigenesis; Progesterone receptor; Lipid metabolism; PPARg; Tumor mutational burden

1. INTRODUCTION

CD73 (ecto-50-nucleotidase, eNT, NT5E) is a widely expressed cell-
surface enzyme preferentially catalyzing the conversion of 50-AMP to
extracellular adenosine and a main target of more than 15 phase I/II
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 (OS), 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 (HER2þ) [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 A1 or A2A, 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 ¼ 43) and CD73 KO
(n ¼ 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, SigmaeAldrich) 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 ¼ 4) and CD73 KO mice (n ¼ 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 ¼ 39)
and CD73 KO (n ¼ 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-Fi1,
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 mm 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 3,30-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, 5e25%
positive cells; 2, 26e50% positive cells; 3, 51e75% 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 ( � 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 MGTs by using the
RNeasy Lipid Tissue Mini Kit (#74804, QIAGEN Sciences) with on-

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 � 150 bp) manner on NovaSeq 6000 (True Seq mRNA
stranded for poly-A selection) Illumina 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 PRJNA933922 accession number (www.ncbi.nlm.
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 proteineprotein 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
e T1, CD73 low e T3). In the METABRIC cohort, only double-positive
(ERþ/PRþ) and double-negative (ER-/PR-) cases were included in
further analysis. DEGs were identified based on the following criteria:
FDR<0.05 and |log2FC|>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, GII, 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/Nt5e 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 � |0.500| 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-III 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 mm tissue sections of FFPE murine tumor samples or 3 mm tissue
sections of FFPE human TMA (for PPARg), 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.O.M� Mouse IgG Blocking Re-
agent (#MKB-2213-1, Vector Laboratories) for 30 min followed by
M.O.M� 2.5% Normal Horse Serum (#MP-7451, Vector Laboratories)
for 20 min. After that sections were incubated with primary antibodies:
rabbit anti-PPARg (#A11183; dilution 1:400, Abclonal), rabbit anti-
phospho-AMPKa1/2 (#AP1441, 1:300, Abclonal), mouse anti-MLH1
(#A20544, 1:300, Abclonal), rabbit anti-g-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 ImmPRESS�
HRP Goat Anti-Rabbit IgG Polymer Detection Kit, Peroxidase (#MP-
7451, Vector Laboratories) (PPARg), M.O.M� ImmPRESS� Horse
Anti-Mouse IgG Polymer Reagent, Peroxidase (#MP-2400, Vector

Laboratories) (MLH1) or goat anti-rabbit*HRP (#A9169, Sigma Aldrich)
(phospho-AMPKa1/2, g-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� 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. PPARg pathway activation is
measured as a ratio of nucleus to cytoplasm expression of PPARg 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 Möller (QIMR Berghofer Medical Research Institute,
Herston, Queensland, Australia).
Cell lines were routinely cultured either in DMEM (#10-013-CV,
Corning) (EO771, 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,
SigmaeAldrich). For selected cell lines culture medium was supple-
mented with 5 mg/ml (BT-474) or 10 mg/ml (Hs578t, MDA-MB-436)
human insulin (#I9278, SigmaeAldrich) or 1% of sodium pyruvate
(#S8636, SigmaeAldrich) (4T1, E0771). All cells were maintained in
5% CO2 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 70e80% confluence, stimulated with 200 mM
AOPCP (Adenosine 50-a,b-methylene diphosphate - CD73 inhibitor)
(#M3763, SigmaeAldrich) 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 (w15 mg) per lane was loaded and separated by
SDS-PAGE. Proteins were then transferred onto PVDF membranes
(#3010040001, SigmaeAldrich), 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), PPARg (#A11183,
1:2000) purchased from Abclonal; g-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; b-actin
(#A5441, 1:4000), CD73 (#ZRB1035, 1:500) and GAPDH (#ABS16,
1:4000) purchased from SigmaeAldrich. 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 b-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 � 105 of cells of selected cell lines (4T1, BT-474, CAL51, E0771,
HCC1143, HCC1806, MCF7, MDA-MB-231, MDAMB-436, T47D) were
seeded to 24 well plates for overnight to attached, then stimulated with
200 mM AOPCP for 48h. Cells were next washed with PBS and solved
in 200 ml Lysis Buffer (0.5% Triton X-100 in 0.1M PBS pH¼ 7,2) on ice
for 15 min. After that, lysates were collected, and centrifugated at
14000G for 10 min at 4 �C. 20 ml of supernatants were placed into 96-
well plates, 180 ml 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 mmol/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 PRþ.

2.11. Quantification of ROS level by flow cytometry analysis
1,5 � 105 of cells of selected cell lines (BT-474, CAL51, E0771,
HCC1143, HCC1806, MCF7, MDA-MB-231, MDAMB-436, T47D) were
seeded to 24 well plates for overnight to attached, then stimulated with
200 mM AOPCP for 48h. Then control cells were incubated with
20 mM H2O2 (#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 mM carboxy-H2-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 ml of PBS. Cells were subjected to cytometric
analysis (CytoFLEX, Beckman Coulter) at lex ¼ 488 nm, lem ¼ 525/
40 nm. All measurements were carried out with 1 � 104 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 PRþ.

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 ManneWhitney test for compari-
sons of two unpaired groups, paired t-test or Wilcoxon matched-pairs

test for comparisons of two paired groups, ANOVA or KruskaleWallis
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 KaplaneMeier 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 (HRþ), 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 (HRþ) 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, cellecell interactions, and lipid metabolism,
especially FA biosynthesis and b-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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Figure 1: Effect of CD73 KO on MPA/DMBA-induced mammary gland tumorigenesis. (A) Design of the study. (B) KaplaneMeier curve for the tumor-free survival from the last
DMBA dose to the development of a first palpable mammary gland tumor (logRank test values are shown) (WT, n ¼ 28, CD73 KO, n ¼ 31). (C) Distribution of BC molecular markers
in WT and CD73 KO mice groups. (D) KaplaneMeier curves for tumor-free survival in WT and CD73 mice grouped according to IHC staining for hormone receptors (HR), estrogen,
or progesterone (logRank test values are shown). *p < 0.050, **p < 0.010, ***p < 0.001. (E) KaplaneMeier curves for tumor-free survival in TNBC and HER2þ groups in WT
and CD73 mice (logRank test values are shown). (F) The bubble matrix represents enrichment results of pathways changed by CD73 KO in mammary glands at the initiation stage
of MG tumorigenesis compared to WT mice. The matrix illustrates the -log10(FDR) values and percentage of up- (red) or down-regulated (blue) genes mapped to each term (pie
chart). (G) The heatmap of the unsupervised hierarchical clustering of the differences between WT and CD73 KO mice in the fatty acids profile of mammary glands at the initiation
stage of tumorigenesis (PND 98, 4 weeks after the last DMBA dose, WT, n ¼ 4; CD73 KO, n ¼ 5). (H) Lipid-metabolism-associated DEGs significantly changed by CD73 KO
identified in mammary glands at the initiation stage of mammary gland tumorigenesis. (I) Visualization of a proteineprotein interactions network of products of genes involved in FA
metabolism in correlation with Pgr generated using the STRING database. CD73 KO-induced changes in gene expression are denoted with arrows..
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with 12, 14, and 16 carbons (Elovl6) [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 PUFAn6,
mainly hexadecadienoic acid (16:2n-6; HDA) and a dietary essential FA
and a primary PUFAn6 - 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, mRNA expression of the gene coding for progesterone
receptor (Pgr) 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 rates¼ 0.016). There was no difference in mRNA expression
of genes coding for estrogen receptor (Esr1) and HER2 (Erbb2).
Proteineprotein 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 1I). It also highlights PPARg (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 ¼ 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

