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Oxygen tension-dependent variability
in the cancer cell kinome impacts signaling
pathways and response to targeted therapies

Adedeji K. Adebayo,1,2,3 Poornima Bhat-Nakshatri,1 Christopher Davis,4 Steven P. Angus,3,4 Cihat Erdogan,5

Hongyu Gao,5 Nick Green,5 Brijesh Kumar,1,7 Yunlong Liu,5 and Harikrishna Nakshatri1,2,3,6,8,*

SUMMARY

Most cells in solid tumors are exposed to oxygen levels between 0.5% and 5%. We developed an
approach that allows collection, processing, and evaluation of cancer and non-cancer cells under physi-
oxia, while preventing exposure to ambient air. This aided comparison of baseline and drug-induced
changes in signaling pathways under physioxia and ambient oxygen. Using tumor cells from transgenic
models of breast cancer and cells from breast tissues of clinically breast cancer-free women, we demon-
strate oxygen-dependent differences in cell preference for epidermal growth factor receptor (EGFR) or
platelet-derived growth factor receptor beta (PDGFRb) signaling. Physioxia caused PDGFRb-mediated
activation of AKT and extracellular regulated kinase (ERK) that reduced sensitivity to EGFR and
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) inhibition and main-
tained PDGFRb+ epithelial-mesenchymal hybrid cells with potential cancer stem cell (CSC) properties.
Cells in ambient air displayed differential EGFR activation and were more sensitive to targeted therapies.
Our data emphasize the importance of oxygen considerations in preclinical cancer research to identify
effective drug targets and develop combination therapy regimens.

INTRODUCTION

Cancer remains one of the biggest threats to global public health today with over 2 million new cancer cases predicted to occur in the United

States in the year 2024.1 A major contributing factor to cancer-related deaths is drug resistance,2 which has been amajor focus of research for

many decades.Most notable among these efforts aremultiple clinical trials involving various combinations of traditional and targeted therapy

regimens.3,4 In breast cancer, targeted therapies are being developed and/or used toward multiple oncogenic signaling pathways involving

receptor tyrosine kinases (RTKs) such as the epidermal growth factor receptor (EGFR) and protein kinases such as protein kinase B (PKB/AKT)

and extracellular regulated kinase (ERK).5 In many cancers, resistance to targeted therapies is mediated via various mechanisms that allow

cancer cells to bypass targeted pathways, alter drug targets by activating downstreameffectors, or adopt phenotypic changes that contribute

to drug resistance.6 Notably, the crosstalk between the RAF-MEK-ERK and phosphatidylinositol 3-kinase (PI3K)/AKT signaling axis has been

demonstrated to contribute to resistance to therapies targeting either pathway.7–9 Furthermore, recent studies have demonstrated the ca-

pacity for targeted therapies to induce resistance by reprogramming the epigenome, transcriptome, and kinome of the cancer cells.7–9

Tumor microenvironmental factors are also known to contribute to the behavior of cancer cells and how they respond to targeted ther-

apies. An important characteristic of the tumormicroenvironment is its significantly low oxygen (O2) levels. In solid tumors, O2 levels are highly

variable, with different regions being physioxic (�8%O2), hypoxic (�1%O2), or anoxic (�0%O2), dependingon blood (andO2) supply and rate

of O2 consumption.10,11 This variability in O2 distribution is also affected by spatiotemporal fluctuations in O2 levels in solid tumors in a phe-

nomenon known as cycling hypoxia.10,12 Despite low tumorO2 levels, preclinical cancer studies are routinely done in ambient air withO2 levels

(�21%) that significantly exceed themaximumO2 level tumor cells experience in vivo. This is of importance considering the impact thatO2 has

on tumor biology13,14 and important O2-sensing roles of epigenetic regulators such as KDM5A and KDM6B.15,16 Although extensive studies

have been done to explore the impact of hypoxia on cancer cell behavior in comparison to ambient O2, termed ‘‘normoxia,’’ pioneering

studies involving cells of the hematopoietic system revealed that even brief exposure of hematopoietic stem cells to ambient air significantly
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Figure 1. Ambient and physioxic oxygen tensions impact signaling pathways and response to targeted therapies

(A) Schematic representation of experimental workflow (Created with BioRender.com).

(B) Cell proliferation rate of PyMT+ tumor cell lines following treatment with indicated doses of BYL719 (alpelisib) and lapatinib. Proliferation rate was determined

using BrdU ELISA (n = 4).

(C) Cell proliferation rate of Her2/Neu+ tumor cell lines following treatment with indicated doses of BYL719 (alpelisib) and lapatinib. Proliferation rate was

determined using BrdU ELISA (n = 3).

(D) PyMT+ and Her2/Neu+ tumor cells harvested and processed in physioxia showed lower phosphorylation of EGFR on Y1068.

(E) EGFR’s downstream signaling effectors, AKT and ERK showed higher phosphorylation levels under physioxia compared to ambient air.

(F) Phosphorylation status of EGFR and downstream signaling effectors in human metastatic ovarian cancer cell lines in ambient air and physioxia.

(G) Time course assay shows distinct effects of PI3K inhibitor BYL719 on pAKT and pERK levels in PyMT+ cells grown under ambient air and physioxia.

(H) Time course treatment with lapatinib shows minimal impact on phosphorylation of AKT and ERK in PyMT+ tumor cells grown in physioxia compared to

ambient air.
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impacts their biology by accelerating their differentiation and limiting their engraftment capabilities.17,18 This suggests a need for the regu-

lation of experimental O2 tension in routine in vitro and in vivo cell manipulations.