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 cellecell 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 PUFAn6, 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 PPARg 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 ¼ 0.0008). It indicates, that CD73 might regulate
lipid and FA metabolism through the PPARg 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 PPARg in murine MGTs in correlation with their PR
status. In PR-negative tumors, PPARg 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 PPARg pathway in healthy murine and human mammary glands. (A) The bubble matrix represents GO and
KEGG results of pathways associated with NT5E gene expression in the GTEX collection of healthy women’s breast tissues. The matrix illustrates the -log10 (p-value) and
percentage of genes up- or down-regulated (pie chart) in the NT5E low group compared to the NT5E high group. (B) Expression of NT5E/Nt5e (CD73) and PPARG/Pparg (PPARg) on
the single-cell level (scRNA Seq) in murine and human white adipose tissue from mammary glands. Feature plot visualizing gene expression levels of Nt5e, UMAP plot with
identified cell populations assigned (color key depicted on the graph), and dot plot visualizing gene expression levels of NT5E/Nt5e and PPARG/Pparg in cell subsets. (C) Expression
of NT5E and PPARG on the single-cell level (scRNA Seq) in human mammary glands. Feature plot visualizing gene expression levels of NT5E, UMAP plot with identified cell
populations assigned (color key depicted on the graph), and the heatmap of the unsupervised-hierarchical clustering of Spearman R correlation matrix of NT5E, PPARG, and other
DEGs in cell subsets. DEGs were selected based on the list of lipid-metabolism-associated DEGs significantly changed by CD73 KO identified in mammary glands at the initiation
stage of mammary gland tumorigenesis. For clustering, only DEGs correlating with NT5E with Spearman R correlation coefficient rho � |0.500| were taken into the study..
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Figure 3: CD73 KO induced changes in FA metabolism at mammary gland tumorigenesis’ initiation and progression stage. (A) Flow chart of murine MGTs RNA-seq
analysis. (B) The bubble matrix represents enrichment results of CD73 KO-induced changes in mammary glands at the initiation stage and in MGTs at the progression stage.
(C) Differences in the FA profile (%) of MGs at the initiation stage (PND 98, 4 weeks after the last DMBA dose) and MGTs from the progression stage (at the experimental end-point)
in the WT group (initiation, n ¼ 4; progression n ¼ 4) and the CD73 KO group (initiation, n ¼ 5; progression n ¼ 4) (ratio 1:1 of PR-negative and PR-positive tumors). (D) The
bubble matrix represents the enrichment results of pathways associated with NT5E gene expression in the GTEX collection of healthy women’s breast tissues and breast tumors of
METABRIC patients. The matrix illustrates the -log10 (p-value) values and percentage of genes up- or down-regulated (pie chart) in the NT5E low group compared to the NT5E high
group. (E) Heatmap of unsupervised hierarchical clustering of the expression of genes associated with lipid metabolism from the GTEX and the METABRIC datasets with the NT5E
expression labeled as high (black) or low (white). Genes were selected by FDR<0.05 and |log2FC|>1 criteria. (F) Immunohistochemical staining for PPARg of MGTs (WT, n ¼ 21;
CD73 KO, n ¼ 22). PPARg Staining Score represents the nuclear localization of PPARg. PPARg pathway activation is measured as a ratio of nucleus to cytoplasm expression of
PPARg in tumor cells. Mean þ SEM. The scale bar represents 200 mm. ManneWhitney 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 PPARg 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.

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

Figure 4: CD73 through PPARg regulates lipid metabolism and tumor mutational burden in association with PR expression. (A) Immunohistochemical staining for PPARg
of MGTs. PR -negative MGTs (WT, n ¼ 8; CD73 KO, n ¼ 13) and PR-positive MGTs (WT, n ¼ 13; CD73 KO, n ¼ 10). Mean þ SEM. The scale bar represents 200 mm. Kruskale
Wallis test. (B) Immunohistochemical staining for PPARg activation measured as a ratio of nucleus to cytoplasm expression of PPARg in tumor cells. Mice: PR-negative MGTs (WT,
n ¼ 8; CD73 KO, n ¼ 13), PR-positive MGTs (WT, n ¼ 13; CD73 KO, n ¼ 10); Patients: PR-negative BC (CD73 high, n ¼ 37; CD73 low, n ¼ 17) and PR-positive BC (CD73 high,
n ¼ 64; CD73 low, n ¼ 16). Mean þ SEM. The scale bar represents 200 mm. KruskaleWallis test. (C) Flow chart of murine MGTs RNA Seq analysis. (D) CD73 KO-induced changes
in KEGG pathways in PRþ and PR- MGTs. (E) The heatmap of the unsupervised hierarchical clustering of DEGs specific for PR-negative tumors according to the stage and PR
status. (F) Visualization of a proteineprotein interactions network of products of genes from GO:0006974 (cellular response to DNA damage stimulus) pathway at the initiation stage
generated using the STRING database. CD73 KO-induced changes in gene expression are denoted with arrows. (G) Immunohistochemical staining for p-AMPKa1/2, MLH1, and g-
H2A.X of MGTs. Mean þ SEM. The scale bar represents 200 mm. KruskaleWallis test. *p < 0.050, **p < 0.010, ****p < 0.0001.
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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 MGTs,
grouped CD73 KO PR-negative tumors with MGs at the initiation stage,
both WT and CD73 KO. These genes are involved in mitogenic
signaling (Dynlt1b, Pcdh8/PAPC), stress response (Mlh1, Amy1,
Gsta3), especially DNA mismatch repair (Mlh1), FA metabolism
(Dynlt1b, Gsta3, Cryba4), and progesterone/estrogen activity (Gsta3,
Cryba4) (Table S8). For Mlh1 and Dynlt1b, 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 Mlh1
was compensated by up-regulation of 10 other genes from
GO: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 Mlh1 (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-AMPKa1/2), and
phosphorylated form of histone H2AX (g-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 g-
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 Mlh1 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 g-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 (O2

��) to oxygen and
hydrogen peroxide (H2O2), while the level of GPx-1/2 (glutathione

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 PPARg 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 e 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 PPARg
expression (Figure 4E,F). Similar results were observed in all three
applied models (Fig. S7A,B), but the CD73 KO PR-negative MGTs,
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 MGTs; Figure 4E,G) and decreased in AOPCP-
treated cells (similar to CD73 KO MGs and PR-negative MGTs;
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 þ ERþ) 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, 4ERþ/ER-, 6, 7, 8,
and 10 groups, while differences in NT5E expression affected their
distribution to IntClust 3, 4ERþ/ER-, 5, 9, and 10 groups. Analysis of
the effect in IntClust 5 (related to the HER2þ patients [37]), shows that
PR-ER- groups had a higher percentage of HER2þ patients (NT5E high
e 28%, NT5E low e 22%; HER2þ patients), than the
PR þ ER þ groups (NT5E high e 7%, NT5E low e 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, 4ERþ/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, g-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, g-H2A.X, GPx-1/2, and SOD1 after 48h
of stimulation (Control vs AOPCP). Mean þ 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 þ 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 þ 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, PPARg, and GSTA3 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 PPARg, MLH1,
and GSTA3. Summary results of densitometry analysis from 20 cell lines. Mean þ SEM. ANOVA or KruskaleWallis test for multiple comparisons; Paired t-test or Wilcoxon
matched-pairs test for paired comparisons; unpaired t-test or ManneWhitney 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 e least favorable, darker
green e most favorable, yellow e 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 proteineprotein 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, GII, and CAAI in patients grouped according to the NT5E and PR/ER status. TMB,
number of Breakpoints and GII - Kruskal-Wallis test, ***p < 0.001, ****p < 0.0001, CAAI e 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 (GII), and complex arm-
wise aberration index (CAAI) (Figure 6E). The PR/ER status had the
most impact on the number of DNA breakpoints (p-value for PR/
ER ¼ 4.63E-06; 2-way ANOVA with interactions), while NT5E
expression affected GII the most (p-value for NT5E¼ 1.01E-03; 2-way
ANOVA with interactions) (Table S12). The effect on TMB (p-value for
CD73-PR/ER interaction ¼ 1.26E-02; 2-way ANOVA with interactions)
and CAAI (p-value for NT5E/PR/ER phenotype ¼ 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 PPARg as a main con-
nective node. We observed a significant association between CD73,
PPARg, 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