Considerations for O2 among other tumor microenvironmental components become important if one considers the current trends in the

failure of clinical trials and issueswith data reproducibility.Whilemultiple factors contribute to failure of clinical trials,19 one fundamental prob-

lem is associated with flawed target validation processes that lead to development of drug candidates that lack clinical efficacy.20 In our pre-

vious work, we hypothesized that the characterization of tumor cells under physioxia is crucial to reliably identify changes in tumor biology that

impact growth characteristics and sensitivity to targeted therapies. We developed a system that allowed collection, processing, and evalu-

ation of tumor cells under physioxia (3%–5% O2) such that they had little to no exposure to ambient air.10,21 We showed O2-dependent dif-

ferences in cancer stem cell marker profiles, signaling pathways, tumorigenicity, and response to therapy.21

In the present study, our goal was to explore kinome changes and associated signaling pathway alterations that occur in the context of

ambient and physioxic O2 tensions and how these signaling changes impact their response to targeted therapies. By employing a combina-

tion of kinome profiling, proteomic, and transcriptomic approaches, we demonstrate distinct differences in the biology of tumor and healthy

breast epithelial cells collected, processed, and propagated in ambient air and physioxia. Specifically, we show physioxia-driven changes in

the expression and activity of drug targets that aremodulated by platelet-derived growth factor receptor beta (PDGFRb), an RTK.We empha-

size that the signaling differences observed under physioxia occur independent of the classical HIF-1a pathway that is typically activated un-

der hypoxic O2 levels. Our studies reveal a combination therapy regimen that was observed to be efficacious only in tumor cells under phys-

ioxia. The effectiveness of this drug combination was made evident by differential pathway activation involving PDGFRb activity in physioxia

that rendered the cells sensitive to treatment. We propose that the collection, processing, culture, and evaluation of cancer cells under phys-

ioxia reflects their in vivo biology, and adaptation of this additional step is necessary to ensure a more reliable drug development process in

preclinical cancer research.

RESULTS

Ambient and physioxic O2 tensions impact signaling networks and response to targeted drugs

To determine the impact of the differential O2 tensions on the drug targets and response to targeted drugs, we developed a system with

mammary tumors from MMTV-PyMT (mouse mammary tumor virus-polyomavirus middle tumor-antigen) and MMTV-Her2/Neu (human

epidermal growth factor receptor 2/Neu) mice (Figure 1A). The MMTV-PyMT transgenic mouse model is a well-characterized mouse model

of breast cancer that spontaneously developsmammary tumors. Mammary tumor development in thesemice has been reported to be similar

to human breast cancer, particularly with regard to patterns of tumor progression and morphological features.22,23 These tumors are consid-

ered to represent the ‘‘luminal B’’ breast cancer subtype.24 The MMTV-Her2/Neu transgenic mouse model representsHER2-amplified breast

tumor subtype and is used to study themechanistic roles of HER2 in breast cancer progression.25We harvested tumor tissues from thesemice

at 3% O2, macerated the tumor tissues into <1 mm fragments, and split the tissues into two portions. One portion of the tumor tissues was

exposed to room O2 (�21%) for 1 h, while the other portion was left at 3% O2 for the same duration. We ensured that tissues from the same

tumor were used to avoid mouse-to-mouse tumor variabilities that could confound observed effects. Following the 1-h exposure, the tumor

tissues were enzymatically dissociated into single cells and cultured at 5% O2 in a physioxia incubator or 21% O2 in a regular CO2 incubator

(Figure 1A). The experimental O2 tensions of 3%–5% and 21%O2 are referred to as physioxia and ambient air, respectively, from here onward.

We have previously evaluated tumor cells collected, processed, and propagated in ambient air and physioxia and reported significant

differences in response to targeted drugs and chemotherapeutic agents.21 In this study, we re-evaluated the sensitivity of the PyMT+ and

Her2/Neu+ mouse tumor cells to the phosphoinositide 3-kinase isoform alpha (PI3Ka) inhibitor BYL719 (alpelisib) and the dual EGFR/

HER2 inhibitor lapatinib. Like our previous report, PyMT+ and Her2/Neu+ tumor cells processed and grown in physioxia were less responsive

to both drugs compared to those grown in ambient air (Figures 1B and 1C). Based on these data, and the capacity of the differential O2 ten-

sions to induce significant changes inmultiple signaling pathways,21 we hypothesized that both physioxia and ambient air differentially impact

the cancer cell kinome in a manner that influences how sensitive the cells are to targeted therapies. To evaluate the tumor cell kinome in the

context of the differential O2 tensions, we performed an RTK array comparing RTK activity in PyMTmouse tumor cells exposed to ambient air

versus physioxia without expansion in culture. We observed lower levels of phosphorylated EGFR and HER2 under physioxia compared to

ambient air in PyMT+ tumor cells (Figure S1A).We then confirmed the expression levels of phosphorylated EGFR in bothO2 tensions via west-

ern blotting for phospho-EGFR (Y1068). EGFR phosphorylated at Y1068 corresponds to activated EGFR.26 EGFR phosphorylation on Y1068

was less evident in physioxia compared to ambient air in both the PyMT+ and Her2/Neu+ cells (Figure 1D), suggesting differential activation

of EGFR in ambient air relative to physioxia. We also confirmed the differential activation of EGFR in tumor cells expanded in culture in both

O2 tensions to ensure that the observation is consistent in both cultured and uncultured tumor cells (Figure S1B). Evaluation of EGFR mRNA

levels showed only a modest decline under physioxia for the PyMT+ tumor cell line, but no significant difference in the Her2/Neu+ cells, sug-

gesting that the observed differences are post-transcriptional (Figure S1C). Surprisingly, the levels of EGFR’s downstream effectors, AKT and

Figure 1. Continued

(I) Time course assay shows distinct effects of PI3K inhibitor BYL719 on pAKT and pERK levels in Her2/Neu+ cells grown under ambient air and physioxia.

(J) Time course treatment with lapatinib shows minimal impact on phosphorylation of AKT and ERK in Her2/Neu+ tumor cells grown in physioxia. Data in (B) and

(C) are presented as means G SD. Cell proliferation rates were compared with two-way ANOVA, followed by Sidak’s multiple comparisons test. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant. Western blot data are representative of at least 3 biologic replicates.
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ERK, in their activated states were lower in ambient air, compared to physioxia in both cell lines, despite increased EGFR activity (Figure 1E).