Figure 7: The crucial effect of low CD73 activity on the onset of PR-negative tumors at the early stages of mammary gland tumorigenesis. At the initiation stage, CD73
KO through the MAPK pathway increases Pgr and Pparg expression, inducing an enhanced expression of genes regulating lipid metabolism, including fatty acids biosynthesis and
their b-oxidation, resulting in increased percentage of total MUFA and decrease of total PUFAn6. In developing MGTs CD73 KO induces a significant increase in PUFAn6 levels, an
important cofactor of PPARg, creating a positive feedback loop intensifying b-oxidation in peroxisomes and mitochondria, a process correlating with ROS generation and PR
expression. CD73 KO downregulates also the expression of genes regulating cellular stress response like Gsta3 and Mlh1, which in correlation with intracellular ROS generation
leads to an increased genome instability and TMB in developing PR-negative tumors, lacking the regulatory effect of PR-related signaling. This overall leads to impaired tumor
development and longer TFS of more aggressive PR-negative tumors. Created with BioRender.
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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 PI3K/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 [12e14].
CD73 KO-induced deregulation of lipid metabolism in mammary
glands at the initiation stage indicated PPARg 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 PPARg activity affect mainly cell
populations undergoing neoplastic transformation into mammary tu-
mors and not their microenvironment, including adipocytes and im-
mune cells.
PPARg 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 PPARg 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, PPARg 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 PPARg
activation, while PPARg can antagonize progesterone activity by
stimulating PR degradation and inhibiting progesterone-induced PR
phosphorylation [1,53,55]. It correlates with an increased PPARg
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 PPARg 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 PPARg 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

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 MLH1 (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 (Mlh1, 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 PPARg expression at the protein level. At the initiation stage
of mammary gland tumorigenesis changes in Mlh1 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, PPARg, 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 g-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 g-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 g-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-AMPKa1/2, 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 PPARg 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 PPARg, 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 OS and DFS (disease-free survival). This can explain the
differences in the correlation between PPARg 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 FAO 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-AMPKa1/2
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, PPARg0s role as a BC suppressor
demonstrated in preclinical studies did not translate well into human
clinical trials with the failure of synthetic PPARg 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 þ 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 PRþ ER þ tumors (86%e14%,
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 (n¼ 5
for WT and n ¼ 3 for CD73 KO mice). In the METABRIC cohort, we
observed a significant decrease in HER2þ 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 PPARg 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 HER2þ 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 PPARg 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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Appendix A. Supplementary data 
 

 
Figure S1. Histological subtypes of mammary gland tumors induced in WT and CD73 KO mice. (A) acinar 
adenocarcinoma (secretory), (B) acinar adenocarcinoma, (C) glandular adenocarcinoma, (D) cribriform 
adenocarcinoma, (E) adenosquamous carcinoma, (F) papillary adenocarcinoma, (G) solid adenocarcinoma, (H) 
adenomyoepithelioma, (I) anaplastic carcinoma. H&E staining. The scale bar represents 100/200 µm. 
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Figure S2. Representative photomicrographs of positive immunohistochemical reaction for PR, ER, and HER2 
receptor. PR receptor (A) with positive control (B), ER receptor (C) with positive control (D), and HER2 receptor (E) 
with positive control (F). 

 

 
Figure S3. Distribution of BC molecular markers in MGTs in WT and CD73 KO mice groups at mRNA level. (A) PR 
expression, (B) ER expression, (C) HER2 expression. 
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Figure S4. Body weight and tumor growth rate of WT and CD73 KO mice according to stage and molecular markers 
of BC. (A) Comparison of body weight between WT and CD73 KO mice at the initiation stage of tumorigenesis (PND 
98, 4 weeks after last DMBA dose, WT – n = 47, CD73 KO – n = 46). Mann-Whitney test, *p < 0.050, **p < 0.010. (B) 
The changes in the growth rate of the primary MGTs according to BC biomarker’s expression. The growth rate was 
measured as a change in the tumor surface. Comparison of tumor growth rate between WT and CD73 KO tumor-
bearing mice, all or grouped according to PR expression. All (WT – n = 25, CD73 KO – n = 28), PR+ (WT – n = 16, CD73 
KO – n = 17), PR- (WT – n = 9, CD73 KO – n = 11). Mann-Whitney test, ns. 

 

 
Figure S5. Visualization of a PPI network of products of genes involved in the GO:0006974 (cellular response to DNA 
damage stimulus) pathway. This STRING database generated protein-protein interactions network includes DEGs at 
the initiation stage from the GO:0006974 pathway but denotes with arrows CD73 KO-induced changes at the 
progression stage only. 
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Figure S6. CD73 depletion modulates the expression of stress markers and intracellular levels of ROS. (A) 
Densitometry analysis of time-manner Western Blot results for DDRs, DSBs, and oxidative stress markers in BC cell 
lines. Results are shown independently for each cell line. The relative expression of proteins (A - MLH1, B - γ-H2A.X, 
C - GPx-1/2, D – SOD1) was counted as a percent of a geometric mean of β-actin and GAPDH level of expression. 
Results were measured from at least three independent repeats for each time point for each cell line. (E) The relative 
activity of glutathione S-transferase in vitro. Results were measured from at least four independent repeats for each 
cell line with two technical repetitions. (F) The relative level of intracellular ROS production measured by flow 
cytometry. Results were measured from at least three independent repeats for each cell line with three technical 
repetitions. Mean + SEM. ANOVA or Kruskal-Wallis. Paired t-test or Wilcoxon matched-pairs test, *p < 0.050, **p < 
0.010, **** p < 0.0001. 
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Figure S7. Low activity of CD73 and lack of PR increase PPARγ expression and activation in BC. (A) The relative level 
of PPARγ in the in vivo model, TMA (patients), and in vitro was sorted by (A) CD73 and (B) PR expression. The relative 
levels of PPARγ in the murine model and patients represent PPARγ pathway activation (measured by IHC and counted 
as a ratio of nucleus to cytoplasm expression of PPARγ in tumor cells), in vitro data represents a total level of PPARγ 
in cells (measured by Western Blot and counted as a percent of a geometric mean of β-actin and GAPDH level of 
expression). Mean + SEM. Mann-Whitney test or Wilcoxon matched-pairs test, *p < 0.050, **p < 0.010, *** p < 0.001, 
**** p < 0.0001. 

 

 
Figure S8. PPARγ activation in tumors with different sizes in the murine model. (A) Distribution of small (T0) and large 
(T1) tumors in WT and CD73 KO mice. Tumors with weight beneath 1g were classified as T0, above 1g as T1. Two-
sided chi-square test, ns. (B) Immunohistochemical staining for PPARγ pathway activation of murine mammary gland 
tumors. PPARγ pathway activation is measured as a ratio of nucleus to cytoplasm expression of PPARγ in tumor cells. 
Mean + SEM. Mann-Whitney test, ns. 



6 
 

 
Figure S9. Densitometry analysis of Western Blot results for PPARγ, MLH1, and GSTA3 from 20 breast cancer cell 
lines. Results are shown for each cell line independently and sorted together by molecular subtypes of BC.  Relative 
expression of proteins (A - PPARγ, B - MLH1, C - GSTA3) was counted as a percent of a geometric mean of β-actin and 
GAPDH level of expression. Results were measured from at least three independent repeats for each cell line after 
48h of stimulation with AOPCP. Legend of TNBC: BL1 – Basal like 1, BL2 – Basal like 2, LAR – Luminal Androgen 
Receptor, M – Mesenchymal like, MSL – Mesenchymal Stem Cell like. Paired t-test or Wilcoxon matched-pairs test, 
*p < 0.050, **p < 0.010. 
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Table S1. Clinicopathological characteristics of the analyzed patients. 

Variable n % 

Menopausal status 
  

premenopausal 32 24 

postmenopausal 103 76 

T stage 
  

T1 43 32 

T2 76 56 

T3 6 4 

T4 10 8 

Missing data 0 0 

N stage 
  

N0 63 47 

N1 45 33 

N2 19 14 

N3 6 4 

Missing data 2 2 

Grade 
  

G1 9 6 

G2 71 53 

G3 42 31 

Missing data 13 10 

Histological type 
  

Ductal 105 78 

Lobular 20 15 

Other  10 7 

ER 
  

Negative 58 43 

Positive 76 56 

Missing data 1 1 

PR 
  

Negative 53 39 

Positive 81 60 

Missing data 1 1 

HER2 
  

Negative 99 73 

Positive 16 12 

Missing data 20 15 

CD73 
  

Low (0 – 99) 34 25 

High (100 – 300) 101 75 
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Table S2. Distribution of histological subtypes of tumors induced in WT and CD73 KO mice. Two-sided chi-square test, 
ns. 

Histological subtypes 

WT CD73 KO 

p-value (n = 28) (n = 31) 

n % n % 

Acinar adenocarcinoma 3 11 5 16 0.5441 

Papillary adenocarcinoma 6 21 2 6 0.0934 

Glandular adenocarcinoma 6 21 10 32 0.3501 

Solid adenocarcinoma 3 11 4 13 0.7951 

Other carcinomas, e.g., cribriform, adenosquamous 5 18 4 13 0.5972 

Adenomyoepithelioma 4 14 5 16 0.8441 

Carcinosarcoma 1 4 1 3 0.9416 

 

Table S3. Fatty acids profile (%) in mammary gland tissue of WT and CD73 KO mice at the initiation stage of 
tumorigenesis (PND 98). WT (n = 4, N = 4); CD73 KO (n = 5, N = 5). Multiple unpaired t-test. 

FA 
WT initiation 

N = 4 
CD73 KO initiation 

N = 5 
p-value 

10:0 0.003 ± 0.000 0.006 ± 0.000 - 

12:0 0.060 ± 0.014 0.098 ± 0.035 0.114 

14:0 1.370 ± 0.139 1.610 ± 0.089 0.028 

16:0 20.618 ± 0.512 22.702 ± 1.306 0.033 

18:0 3.780 ± 0.260 3.754 ± 0.657 0.949 

20:0 0.098 ± 0.011 0.096 ± 0.019 0.903 

22:0 0.033 ± 0.008 0.034 ± 0.015 0.879 

24:0 0.033 ± 0.011 0.046 ± 0.024 0.391 

26:0 traces traces - 

28:0 traces traces - 

30:0 traces traces - 

Total ECFA 25.993 ± 0.721 28.346 ± 1.891 0.076 

11:0 traces traces - 

13:0 0.005 ± 0.000 0.008 ± 0.000 - 

15:0 0.210 ± 0.010 0.228 ± 0.068 0.657 

17:0 0.215 ± 0.029 0.206 ± 0.041 0.752 

19:0 0.048 ± 0.008 0.040 ± 0.009 0.292 

21:0 0.010 ± 0.000 0.012 ± 0.004 0.407 

23:0 0.010 ± 0.000 0.012 ± 0.004 0.407 

25:0 traces traces - 

Total OCFA 0.498 ± 0.040 0.506 ± 0.117 0.906 

2,6,10-trimethyl-12:0 0.010 ± 0.000 0.012 ± 0.004 0.407 

iso 12-methyl-13:0 0.010 ± 0.000 0.008 ± 0.000 - 

iso 13-methyl-14:0 0.013 ± 0.004 0.014 ± 0.005 0.685 

iso 14-methyl-15:0 0.183 ± 0.024 0.116 ± 0.022 0.007 

iso 15-methyl-16:0 0.075 ± 0.027 0.070 ± 0.031 0.829 

iso 18-methyl-19:0 0.010 ± 0.000 0.012 ± 0.004 0.407 

Total iso BCFA 0.290 ± 0.045 0.220 ± 0.056 0.118 

anteiso 12-methyl-14:0 0.010 ± 0.000 0.022 ± 0.015 0.193 

anteiso 14-methyl-16:0 0.030 ± 0.007 0.032 ± 0.007 0.729 

anteiso 16-methyl-18:0 0.073 ± 0.013 0.076 ± 0.010 0.702 

Total anteiso BCFA 0.113 ± 0.019 0.130 ± 0.022 0.304 
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Total BCFA 0.413 ± 0.049 0.362 ± 0.062 0.279 

Total SFA 26.903 ± 0.769 29.214 ± 2.007 0.096 

14:1n-9 0.020 ± 0.000 0.024 ± 0.014 0.619 

14:1n-11 0.093 ± 0.013 0.110 ± 0.025 0.304 

16:1 7.473 ± 0.481 8.904 ± 0.768 0.024 

17:1 0.125 ± 0.017 0.136 ± 0.029 0.567 

18:1 37.985 ± 1.477 40.772 ± 2.406 0.116 

19:1 0.028 ± 0.004 0.028 ± 0.007 0.920 

20:1 0.775 ± 0.053 0.740 ± 0.098 0.589 

22:1 0.048 ± 0.013 0.042 ± 0.012 0.574 

24:1 0.020 ± 0.007 0.024 ± 0.008 0.511 

Total MUFA 46.565 ± 1.051 50.78 ± 1.913 0.010 

HDA 0.058 ± 0.011 0.036 ± 0.005 0.010 

LA 23.583 ± 1.652 17.942 ± 2.434 0.010 

ARA 0.758 ± 0.481 0.572 ± 0.359 0.578 

DGLA 0.220 ± 0.074 0.192 ± 0.070 0.624 

EDA 0.150 ± 0.016 0.126 ± 0.022 0.144 

AdA 0.050 ± 0.031 0.038 ± 0.013 0.511 

Total PUFAn-6 24.818 ± 1.265 18.906 ± 2.404 0.006 

ALA 0.045 ± 0.005 0.038 ± 0.007 0.200 

EPA 0.113 ± 0.013 0.102 ± 0.025 0.521 

ETA 0.008 ± 0.000 0.008 ± 0.000 - 

DHA 1.200 ± 0.787 0.726 ± 0.615 0.401 

DPA 0.360 ± 0.174 0.224 ± 0.162 0.321 

Total PUFAn-3 1.725 ± 0.976 1.098 ± 0.796 0.380 

Values are mean ± SD. N = number of samples, n – number of mice. traces, FA amount below the detection threshold. 
AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain 
fatty acids; DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic 
acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-
3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 
monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty 
acids. 

 

Table S4. Lipid metabolism-associated DEGs significantly changed by CD73 KO identified in mammary glands at the 
initiation stage of mammary gland tumorigenesis. 

Gene symbol Full name of expressed protein 
Log2 
fold 
change 

P value 
adjusted 

Acyl-CoA biosynthetic process and metabolism 
Aacs acetoacetyl-CoA synthetase (ACS) 1.77 0.0016 
Acot4 acyl-CoA thioesterase 4 2.16 0.0451 
Fatty acid biosynthesis 
Acaca acetyl-Coenzyme A carboxylase alpha (ACC1) 1.52 0.0021 
Acly ATP citrate lyase 1.79 0.0040 

Elovl6 
ELOVL family member 6, elongation of long-chain fatty 
acids 

2.62 0.0001 

Fads3 fatty acid desaturase 3 2.05 0.0099 
Fasn fatty acid synthase (FASN) 2.57 0.0001 
Scd1 stearoyl-Coenzyme A desaturase 1 2.66 0.0003 
Scd2 stearoyl-Coenzyme A desaturase 2 1.61 0.0006 
Fatty acid biosynthesis regulation 
Insig1 insulin-induced gene 1 1.73 0.0089 

Mid1ip1 
Mid1 interacting protein 1 (gastrulation-specific G12-
like) 

1.26 0.0427 

Fatty acid oxidation 
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Acaa1b acetyl-Coenzyme A acyltransferase 1B 2.64 0.0105 
Acat2 acetyl-Coenzyme A acetyltransferase 2 1.24 0.0277 
Cyp4v3 cytochrome P450, family 4, subfamily v, polypeptide 3 2.07 0.0003 
Eci3 enoyl-Coenzyme A delta isomerase 3 2.21 0.0108 
Sesn2 sestrin 2 1.62 0.0007 
Glycerolipid biosynthesis 
Agpat2 1-acylglycerol-3-phosphate O-acyltransferase 2 