The phosphorylation of AKT on serine-473 is required for its stabilization and activation.27,28 Similarly, the phosphorylation of ERK on regu-

latory sites threonine-202 and tyrosine-204 causes its activation.29 The differential phosphorylation of AKT and ERK under physioxia, despite

decreased EGFR activity, suggests that the activation of these kinases occurred independent of EGFR activation and may be due to the ac-

tivity of a different component of the kinase signaling cascade that is active in physioxia. Importantly, similar findings were made in human

metastatic ovarian cancer cells that were collected, processed, and grown in physioxia and ambient air (Figure 1F). These findings indicate

that O2 tension during tumor tissue collection, processing, and culturing influences the activity of specific kinases in cancer cells.

Tumor cells in ambient air and physioxia show distinct signaling pattern in response to kinase inhibitor treatment

Following the observed resistance of the tumor cells in physioxia to targeted therapies and O2-dependent differences in phosphorylation

status of AKT and ERK, we evaluated the impact of PI3K and EGFR inhibition on activation status of AKT and ERK to determine the influence

of O2 tension on pathway activation upon targeted therapy treatment. In a time-course experiment, we treated PyMT+ tumor cells under

physioxia and ambient air with 2 mM BYL719 or 1 mM lapatinib, harvested the cells at the indicated time points, and measured the levels

of phospho-AKT (S473) and phospho-ERK (T202/Y204) via western blotting. While BYL719 caused almost complete inhibition of AKT phos-

phorylation after hours of treatment under ambient air, significant levels of phospho-AKT persisted after 48 h of treatment under physioxia in

the PyMT+ cell lines (Figure 1G). Treatmentwith lapatinib caused a gradual increase in phospho-AKT levels in ambient air, but levels remained

unchanged up to 48 h of treatment under physioxia (Figure 1H). Lapatinib reduced phospho-ERK levels only in the cells in ambient air but not

under physioxia (Figure 1H). We observed similar effects of BYL719 and lapatinib in Her2+ tumor cells in context of the respectiveO2 tensions

(Figures 1I and 1J). The PI3K inhibitor effectively inhibited the phosphorylation of AKT in the Her2/Neu+ cells grown in ambient air compared

to the cells in physioxia that showed persistent AKT phosphorylation despite treatment (Figure 1I). Similarly, there was a modest decrease in

ERK phosphorylation following treatment of the Her2/Neu+ cells in ambient air compared to physioxia (Figure 1I). In contrast to the PyMT+

cells, the Her2/Neu+ cells treated with lapatinib in ambient air showed an initial increase followed by a significant decline in AKT phosphor-

ylation at 24 to 48 h of treatment compared to the cells in physioxia that showed only a modest decline in AKT phosphorylation at the 48-h

time point (Figure 1J). However, treatment with lapatinib showed no significant effect in ERK phosphorylation in the Her2/Neu+ cell lines

treated in both O2 tensions (Figure 1J). These findings are consistent with the observed decrease in the sensitivity of the tumor cells under

physioxia to lapatinib and BYL719. Our observations suggest that the decreased activity of EGFR in the cells grown in physioxia contributes at

least in part to theminimal impact of lapatinib onAKT andERKphosphorylation andby extension, sensitivity to the drug. Prior reports suggest

that EGFR positivity or expression is a weak predictor of response to lapatinib.30 In addition, the baseline increase in AKT phosphorylation

levels in physioxia likely dampens the efficacy of PI3K inhibition. This, therefore, indicates that O2-mediated changes in kinases such as

AKT and ERK are likely to impact the sensitivity of tumor cells to targeted therapies.

Ambient and physioxic O2 tensions differentially impact tumor cell kinome dynamics

To further investigate the differential impact of ambient air and physioxia on tumor cell signaling, we performed active kinomeprofiling assays

to evaluate baseline and drug-induced adaptive changes in the tumor cell kinome in context of both O2 tensions. To this end, we performed

multiplexed inhibitor beads (MIBs) kinome assay on PyMT+ tumor cells treated either with DMSOor 1 mM lapatinib for 48 h in ambient air and

physioxia. The MIBs kinome assay uses type I (ATP-competitive) kinase inhibitors coupled to sepharose beads for the enrichment of kinases

based on their activity state, expression level, and affinity for the beads. This approach has been used extensively in the evaluation of drug-

induced adaptive kinome changes that contribute to resistance to targeted therapies.8,31,32 In utilizing this technique, we identified one

vehicle control physioxia replicate (Veh. Phy.2) as a clear outlier due to reduced overall MIB binding that caused an obvious disparity from

the other two biologic replicates (Figures S2A and S2B). This outlier was removed from further statistical analyses. Data from pairwise com-

parisons performed prior to outlier removal are shown in Figure S2C. The differential O2 tensions of ambient air and physioxia induced sig-

nificant changes in the kinome of the tumor cells (Figure 2A). Pairwise comparison between vehicle control ambient air and physioxia-derived

cells revealed increased MIB binding of kinases such as c-KIT, MELK, and TNK1 and a decrease in MIB binding of other kinases including

MERTK and PI4K2A in ambient air relative to physioxia (Figure 2B). Notably, removal of the aforementioned outlier revealed a significant

decrease in MIB binding of PDGFRb in the cells under ambient air compared to physioxia (Figures 2A and 2B). c-KIT plays a vital role in pro-

liferation and cell survival, although its role as an oncogene appears to be tissue specific.33 In breast cancer, loss-of-functionmutation of c-KIT

and decreases in its expression have been associated with oncogenic transformation of breast epithelial cells and tumor development.34,35

We confirmed the differential phosphorylation of c-KIT in ambient air (Figure S2D), but its role in the context of the differential O2 tensions is

yet to be determined.