(lysophosphatidic acid acyltransferase, beta) 
2.05 0.0001 

Dgat2 diacylglycerol O-acyltransferase 2 1.73 0.0328 
Sphingolipid metabolism 
Sptlc3 serine palmitoyltransferase, long chain base subunit 3 5.27 0.0241 
Phospholipid metabolism and signal transduction regulation 
Dgki diacylglycerol kinase, iota 3.42 0.0396 
Plch2 phospholipase C, eta 2 1.86 0.0420 
Plpp6 phospholipid phosphatase 6 1.47 0.0000 
Plppr4 phospholipid phosphatase related 4 5.77 0.0050 
Scarb1 scavenger receptor class B, member 1 1.25 0.0017 
Serinc4 serine incorporator 4 2.66 0.0456 
Hydrolysis of triglycerides and phospholipids  
Lipc lipase, hepatic 5.56 0.0165 

 

Table S5. Comparison of fatty acids profile (%) between mammary gland tissue at the initiation stage of tumorigenesis 
(PND 98) and mammary gland tumors at the progression stage of WT mice. Initiation (n = 4, N = 4); progression (n = 
4, N = 4). Multiple unpaired t-test. 

FA 
WT initiation 

N = 4 
WT progression 

N = 4 
p-value 

10:0 0.010 ± 0.000 0.008 ± 0.004 0.685 

12:0 0.060 ± 0.014 0.100 ± 0.023 0.045 

14:0 1.370 ± 0.139 1.670 ± 0.198 0.076 

16:0 20.618 ± 0.512 20.235 ± 1.055 0.593 

18:0 3.780 ± 0.260 5.998 ± 1.706 0.068 

20:0 0.098 ± 0.011 0.230 ± 0.112 0.087 

22:0 0.033 ± 0.008 0.125 ± 0.074 0.076 

24:0 0.033 ± 0.011 0.225 ± 0.165 0.091 

26:0 traces 0.028 ± 0.018 - 

28:0 traces traces - 

30:0 traces traces - 

Total ECFA 25.993 ± 0.721 28.618 ± 2.851 0.173 

11:0 traces traces - 

13:0 0.005 ± 0.000 0.018 ± 0.004 0.116 

15:0 0.210 ± 0.010 0.335 ± 0.074 0.027 

17:0 0.215 ± 0.029 0.218 ± 0.033 0.925 

19:0 0.048 ± 0.008 0.038 ± 0.004 0.114 

21:0 0.010 ± 0.000 0.013 ± 0.004 0.356 

23:0 0.010 ± 0.000 0.018 ± 0.008 0.168 

25:0 traces 0.020 ± 0.012 - 

Total OCFA 0.498 ± 0.040 0.658 ± 0.125 0.079 

2,6,10-trimethyl-12:0 0.010 ± 0.000 0.025 ± 0.009 0.024 

iso 12-methyl-13:0 0.010 ± 0.000 0.010 ± 0.000 - 

iso 13-methyl-14:0 0.013 ± 0.004 0.023 ± 0.011 0.190 

iso 14-methyl-15:0 0.183 ± 0.024 0.133 ± 0.023 0.039 

iso 15-methyl-16:0 0.075 ± 0.027 0.090 ± 0.031 0.549 

iso 18-methyl-19:0 0.010 ± 0.000 0.013 ± 0.004 0.356 

Total iso BCFA 0.290 ± 0.045 0.268 ± 0.015 0.445 



11 
 

anteiso 12-methyl-14:0 0.010 ± 0.000 0.058 ± 0.022 0.009 

anteiso 14-methyl-16:0 0.030 ± 0.007 0.040 ± 0.007 0.134 

anteiso 16-methyl-18:0 0.073 ± 0.013 0.093 ± 0.008 0.066 

Total anteiso BCFA 0.113 ± 0.019 0.190 ± 0.030 0.009 

Total BCFA 0.413 ± 0.049 0.483 ± 0.042 0.110 

Total SFA 26.903 ± 0.769 29.758 ± 2.894 0.150 

14:1n-9 0.020 ± 0.000 0.150 ± 0.056 0.007 

14:1n-11 0.093 ± 0.013 0.088 ± 0.004 0.550 

16:1 7.473 ± 0.481 7.940 ± 0.524 0.299 

17:1 0.125 ± 0.017 0.150 ± 0.030 0.253 

18:1 37.985 ± 1.477 35.353 ± 2.099 0.126 

19:1 0.028 ± 0.004 0.025 ± 0.005 0.537 

20:1 0.775 ± 0.053 0.718 ± 0.126 0.495 

22:1 0.048 ± 0.013 0.053 ± 0.008 0.595 

24:1 0.020 ± 0.007 0.118 ± 0.090 0.112 

Total MUFA 46.565 ± 1.051 44.593 ± 2.432 0.245 

HDA 0.058 ± 0.011 0.060 ± 0.007 0.750 

LA 23.583 ± 1.652 20.750 ± 2.766 0.179 

ARA 0.758 ± 0.481 2.343 ± 1.448 0.122 

DGLA 0.220 ± 0.074 0.268 ± 0.125 0.591 

EDA 0.150 ± 0.016 0.150 ± 0.048 1.000 

AdA 0.050 ± 0.031 0.268 ± 0.208 0.123 

Total PUFAn-6 24.818 ± 1.265 23.838 ± 1.170 0.363 

ALA 0.045 ± 0.005 0.035 ± 0.011 0.207 

EPA 0.113 ± 0.013 0.193 ± 0.058 0.059 

ETA 0.008 ± 0.000 0.023 ± 0.008 0.078 

DHA 1.200 ± 0.787 1.173 ± 0.608 0.963 

DPA 0.360 ± 0.174 0.390 ± 0.150 0.829 

Total PUFAn-3 1.725 ± 0.976 1.813 ± 0.825 0.909 

Values are mean ± SD. N = number of samples, n – number of mice. traces, FA amount below the detection threshold. 
AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain 
fatty acids; DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic 
acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-
3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 
monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty 
acids. 

 

Table S6. Comparison of fatty acids profile (%) between mammary gland tissue at the initiation stage of tumorigenesis 
(PND 98) and mammary gland tumors at the progression stage of CD73 KO mice. Initiation (n = 5, N = 5); progression 
(n = 4, N = 4). Multiple unpaired t-test. 

FA 
CD73 KO initiation 

N = 5 
CD73 KO progression 

N = 4 
p-value 

10:0 0.006 ± 0.000 0.010 ± 0.007 1.000 

12:0 0.098 ± 0.035 0.093 ± 0.020 0.812 

14:0 1.610 ± 0.089 1.393 ± 0.321 0.243 

16:0 22.702 ± 1.306 18.975 ± 0.602 0.002 

18:0 3.754 ± 0.657 6.213 ± 1.654 0.032 

20:0 0.096 ± 0.019 0.183 ± 0.057 0.026 

22:0 0.034 ± 0.015 0.133 ± 0.075 0.039 

24:0 0.046 ± 0.024 0.225 ± 0.089 0.007 

26:0 traces 0.048 ± 0.020 - 

28:0 traces 0.020 ± 0.000 - 
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30:0 traces 0.010 ± 0.000 - 

Total ECFA 28.346 ± 1.891 27.278 ± 1.550 0.448 

11:0 traces traces - 

13:0 0.008 ± 0.000 0.015 ± 0.005 0.134 

15:0 0.228 ± 0.068 0.323 ± 0.029 0.056 

17:0 0.206 ± 0.041 0.263 ± 0.036 0.096 

19:0 0.040 ± 0.009 0.040 ± 0.007 1.000 

21:0 0.012 ± 0.004 0.025 ± 0.009 0.034 

23:0 0.012 ± 0.004 0.023 ± 0.008 0.064 

25:0 traces 0.030 ± 0.007 - 

Total OCFA 0.506 ± 0.117 0.718 ± 0.058 0.023 

2,6,10-trimethyl-12:0 0.012 ± 0.004 0.023 ± 0.011 0.122 

iso 12-methyl-13:0 0.008 ± 0.000 0.010 ± 0.000 - 

iso 13-methyl-14:0 0.014 ± 0.005 0.028 ± 0.004 0.007 

iso 14-methyl-15:0 0.116 ± 0.022 0.093 ± 0.057 0.479 

iso 15-methyl-16:0 0.070 ± 0.031 0.138 ± 0.055 0.081 

iso 18-methyl-19:0 0.012 ± 0.004 0.030 ± 0.029 0.268 

Total iso BCFA 0.220 ± 0.056 0.298 ± 0.084 0.190 

anteiso 12-methyl-14:0 0.022 ± 0.015 0.058 ± 0.019 0.028 

anteiso 14-methyl-16:0 0.032 ± 0.007 0.040 ± 0.007 0.193 

anteiso 16-methyl-18:0 0.076 ± 0.010 0.093 ± 0.018 0.168 

Total anteiso BCFA 0.130 ± 0.022 0.190 ± 0.035 0.028 

Total BCFA 0.362 ± 0.062 0.510 ± 0.098 0.045 

Total SFA 29.214 ± 2.007 28.505 ± 1.663 0.632 

14:1n-9 0.024 ± 0.014 0.160 ± 0.037 <0.001 

14:1n-11 0.110 ± 0.025 0.085 ± 0.036 0.320 

16:1 8.904 ± 0.768 8.198 ± 1.457 0.437 

17:1 0.136 ± 0.029 0.170 ± 0.023 0.136 

18:1 40.772 ± 2.406 37.888 ± 2.108 0.140 

19:1 0.028 ± 0.007 0.020 ± 0.007 0.193 

20:1 0.740 ± 0.098 0.588 ± 0.054 0.043 

22:1 0.042 ± 0.012 0.093 ± 0.058 0.136 

24:1 0.024 ± 0.008 0.173 ± 0.123 0.049 

Total MUFA 50.78 ± 1.913 47.373 ± 2.143 0.062 

HDA 0.036 ± 0.005 0.050 ± 0.007 0.018 

LA 17.942 ± 2.434 17.983 ± 3.138 0.985 

ARA 0.572 ± 0.359 3.280 ± 2.047 0.038 

DGLA 0.192 ± 0.070 0.355 ± 0.189 0.161 

EDA 0.126 ± 0.022 0.155 ± 0.066 0.441 

AdA 0.038 ± 0.013 0.215 ± 0.089 0.006 

Total PUFAn-6 18.906 ± 2.404 22.038 ± 1.493 0.085 

ALA 0.038 ± 0.007 0.045 ± 0.015 0.448 

EPA 0.102 ± 0.025 0.240 ± 0.112 0.050 

ETA 0.008 ± 0.000 0.020 ± 0.007 0.049 

DHA 0.726 ± 0.615 1.268 ± 0.679 0.306 

DPA 0.224 ± 0.162 0.513 ± 0.190 0.067 

Total PUFAn-3 1.098 ± 0.796 2.085 ± 0.991 0.187 

Values are mean ± SD. N = number of samples, n – number of mice. traces, FA amount below the detection threshold. 
AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain 
fatty acids; DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic 
acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-
3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 
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monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty 
acids. 

 

Table S7. Fatty acids profile (%) in mammary gland tumors of WT and CD73 KO mice at the progression stage of 
tumorigenesis. WT (n = 4, N = 4); CD73 KO (n = 4, N = 4). Multiple unpaired t-test. 

FA 
WT progression 

N = 4 
CD73 KO progression 

N = 4 
p-value 

10:0 0.008 ± 0.004 0.010 ± 0.007 0.620 

12:0 0.100 ± 0.023 0.093 ± 0.020 0.691 

14:0 1.670 ± 0.198 1.393 ± 0.321 0.250 

16:0 20.235 ± 1.055 18.975 ± 0.602 0.123 

18:0 5.998 ± 1.706 6.213 ± 1.654 0.881 

20:0 0.230 ± 0.112 0.183 ± 0.057 0.536 

22:0 0.125 ± 0.074 0.133 ± 0.075 0.906 

24:0 0.225 ± 0.165 0.225 ± 0.089 1.000 

26:0 0.028 ± 0.018 0.048 ± 0.020 0.249 

28:0 traces traces - 

30:0 traces traces - 

Total ECFA 28.618 ± 2.851 27.278 ± 1.550 0.501 

11:0 traces traces - 

13:0 0.018 ± 0.004 0.015 ± 0.005 0.537 

15:0 0.335 ± 0.074 0.323 ± 0.029 0.794 

17:0 0.218 ± 0.033 0.263 ± 0.036 0.162 

19:0 0.038 ± 0.004 0.040 ± 0.007 0.620 

21:0 0.013 ± 0.004 0.025 ± 0.009 0.067 

23:0 0.018 ± 0.008 0.023 ± 0.008 0.488 

25:0 0.020 ± 0.012 0.030 ± 0.007 0.267 

Total OCFA 0.658 ± 0.125 0.718 ± 0.058 0.478 

2,6,10-trimethyl-12:0 0.025 ± 0.009 0.023 ± 0.011 0.766 

iso 12-methyl-13:0 0.010 ± 0.000 0.010 ± 0.000 - 

iso 13-methyl-14:0 0.023 ± 0.011 0.028 ± 0.004 0.488 

iso 14-methyl-15:0 0.133 ± 0.023 0.093 ± 0.057 0.300 

iso 15-methyl-16:0 0.090 ± 0.031 0.138 ± 0.055 0.242 

iso 18-methyl-19:0 0.013 ± 0.004 0.030 ± 0.029 0.343 

Total iso BCFA 0.268 ± 0.015 0.298 ± 0.084 0.566 

anteiso 12-methyl-14:0 0.058 ± 0.022 0.058 ± 0.019 1.000 

anteiso 14-methyl-16:0 0.040 ± 0.007 0.040 ± 0.007 1.000 

anteiso 16-methyl-18:0 0.093 ± 0.008 0.093 ± 0.018 1.000 

Total anteiso BCFA 0.190 ± 0.030 0.190 ± 0.035 1.000 

Total BCFA 0.483 ± 0.042 0.510 ± 0.098 0.671 

Total SFA 29.758 ± 2.894 28.505 ± 1.663 0.540 

14:1n-9 0.150 ± 0.056 0.160 ± 0.037 0.806 

14:1n-11 0.088 ± 0.004 0.085 ± 0.036 0.910 

16:1 7.940 ± 0.524 8.198 ± 1.457 0.783 

17:1 0.150 ± 0.030 0.170 ± 0.023 0.398 

18:1 35.353 ± 2.099 37.888 ± 2.108 0.190 

19:1 0.025 ± 0.005 0.020 ± 0.007 0.356 

20:1 0.718 ± 0.126 0.588 ± 0.054 0.152 

22:1 0.053 ± 0.008 0.093 ± 0.058 0.279 

24:1 0.118 ± 0.090 0.173 ± 0.123 0.556 

Total MUFA 44.593 ± 2.432 47.373 ± 2.143 0.188 

HDA 0.060 ± 0.007 0.050 ± 0.007 0.134 
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LA 20.750 ± 2.766 17.983 ± 3.138 0.295 

ARA 2.343 ± 1.448 3.280 ± 2.047 0.541 

DGLA 0.268 ± 0.125 0.355 ± 0.189 0.529 

EDA 0.150 ± 0.048 0.155 ± 0.066 0.919 

AdA 0.268 ± 0.208 0.215 ± 0.089 0.701 

Total PUFAn-6 23.838 ± 1.170 22.038 ± 1.493 0.151 

ALA 0.035 ± 0.011 0.045 ± 0.015 0.390 

EPA 0.193 ± 0.058 0.240 ± 0.112 0.538 

ETA 0.023 ± 0.008 0.020 ± 0.007 0.705 

DHA 1.173 ± 0.608 1.268 ± 0.679 0.863 

DPA 0.390 ± 0.150 0.513 ± 0.190 0.415 

Total PUFAn-3 1.813 ± 0.825 2.085 ± 0.991 0.727 

Values are mean ± SD. N = number of samples, n – number of mice. traces, FA amount below the detection threshold. 
AdA, adrenic acid (22:4 n-6); ALA, α-linolenic acid (18:3 n-3); ARA, arachidonic acid (20:4 n-6); BCFA, branched-chain 
fatty acids; DGLA, dihomo–linolenic acid (20:3 n-6); DHA, docosahexaenoic acid (22:6 n-3); DPA, docosapentaenoic 
acid (22:5 n-3); ECFA, even chain fatty acids; EDA, eicosadienoic acid (20:2 n-6); EPA, eicosapentaenoic acid (20:5 n-
3); ETA, eicosatetraenoic acid (20:4 n-3); HDA, hexadecadienoic acid (16:2 n-6); LA, linoleic acid (18:2 n-6); MUFA, 
monounsaturated fatty acids; OCFA, odd chain fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty 
acids. 