Interestingly, despite increased sensitivity of tumor cells in ambient air to lapatinib, we observedminimal lapatinib-induced changes in the

kinome of the tumor cells in the context of ambient air or physioxia (Figure 2C) with the most significant kinome changes occurring due to O2

level differences rather than lapatinib as seen in Figure 2A. Furthermore, comparison between lapatinib-treated physioxia and ambient air

cells showed kinome changes similar to those observed with comparisons between the vehicle controls with increased MIB binding of

PDGFRb in cells treated with lapatinib under physioxia (Figure 2D). PDGFRb is an RTK that is known to be expressed in tumor stromal cells

of mesenchymal origin.36 Its expression in breast cancer cells has been associated with late-stage tumors with increased metastatic poten-

tial.37,38 Importantly, PDGFRb in its activated state triggers the activity of downstream signaling effectors, including AKT and ERK, which con-

tributes to tumor cell survival, metastasis, and resistance to some targeted therapies.39,40 For this reason, we hypothesized that the activation
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of PDGFRb in physioxia may contribute to the differential activity of AKT and ERK relative to ambient air. Therefore, we employed two ap-

proaches to confirm activation of PDGFRb under physioxia. First, we carried out an RTK screening using an RTK array kit, with lysates prepared

from PyMT+ cells cultured in ambient air and physioxia and treated either with 1 mM lapatinib or vehicle control.We observed increased levels

of phosphorylated PDGFRb in both vehicle control and lapatinib-treated cells cultured in physioxia compared to ambient air (Figure S2E). To

confirm that this phosphorylation of PDGFRb causes its activation, wemeasured levels of PDGFRb phosphorylated on tyrosine-751 in the cells

grown in both O2 tensions via western blotting. Phospho-PDGFRb (Y751) represents an active autophosphorylated PDGFRb to which PI3K

docks and activates AKT signaling.41,42 Indeed, phospho-PDGFRb (Y751) was increased in physioxia, compared to ambient air, both in the

PyMT+ and the Her2/Neu+ cell lines (Figure 2E). To determine if PDGFRb phosphorylation in physioxia is due to autocrine release of

platelet-derived growth factor (PDGF)-BB cytokine, serum-free culture supernatants of the PyMT+ cells cultured in physioxia and ambient

air were screened for cytokines/growth factors, using a cytokine array kit. However, we found no expression of PDGF-BB in the supernatants

of the cells cultured under bothO2 tensions (Figure S2F). The same observation wasmade for epidermal growth factor (EGF) (Figure S2F). This

implies that the differential activation of EGFR and PDGFRb in ambient air and physioxia, respectively, is constitutive and is unlikely due to

autocrine or paracrine release of the corresponding growth factors. Interestingly, PDGFRb in the PyMT+ tumor cell lines was unstable in

ambient air as its expression decreased with prolonged culture and multiple passages at 21%O2 (Figure 2F). This decline in PDGFRb protein

expression appeared to begin at passage numbers ranging from the fourth to fifth and variedwith tumors fromdifferentmice. To evaluate the

stability of PDGFRb in both O2 tensions, we treated PyMT+ cells grown in ambient air and physioxia with cycloheximide (CHX), an inhibitor of

protein synthesis, over a period of 24 h. CHX was used at 10 and 50 mg/mL and cells were harvested at 2, 4, 8, 12, and 24 h of treatment (final

time point was at 12 h for the cells treated with 50 mg/mL CHX). At 2 h of treatment with 10 mg/mL CHX, PDGFRb protein levels were reduced

to less than 50%, relative to control in ambient air, whereas, in physioxia, levels remained up to 67% at the same time point (Figure 2G).

PDGFRb protein levels persisted for at least 12 h in the cells under physioxia, while cells in ambient air exhibited almost complete decline

in PDGFRb protein after 8 h of treatment with CHX (Figure 2G). Similar observations were made in cells treated with 50 mg/mL CHX in

both O2 tensions (Figure S2G). These results suggest longer PDGFRb half-life under physioxia compared to ambient air. Furthermore, we

observed that culture in serum-containing media enhanced PDGFRb phosphorylation in physioxia, with a concurrent decline in total

PDGFRb levels (Figure 2H). This implies that while there is a baseline activation of PDGFRb in physioxia, certain growth factor(s) in serum-con-

taining media enhance this activity, with eventual proteasomal degradation of the activated receptor.

Next, we applied flow cytometry to evaluate the cell surface expression of PDGFRb using freshly processed early (second) passage tumor

cells grown in ambient air and physioxia. The Her2/Neu+ cell lines that were grown in physioxia were found to segregate into four distinct

populations, namely: EpCAM+, EpCAM+/PDGFRb+, EpCAMlow/PDGFRb+, and an EpCAM� stromal cell population (Figure 2I). Importantly,

the Her2/Neu+ cells in ambient air had most of the cells enriched in the EpCAM+ populations with significantly fewer cells in the EpCAM+/

PDGFRb+ and EpCAMlow/PDGFRb+ cell populations compared to physioxia (Figure 2I). Similarly, the PyMT+ cells in ambient air were pre-

dominantly EpCAM+, with significantly fewer EpCAMlow/PDGFRb+ cells compared to the cells under physioxia (Figure 2J). Regardless of

cell line, the proportion of PDGFRb+ tumor cells was higher in physioxia than in ambient air (Figures 2I and 2J). This suggests that the collec-

tion, processing, and propagation of tumor cells in physioxia not only causes PDGFRb activation, but also contributes to the enrichment of

PDGFRb+ cells. The observed decrease in the enrichment of PDGFRb+ cells in ambient air, despite relatively equal total PDGFRb protein

expression, is probably due to the faster PDGFRb turnover rate observed in ambient air. We speculate that ambient O2 tension contributes

to faster internalization and lysosomal degradation of PDGFRb due to mechanisms that are yet to be determined.

To determine if PDGFRb+ cells are intrinsically present in the tumors, we processed PyMT+ andHer2/Neu+mammary tumors as previously

described and stained the cells with PDGFRb and EpCAM fluorescent-conjugated antibodies without culturing the cells. EpCAM+/PDGFRb+

Figure 2. Effects of ambient air and physioxia on tumor cell kinome dynamics

(A) Heatmap showing kinome dynamics in PyMT+mouse tumor cells in ambient air and physioxia based on MIB kinome screening. Red arrow indicates PDGFRb

in the heatmap.

(B) Pairwise comparison between vehicle-treated cells in ambient air and physioxia shows significant differences in bound kinases in PyMT+ tumor cell lines.

PDGFRb is highlighted in red circle.

(C) Treatment of PyMT+ tumor cell lines with 1 mM lapatinib shows minimal kinome changes in ambient air and physioxia.

(D) Pairwise comparison between lapatinib-treated PyMT+ cells in physioxia and ambient air showed differential binding of PDGFRb under physioxia. PDGFRb is

highlighted in red circle.

(E) Western blot confirms differential phosphorylation of PDGFRb on Y751 in PyMT+ and Her2/Neu+ cell lines under physioxia compared to ambient air.

(F) Late passage PyMT+ tumor cell lines show lower levels of total PDGFRb protein in ambient air, compared to physioxia.

(G) Treatment of PyMT+ cells in respective oxygen tensions with cycloheximide at 10 mg/mL shows slower PDGFRb turnover rate under physioxia compared to

ambient air.

(H) Effect of serum starvation on phosphorylation of PDGFRb on Y751 and total PDGFRb protein levels in PyMT+ tumor cell lines.

(I) Her2/Neu+ tumor cell lines in physioxia show a higher enrichment of PDGFRb+ cells compared to ambient air. Graph (right) shows proportion of PDGFRb+ in

ambient air and physioxia (n = 3).

(J) PyMT+ tumor cell lines in physioxia show a higher enrichment of PDGFRb+ cells compared to ambient air. Graph (right) shows proportion of PDGFRb+ in

ambient air and physioxia (n = 3).

(K) Data show enrichment of EpCAM+/PDGFRb+ cells in PyMT+ and Her2/Neu+ mouse tumors. Unlike in I and J, cells freshly isolated from tumors without

culturing were analyzed. Data are presented as means G SD. Statistical significance was determined with a two-tailed Student’s t test. **p < 0.01 and

****p < 0.0001. Western blot data are representative of at least 3 biologic replicates.
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cells were present at bothO2 tensions in the PyMT+ andHer2/Neu+ tumors, albeit to a lesser extent in the PyMT+ tumors (Figure 2K). Further-

more, EpCAM+/PDGFRb+ cells were modestly higher in physioxia, compared to ambient air in both mouse models (Figure 2K). These results

suggest that culture under physioxic O2 tension supports the maintenance and enrichment of PDGFRb+ cells, while ambient air causes their

depletion.

Altogether, these findings demonstrate a significant impact of ambient and physioxic O2 tensions on the tumor cell kinome and reveal a

previously unreported effect of O2 tension on the cell surface levels of PDGFRb and its activity.

Ambient and physioxic O2 tensions induce transcriptional changes relevant to epithelial-to-mesenchymal transition in

human breast cells

To extend the aforementioned findings to cells of human origin, we devised a means to collect breast biopsies from clinically breast cancer-

free women under physioxia. The tissues were collected from two donors via core needle biopsy and transferred immediately (<30 s) into a

portable physioxia chamber set to 3%O2. This chamber was used to transport the collected tissue to the physioxia workstation withinminutes

(<10 min) of collection. The tissues were processed as described for the tumor tissues and expanded in culture in ambient O2 and physioxia

(additional details in STARMethods section) (Figure 3A). Following expansion of the breast epithelial cells, we subjected the cultured cells to

single-cell RNA sequencing (scRNA-seq) to explore transcriptional changes in the context of the differential O2 tensions. Integrative analyses

of scRNA-seq data from ambient air and physioxia-derived cells revealed 11 major clusters, via a uniform manifold approximation and pro-

jection (UMAP) output (Figures 3B and S3A). The list of differentially expressed genes in each cluster can be found in Tables S1 and S2. We

identified the cell types that make up each of these clusters by evaluating epithelial and fibroblast/mesenchymal marker genes. We selected

EPCAM, KRT8, and KRT18 as epithelial marker genes and COL1A1, COL1A2, and COL3A1 as fibroblast/mesenchymal marker genes. Based

on the expression patterns of these markers, we identified cells in clusters 0, 7, and 11 as mesenchymal, and cells in clusters 1, 2, 3, 4, 5, 6, 8, 9,

and 10 as epithelial cells (Figures 3C, S3B, and S3C). Sample separation by O2 tension revealed few differences in clustering patterns in

ambient air and physioxia. Notably, we observed a higher number of cells in cluster 2 in ambient air compared to physioxia (Figure 3D). How-

ever, this observation was not consistent in the two ambient air-derived samples suggesting individual donor differences in cell population

(Figure S3A). Interestingly, portions of the epithelial cells in clusters 8 and 10 that are present in the physioxia-derived cells were absent in

ambient air (Figure 3D). This population was also observed to be composed of portions of cluster 2, suggesting transcriptional similarities

among these cells (Figure 3D).We then focused on PDGFRb. As expected, themesenchymal cells in clusters 0, 7, and 11 expressed high levels

of PDGFRb, compared to the epithelial cell clusters (Figure 3E). Furthermore, levels of PDGFRb in these mesenchymal cell types appeared to

bemuch higher in the physioxia-derived cells, compared to ambient air, consistent with the previously observed stable PDGFRb expression in

the tumor cells under physioxia (Figure 3E). The aforementioned portions of epithelial cell clusters 2, 8, and 10 also exhibited high PDGFRb

levels comparable to the mesenchymal cell clusters (Figure 3E). This is consistent with the expression of VIM and other mesenchymal marker

genes COL1A1, COL1A2, and COL3A1 (Figures 3F and S3B) in these cells. These cells are unique in that, in addition to the fibroblast/mesen-

chymal markers, they also express epithelial marker genes such as EPCAM, KRT8, and KRT18 and are only enriched in physioxia (Figures 3G

and S3B). This finding is in line with the enrichment of PDGFRb+/EpCAM+Her2/Neu+mammary tumor cells under physioxia, further support-

ing the notion that physioxic culture conditions support the growth of these unique epithelial-mesenchymal hybrid cell types which are known

to be metastasis-competent cancer stem cells.43 A recent study of major epithelial cell types of mouse mammary gland showed the expres-

sion of PDGFRbprotein in basal-myoepithelial cells, almost to levels observed in fibroblasts.44 Similar to basal-myoepithelial cells, a fraction of

cells in cluster 6 expressed both PDGFRb and KRT14 under physioxia (Figure S3D). Furthermore, cluster 9 cells under physioxia expressed

higher levels of KRT14 compared to those in ambient air (Figure S3D).