 

Table S8. Protein coding DEGs significantly changed by CD73 KO relative to WT identified for PR-negative mammary 
gland tumors, and their overlap with DEGs in PR-positive tumors and mammary glands at the initiation stage. MGTs 
PR-, WT, n = 11, CD73 KO, n = 13; MGTs PR+, WT, n = 17, CD73 KO, n = 18; MGs, WT, n = 4, CD73 KO, n = 5. The 
bibliography for the functional description of expressed proteins is added beneath the table. 

Gene symbol 
Full name 

CD73 KO relative to WT 

The function of expressed protein 
Log2 fold change 
Adjusted p-value 

MGTs 
PR- 

MGTs 
PR+ 

MGs 

Amy1  
Amylase 1, 
salivary and 
hepatic alpha-
amylase gene 

6.60 
0.0000 

n.s. n.s. Transcribes mRNAs for salivary and hepatic alpha-amylase that 
cleave 1,5-glucoside bonds in polysaccharides [1]. Human salivary 
alpha-amylase is indicated as a stress biomarker elevated in breast 
cancer survivors [2] with an antiproliferative effect on mammary 
epithelial cells and BC cells [3]. 

Dynlt1b 
Dynein light 
chain Tctex-
type 1B gene 

1.34 
0.0014 

n.s. 1.18 
0.0367 

 

Directly interacts with heterotrimeric G-proteins [4] enabling G-
protein beta-subunit binding activity [5]. As a lipid-metabolism-
related gene, increased expression of human ortholog Dynlt1 is an 
unfavorable prognostic factor in BC [6]. 

Mlh1  
MutL 
homolog 1 
gene 

-1.31 
0.0000 

n.s. -2.05 
0.0000 

 

An ATPase member of the DNA mismatch repair (MMR) system, 
involved in positive regulation of isotype switching in B-cells [7]. 
Aberrant expression is more common in HR-negative BCs in 
correlation with increased mutational tumor burden and 
immunogenic activity [8,9]. 

Gsta3 
Glutathione 
S-transferase, 
alpha 3 gene 

-3.92 
0.0038 

n.s. n.s. Enables glutathione transferase activity. Involved in cellular 
detoxication, e.g., glutathione-dependent removal of lipid 
peroxidation products in adaptation to oxidative stress [10]. 
Increased expression during adipocyte differentiation [11]. Human 
ortholog catalyzes the double bond isomerization of precursors for 
progesterone and testosterone during the biosynthesis of steroid 
hormones [12,13].  

Cryba4 
Crystallin, 
beta A4 gene 

-4.92 
0.0006 

n.s. n.s. A member of the crystallin family of proteins contributes to the 
functionality of the lens [14]. Indicated potential functional 
association with estrogen-promoted differentiation [15]. Expression 
of human homolog is down-regulated in the TNBC cell line 
overexpressing IGF2BP2 (Insulin-Like Growth Factor 2 mRNA Binding 
Protein 2) [16], a protein involved in fatty acid oxidation [16]. 
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Pcdh8 / PAPC 
Protocadherin 
8 / paraxial 
protocadherin 
gene 

-22.76 
0.0000 

n.s. n.s. A type I transmembrane protein from the protocadherin family, a 
subfamily of the cadherin family. It affects cell-cell adhesion 
indirectly by initiating signaling events that regulate classical 
cadherin-mediated adhesion [14]. The human homolog is a 
candidate tumor suppressor in BC with a proposed role in cell-cell 
communication dedicated to tissue organization and repression of 
mitogenic signaling [17].  
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Table S9. Protein coding DEGs from the GO:0006974 (cellular response to DNA damage stimulus) pathway 
significantly changed by CD73 KO relative to WT identified for mammary glands at the initiation stage. MGs, WT, n = 
4, CD73 KO, n = 5. The bibliography for the functional description of expressed proteins is added beneath the table. 

Gene symbol 
Full name 

CD73 KO 
relative to 

WT 

The function of expressed protein Log2 fold 
change 

Adjusted p-
value 

Brip1 / Fancj 
BRCA1 interacting 
protein C-terminal 
helicase 1 / Fanconi 
anemia group J protein 
homolog gene 

2.50 
0. 0222 

FANCJ (also known as BRIP1 or BACH1) is a DNA helicase essential for 
DNA repair and breast cancer suppression. It directly interacts with 
MLH1 for recovery and restart of replication after DNA crosslink 
processing and repair independently of BRCA1  [1,2]. 

Chaf1a  
Chromatin assembly 
factor 1, subunit A (p150) 
gene 

1.72 
0.0003 

Core component of the CAF-1 complex, a complex thought to mediate 
chromatin assembly in DNA replication and DNA repair. CAF-1 
performs the first step of the nucleosome assembly process critical 
for maintaining genomic stability [2,3]. 

Dtl  
Denticleless E3 ubiquitin 
protein ligase gene 

5.25 
0.0014 

The substrate-specific adapter of a DCX (DDB1-CUL4-X-box) E3 
ubiquitin-protein ligase complex required for cell cycle control, DNA 
damage response, and translesion DNA synthesis. It promotes 
genomic stability preventing rereplication as a part of this complex 
and as an essential component of the early, radiation-induced G2/M 
checkpoint  [2,4]. 

E2f7  
E2F transcription factor 7 
gene 

2.62 
0.0131 

Atypical E2F transcription factor that participates in various processes 
such as angiogenesis, polyploidization of specialized cells, and DNA 
damage response. Mainly acts as a transcription repressor but also as 
a downstream effector of p53/TP53-dependent cell cycle arrest in 
response to DNA damage [2,5]. 

Fancf  
Fanconi anemia, 
complementation group 
F gene 

1.23 
0.0248 

DNA repair protein that may operate in a postreplication repair or a 
cell cycle checkpoint function. May be implicated in interstrand DNA 
cross-link repair and the maintenance of normal chromosome 
stability [2,6]. 

Gins2  
GINS complex subunit 2 
(Psf2 homolog) gene 

2.00 
0.0000 

Required for correct functioning of the GINS complex, a core 
component of CDC45-MCM-GINS (CMG) helicase, that plays an 
essential role in the initiation of DNA replication, and progression of 
DNA replication forks [2,7]. A potential oncogene. Its suppression in 
BC correlates with the cell growth inhibition and induction of 
polyploidy [8]. 

Mapk15 / Erk8 
Mitogen-activated 
protein kinase 15 gene / 
Extracellular signal-
regulated kinase 8 gene 

5.70 
0.0089 

Atypical MAPK protein that regulates several processes such as 
autophagy, ciliogenesis, protein trafficking/secretion, and genome 
integrity, in a kinase activity-dependent manner. After activation 
protects genomic integrity by inhibiting MDM2-mediated 
degradation of the DNA clamp, PCNA. Its activity is inhibited in 
transformed mammary cells [2,9].  