Based on the mesenchymal phenotype of the PDGFRb-expressing cells, we reasoned that these cells are likely to express genes known to

regulate epithelial-to-mesenchymal transition (EMT). Indeed, the PDGFRb-expressing cells, regardless of epithelial marker gene expression,

Figure 3. Single cell RNA-sequencing shows the impact of ambient air and physioxia on expression of PDGFRb and other genes associated with

epithelial to mesenchymal transition in primary human breast epithelial cells

(A) Schematic representation of experimental workflow (Created with BioRender.com).

(B) Normal breast epithelial cells cluster into 11 distinct clusters with single-cell RNA sequencing analysis.

(C) Dot blot shows distribution of cell types across all clusters based on expression of indicated marker genes (D) Separation of samples by condition shows

differences in clustering patterns based on oxygen tension. Note cell populations unique to physioxia (circled).

(E) UMAP plot shows PDGFRb expression pattern across clusters. Portions of epithelial cells unique to physioxia express PDGFRb also.

(F) UMAP plot shows VIM expression pattern across clusters. VIM expression is high in PDGFRb expressing epithelial and mesenchymal cell types.

(G) UMAP plot shows EpCAM expression pattern across clusters. Unique PDGFRb-expressing cells in physioxia also express EpCAM.

(H) Cells expressing PDGFRb show increased expression of EMT marker gene ZEB1 regardless of epithelial marker gene expression.

(I) Cells expressing PDGFRb show increased expression of EMT marker gene ZEB2 regardless of epithelial marker gene expression.

(J) Cells expressing PDGFRb show increased expression of EMT marker gene TWIST1 regardless of epithelial marker gene expression.

(K) Cells expressing PDGFRb show increased expression of EMT marker gene TWIST2 regardless of epithelial marker gene expression.

(L) qRT-PCR shows relative expression levels of Twist1 in subtypes of Her2/Neu+ tumor cell lines based on EpCAM and PDGFRb expression profile (n = 3).

(M) qRT-PCR shows relative expression levels of Snai1 in subtypes of Her2/Neu+ tumor cell lines based on EpCAM and PDGFRb expression profile (n = 3).

(N) qRT-PCR shows relative expression levels of Zeb1 in subtypes of Her2/Neu+ tumor cell lines based on EpCAMand PDGFRb expression profile (n= 3). Data are

presented as means G SD. Gene expression levels across all groups were compared with one-way ANOVA, followed by Tukey’s multiple comparisons test.

**p < 0.01; ns, not significant.
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were found to express significant levels of EMTmarker genes including ZEB1, ZEB2, TWIST1, TWIST2, and SNAI2 (SLUG) (Figures 3H–3K and

S3E). To determine whether the EMT-related transcriptional changes that were observed in the healthy human breast epithelial cell lines were

also relevant in tumor cells, we flow sorted Her2/Neu+ mouse tumor cells grown in physioxia using PDGFRb and EpCAM fluorescent-conju-

gated antibodies. The sorted cells were then expanded in culture under physioxia for quantitative reverse-transcription PCR analyses of EMT-

transcription factors (TFs). The sorted cell populations exhibited distinct morphologies, with the EpCAMlow/PDGFRb+ cell populations dis-

playing mesenchymal morphology, and the EpCAM+ and EpCAM+/PDGFRb+ populations displaying epithelial morphology (Figure S4).

We evaluated the different populations of the Her2/Neu+ cells for expression levels of Twist1, Zeb1, and Snai1, with the expression levels

measured relative to the EpCAMlow/PDGFRb+ cell populations. We observed that the EpCAM+/PDGFRb+ and EpCAMlow/PDGFRb+ Her2/

Neu+ cell populations expressed significantly higher levels of Twist1 and Snail1 compared to the EpCAM+ cell populations (Figures 3L

and 3M). A similar trend was observed for Zeb1, though not statistically significant (Figure 3N). These findings suggest a potential role for

PDGFRb signaling in the adoption of the epithelial-mesenchymal hybrid state in populations of Her2/Neu+ mammary tumor cells that are

collected, processed, and grown in physioxia. Notably, recent studies have demonstrated the potential role of TWIST1 in transcriptional acti-

vation of the PDGFRb promoter in breast cancer cells and cancer stem cell populations to enhance tumorigenicity, tumor cell migration, and

metastasis.45 Consistent with findings from the scRNA-seq analysis of the breast epithelial cells (Figures 3H–3K), the EpCAM� stromal/fibro-

blast cell population expressed similar levels of the EMT-TFs as the EpCAM+/PDGFRb+ and EpCAMlow/PDGFRb+ cell populations

(Figures 3L–3N). Thus, expression levels of the EMT-TFs measured through bulk RNA-seq of tumors may not truly represent levels in tumor

cells and in large part may come from stromal cell populations, including cancer-associated fibroblasts, within the tumormicroenvironment.46

O2 tension-dependent signaling by PDGFRb influences sensitivity of tumor cells to targeted therapies

Based on the observed differential phosphorylation of PDGFRb in physioxia, and the reported impact of PDGFRb signaling on downstream

signaling pathways,38,39 we determined whether the activation of PDGFRb contributed to differential AKT and ERK signaling under physioxia.

To this end, we treated PyMT+mouse tumor cells with three kinase inhibitors imatinib (5 mM), sorafenib (2 mM), and sunitinib (2 mM) to deter-

mine which of these drugs could more effectively inhibit PDGFRb and if PDGFRb inhibition showed any effect on downstream AKT and ERK

signaling. The rationale for testing three different kinase inhibitors is based on the lack of a kinase inhibitor that is specific for PDGFRb.47 Of

these three drugs, only sunitinib effectively inhibited the phosphorylation of PDGFRb on Y751 in the PyMT+ cells under physioxia (Figure 4A).

In addition to the dephosphorylation of PDGFRbby sunitinib, there was a concurrent inhibition of AKT, althoughERK phosphorylation was not

impacted (Figure 4A). Since sunitinib has additional targets, including c-KIT and the vascular endothelial growth factor receptors (VEGFRs),48

we reasoned that the effect of PDGFRb inhibition may also be due to off-target effects. Therefore, to inhibit PDGFRb specifically, we per-

formed transient knockdown of Pdgfrb in the PyMT+ and the Her2/Neu+ tumor cells. As observed with pharmacologic inhibition of PDGFRb,

transient depletion of PDGFRb levels by RNA interference led to a concurrent decrease in the phosphorylation of AKT in the PyMT+ and the

Her2/Neu+ tumor cell lines (Figure 4B). Interestingly, genetic inhibition of PDGFRb in the PyMT+ cells also decreased ERK phosphorylation.

However, this impact on ERK phosphorylation was not observed in the Her2/Neu+ cell lines following Pdgfrb knockdown (Figure 4B). We

speculate that in the context of physioxic O2 tension, while PDGFRb may have a direct impact on the activity of AKT, the effect on ERK

signaling may be partial and is probably oncogene dependent. Alternatively, the interaction between PDGFRb and ERK signaling is likely

to be complex and mediated by other effectors under the influence of PDGFRb activity.49 Since both pharmacologic and genetic inhibition

of PDGFRb caused a decline in AKT phosphorylation and partially impacted ERK signaling under physioxia, we hypothesized that the tumor

cells grown in physioxia are more sensitive to treatment with sunitinib. To assess this possibility, we treated PyMT+ tumor cells with the indi-

cated doses of sunitinib for 48 h and evaluated cell survival via bromodeoxyuridine (BrdU) enzyme-linked immunosorbent assay (ELISA). We

found that the tumor cells grown under physioxia aremore sensitive to sunitinib treatment compared to the cells in ambient air, which showed

minimal response to the drug (Figure 4C).

Because the tumor cells grown in physioxia were sensitive to sunitinib treatment, we reasoned that the combination of sunitinib and la-

patinib would render the tumor cells grown in physioxia more sensitive to treatment compared to single treatment with either drug. There-

fore, we treated PyMT+ tumor cells grown in ambient and physioxic O2 tensions with 1 mM lapatinib and sunitinib, both singly and in com-

bination.We observed that a combination of lapatinib and sunitinib had a significant effect on tumor cell survival in physioxia than either drug

alone (Figure 4D). However, in the ambient air tumor cells, there was no significant difference in sensitivity to treatment with lapatinib alone

and a combination of lapatinib and sunitinib (Figure 4D). We then utilized the SynergyFinder+ web application50 to determine the type of

drug interaction between the two drugs in the context of the respectiveO2 tensions, following treatment with various drug doses either alone

or in combination. Bliss independence analysis with this tool revealed more synergistic growth inhibition with lapatinib and sunitinib combi-

nation in physioxia than in ambient air, with Bliss synergy scores of 5.52 and 54.43 in ambient air and physioxia, respectively (Figures 4E and

S5A). To determine if apoptosis plays any role in the observed cell death following treatment, we treated PyMT+ cells with lapatinib and su-

nitinib, both singly and in combination for a period of 48 h and analyzed cell lysates for caspase-3 activity. As expected, single treatment with

lapatinib led to higher caspase-3 activity relative to vehicle control in ambient air compared to physioxia (Figure 4F), suggesting that the ability

of lapatinib to induce apoptosis is blocked by signaling pathways active under physioxic growth conditions. Importantly, the combination of

lapatinib and sunitinib enhanced caspase-3 activity in both O2 tensions (Figure 4F). To evaluate the expression of additional mediators of

apoptosis upon treatment and in context of ambient and physioxic O2 tensions, we subjected lysates derived from PyMT+ cells treated

with lapatinib and sunitinib, singly and in combination in both ambient air and physioxia to an apoptosis array. The apoptosis array showed

a decline in the expression of the antiapoptotic proteinsMcl-1, Bcl-2, Bcl-x, and claspin following treatment of PyMT+ cells with a combination
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Figure 4. Oxygen-dependent signaling by PDGFRb influences sensitivity of tumor cells to targeted drugs and combination therapy

(A) Treatment of PyMT+ tumor cells with 2 mM sunitinib concurrently inhibits phosphorylation of PDGFRb and AKT on Y751 and S473, respectively, in physioxia.

(B) Transient knockdown of PDGFRb causes inhibition of AKT and ERK phosphorylation in PyMT+ cell lines (left) and only AKT in Her2/Neu+ cell lines (right).

(C) Cell proliferation rate of PyMT+ tumor cell lines following treatmentwith indicateddoses of sunitinib. Proliferation rate was determinedusingBrdUELISA (n= 3).

(D) The effects of sunitinib, lapatinib, and combination treatment on proliferation of PyMT+ cells maintained under ambient air and physioxia (n = 3).

(E) Bliss independence analysis reveals synergistic growth inhibition with lapatinib and sunitinib combination with higher synergy score under physioxia

compared to ambient air.

(F) The effects of sunitinib, lapatinib, and combination treatment on caspase-3 activity in PyMT+ cell lines (n = 3).

(G) Combination of lapatinib and sunitinib decreases expression of the antiapoptotic proteins Mcl-1 and Bcl-2, with associated increase in caspase-3 activity

under physioxia. Comparison of cell proliferation rates in (C) and (D) was done with two-way ANOVA and Sidak’s multiple comparisons post hoc test.

Caspase-3 activity in (F) was compared with one-way ANOVA, followed by Tukey’s multiple comparisons test. Data are presented as means G SD. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.
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Figure 5. Tumors established from tumor cells grown under physioxia and ambient air show differential sensitivity to concurrent PDGFRb and EGFR

inhibition

(A) Effect of single therapy with lapatinib (100 mg/kg) on volume of tumor xenografts derived from PyMT+ cell lines from ambient air and physioxia (n = 4 to 5).

(B) Tumor volumes at 15th day of treatment with lapatinib. Graphs show higher T/C ratio in physioxia-derived xenografts compared to those derived from ambient

air cells (n = 4 to 5).