Mlh1  
MutL homolog 1 gene 

-2.05 
0.0000 

An ATPase member of the DNA mismatch repair (MMR) system, 
involved in positive regulation of isotype switching in B-cells [10]. Its 
inactivation in BC cells results in increased mutational burden, 
dynamic mutational profiles, and impaired tumor growth [11].   

Sesn2 
Sestrin 2 gene 

1.62 
0.0007 

Functions as an intracellular leucine sensor that negatively regulates 
the mTORC1 signaling pathway. May also mediate TP53 inhibition of 
TORC1 signaling upon genotoxic stress and prevent the accumulation 
of reactive oxygen species (ROS) through the alkyl hydroperoxide 
reductase activity of its N-terminal domain [2,12,13].  

Vav3 1.31 
0.0494 

Exchange factor for GTP-binding proteins RhoA, RhoG, and Rac1. Plays 
an important role in angiogenesis [2]. The Vav3 oncogene is 
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Guanine nucleotide 
exchange factor Vav3 

overexpressed in human breast cancer cells and a biomarker of a poor 
prognosis for BC patients [14]. 

Zfp365 / Znf365 
Zinc finger protein 365 
gene / DISC1-binding 
zinc-finger protein gene 

1.85 
0.0079 

Contributes to genomic stability by preventing telomere dysfunction. 
Required for proper resolution of DNA double-strand breaks (DSBs) 
by homologous recombination (HR) repair pathway and recovery of 
stalled replication forks [2,15].  
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Table S10. Distribution of combinations of molecular markers in all used models. # Single-receptor-positive tumors 
from the METABRIC cohort were excluded from further analysis due to the low number of ER-PR+ tumors. Chi-square 
test. **** p < 0.0001. 

Molecular 
markers 

Mice TMA METABRIC Cell lines 
p-value 

n % n % n % n % 

ER-PR- 18 31% 40 30% 426 22% 12 60% 

<0.0001 
**** 

ER-PR+ # 21 36% 19 14% 19 1% 0 0% 

ER+PR- # 6 10% 15 11% 469 25% 0 0% 

ER+PR+ 14 24% 61 45% 990 52% 8 40% 

Sum 59 135 1904 20 
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Table S11. Gene mutation profile in METABRIC patients evaluated by PR+ER+ and CD73 Status. Gene sorted by p-
value calculated by Fisher test, from the most significant to the least significant in each comparison (only significant 
changes in groups shown). N - number of patients in a group. Fisher test. 

Gene name 
NT5E low PR-ER- N=87 NT5E high PR-ER- N=199 

Fisher test p-value 

Nmut Nwt % mut Nmut Nwt % mut 

RB1 9 78 10 6 193 3 1,80182E-02 

MYO3A 8 79 9 5 194 3 2,54396E-02 

HERC2 16 71 18 17 182 9 2,54530E-02 

LAMA2 11 76 13 10 189 5 2,83802E-02 

CASP8 5 82 6 2 197 1 2,89278E-02 

TAF1 7 80 8 4 195 2 3,81331E-02 

Gene name 
NT5E low PR+ER+ N=391 NT5E high PR+ER+ N=272 

Fisher test p-value 

Nmut Nwt % mut Nmut Nwt % mut 

LAMA2 18 373 5 28 244 10 7,61418E-03 

AKT1 37 354 9 11 261 4 9,08834E-03 

GATA3 82 309 21 36 236 13 1,30019E-02 

PIK3CA 180 211 46 152 120 56 1,43616E-02 

TP53 51 340 13 55 217 20 1,74846E-02 

FANCA 14 377 4 2 270 1 1,98408E-02 

SYNE1 46 345 12 49 223 18 3,18520E-02 

KDM3A 3 388 1 9 263 3 3,33390E-02 

DNAH2 61 330 16 27 245 10 3,64156E-02 

NOTCH1 43 348 11 17 255 6 3,91485E-02 

Gene name 
NT5E high PR-ER- N=199 NT5E high PR+ER+ N=272 

Fisher test p-value 

Nmut Nwt % mut Nmut Nwt % mut 

TP53 153 46 77 55 217 20 8,12403E-36 

PIK3CA 44 155 22 152 120 56 9,70528E-14 

MAP3K1 4 195 2 50 222 18 2,92367E-09 

GATA3 1 198 1 36 236 13 2,55742E-08 

CBFB 0 199 0 16 256 6 1,43976E-04 

FANCA 13 186 7 2 270 1 6,65413E-04 

CDH1 8 191 4 31 241 11 3,84251E-03 

MAP2K4 1 198 1 14 258 5 5,76233E-03 

THSD7A 13 186 7 7 265 3 3,95950E-02 

BRCA1 7 192 4 2 270 1 3,99823E-02 

LAMA2 10 189 5 28 244 10 4,06657E-02 

KDM3A 1 198 1 9 263 3 4,98375E-02 

Gene name 
NT5E low PR-ER- N=87 NT5E low PR+ER+ N=391 

Fisher test p-value 

Nmut Nwt % mut Nmut Nwt % mut 

TP53 69 18 79 51 340 13 1,70478E-33 

GATA3 1 86 1 82 309 21 4,38908E-07 

PIK3CA 20 67 23 180 211 46 6,58262E-05 

BAP1 8 79 9 8 383 2 3,24123E-03 

MAP3K1 3 84 3 54 337 14 5,38935E-03 



19 
 

SYNE1 21 66 24 46 345 12 5,57067E-03 

DNAH11 17 70 20 33 358 8 5,62041E-03 

RASGEF1B 3 84 3 0 391 0 5,85981E-03 

RB1 9 78 10 12 379 3 6,47962E-03 

USH2A 16 71 18 32 359 8 8,95757E-03 

LAMA2 11 76 13 18 373 5 1,02775E-02 

MYO3A 8 79 9 11 380 3 1,17513E-02 

COL12A1 11 76 13 19 372 5 1,24953E-02 

STAB2 10 77 11 18 373 5 2,11217E-02 

ALK 7 80 8 11 380 3 2,96248E-02 

TAF1 7 80 8 11 380 3 2,96248E-02 

CASP8 5 82 6 6 385 2 3,31513E-02 

THADA 8 79 9 14 377 4 4,15226E-02 

FBXW7 3 84 3 2 389 1 4,41429E-02 

HERC2 16 71 18 41 350 10 4,52638E-02 

 

Table S12. Analysis of PR/ER and NT5E Status on the distribution of TMB, GII, number of DNA Breakpoints, and CAAI 
values in METABRIC patients. 2-way ANOVA or Chi-square test. Statistically significant p-values are bolded, and the 
p-values mentioned in the manuscript are underlined. 

Condition 
2-way ANOVA 

Chi-square 
test 

TMB GII Number of Breakpoints CAAI 

NT5E Tertile 2.84E-03 1.01E-03 5.14E-01 3.84E-01 

ER/PR Status 2.16E-03 1.17E-01 4.63E-06 1.73E-02 

NT5E Tertile*ER/PR Status 1.26E-02 3.07E-01 1.66E-01 2.08E-02 

 

Table S13. Distribution of combinations of molecular markers in used models sorted by CD73/NT5E Status. # Single-
receptor-positive tumors from the METABRIC cohort were excluded from further analysis due to the low number of 
ER-PR+ tumors. Chi-square test. **** p < 0.0001. 

Molecular 
markers 

Mice TMA METABRIC 

CD73 
WT 

CD73 
KO p-value 

CD73 
high 

CD73 
low p-value 

CD73 
high 

CD73 
low p-value 

n % n % n % n % n % n % 

ER-PR- 7 25 11 36 

0.6279    
ns 

29 29 11 32 

0.1413   
ns 

199 31 87 14 

<0.0001 
**** 

ER-PR+ # 11 40 10 32 14 14 5 15 9 1 3 0 

ER+PR- # 4 14 2 6 8 8 7 21 155 25 154 24 

ER+PR+ 6 21 8 26 50 49 11 32 272 43 391 62 

Sum 28 31 101 34 635 635 
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