(C) Combination of lapatinib (100 mg/kg) and sunitinib (20 mg/kg) shows synergistic growth inhibition in ambient air-derived tumor xenografts. There was no

statistically significant difference in the tumor volumes of physioxia-derived tumor xenografts that were treated singly with sunitinib (20 mg/kg) and in

combination (n = 4 to 5).
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of both drugs in physioxia (Figure S5B). The expression of cleaved caspase-3 was, however, higher following concurrent treatment with both

drugs (Figure S5B). The PyMT+ tumor cells in ambient air on the other hand did not show any meaningful changes in the expression of Mcl-1,

Bcl-2, and Bcl-x but showed a decline in the expression of claspin and increased cleaved caspase-3 levels following combined treatment with

lapatinib and sunitinib (Figure S5B). The apoptosis array showed no expression of HIF-1a in both physioxia and ambient air, suggesting no

impact of HIF-1a signaling in the observed changes (Figure S5B). Western blotting of lysates derived from PyMT+ tumor cells treated concur-

rently with lapatinib and sunitinib in physioxia showed a decline in the expression of Mcl-1 and Bcl-2 but increased cleaved caspase-3 expres-

sion, independently confirming the aforementioned results (Figure 4G). The cells treated in ambient air showed a modest decrease in Mcl-1

expression andminimal expression of cleaved caspase-3 following drug combination (Figure 4G). In both ambient air and physioxia, the pro-

apoptotic protein Bax showed no significant difference with single and combination treatment (Figure 4G).

Collectively, these data show that the differential O2 tensions of ambient air and physioxia can significantly impact the kinome of cancer

cells with consequent effects on how they respond to targeted drugs, particularly for combination therapies. Furthermore, our data suggest a

significant role for apoptosis as themechanismof cell death in the tumor cells treatedwith a combination of lapatinib and sunitinib particularly

under physioxia.

Combination therapy with lapatinib and sunitinib induces dose-dependent synergistic growth inhibition in vivo

To determine if our in vitro observations hold true in vivo, we created tumor xenografts from PyMT+ tumor cells that were processed and

propagated in ambient air and physioxia. The in vivo studies were carried out in two batches. In the first batch of experiments, we treated

the tumor-bearingmice with lapatinib and sunitinib at respective doses of 100 mg/kg/day and 20 mg/kg/day both singly and in combination,

with additional groups receiving vehicle control. Treatment was startedwhen the tumors reached a volume of 100–150mm3 and continued for

a duration of 15 days. Importantly, we have shown previously that tumors derived from the cells collected and processed in both ambient air

and physioxia are histologically similar.21 As observed in our previous work, the tumors formed from the PyMT+ cells grown in physioxia were

less sensitive to single treatment with lapatinib, compared to the tumors formed from the ambient air cells (Figure 5A), as indicated by treat-

ment-to-control ratios of 49.48% and 67.75% in the ambient air and physioxia cell-derived tumor xenografts, respectively, at the final day of

treatment (Figure 5B). In this batch of in vivo studies, the effects of sunitinib on tumor growth in the physioxia cell-derived xenografts were

relatively pronounced, compared to the tumors derived from the ambient air cells. For this reason, in contrast to the ambient air tumor cell

xenografts, we did not observe synergistic growth inhibition of the lapatinib-sunitinib drug combination in the tumors formed from the phys-

ioxia cells (Figure 5C). Therefore, considering the efficacy of single treatment with sunitinib at 20 mg/kg/day, we repeated these studies using

half the initial dose of sunitinib, with lapatinib maintained at the 100 mg/kg/day dose, this time, for a period of 21 days. In this series of ex-

periments, we observed that the effects of single treatment with each drug and a combination of both drugs tracked more closely with what

was observed in vitro. In the tumors derived from the cells grown in ambient air, single treatment with sunitinib had no significant impact on

tumor growth (Figure 5D). In addition, there was no statistically significant difference in tumor growth inhibition induced by single treatment

with lapatinib and a combination of lapatinib with sunitinib (Figure 5D). The tumors derived from the cells under physioxia, however, showed a

different pattern of growth inhibition. We observed that there was no significant difference in tumor growth inhibition following single treat-

ment with lapatinib or sunitinib (Figure 5D). However, a combination of lapatinib and sunitinib led to tumor growth inhibition that was signif-

icantly different from vehicle control and single treatment with lapatinib and sunitinib (Figure 5D). The observed reduction in efficacy of

sunitinib alone suggests that while sunitinib may be effective on tumor cells with increased PDGFRb activity, this effect is likely to be more

significant at higher drug doses. To determine the potential role of apoptosis in tumor regression following drug combination, we evaluated

the expression levels of the anti-apoptotic protein, Mcl-1, pro-apoptotic protein Bax, and cleaved caspase 3 in lysates prepared from residual

tumors via western blotting. Surprisingly, we found that sunitinib enhanced the expression of Mcl-1 in ambient air and physioxia (Figure 5E).

The stabilization of Mcl-1 was also observed with combination of lapatinib and sunitinib (Figure 5E). This finding is consistent with the pre-

viously reported dose-dependent stabilization of Mcl-1 by sunitinib.51 However, Mcl-1 stabilization appeared to have no significant impact

on apoptosis induction as the combination of lapatinib and sunitinib led to an increase in the expression of Bax and cleaved caspase-3 in

the tumor tissues derived from PyMT+ cells under physioxia (Figure 5E). These findings indicate a role for apoptosis in tumor cell response

to a combination of lapatinib and sunitinib, particularly under physioxia, albeit with unique dynamics in the expression or activity of apoptosis

mediators in vitro and in vivo. Importantly, combined treatment with lapatinib and sunitinib was well tolerated by the mice, as there was no

significant change in the mouse body weight across all the groups following the 21-day drug administration (Figure 5F). Altogether, these

findings suggest an impact of the O2 tension induced changes in tumor cell signaling on response to single treatment with targeted drugs

as well as combination therapies.

Figure 5. Continued

(D) Combination of lapatinib (100 mg/kg) and sunitinib (10 mg/kg) shows synergistic growth inhibition in physioxia-derived tumor xenografts. Tumor xenografts

derived from cells grown in ambient air showed no response to treatment with sunitinib and the impact of lapatinib-sunitinib combination did not differ

significantly from single treatment with lapatinib (n = 5).

(E) Effect of lapatinib and sunitinib on mediators of apoptosis, both singly and in combination in tumor tissues.

(F) Mouse body weights at beginning and end of 21-day treatment.

(G) Schematic representation of study findings (Created with BioRender.com). Tumor growth curves in A, C, and D were compared with two-way ANOVA,

followed by Tukey’s multiple comparisons test. Tumor growth rate in (B) was compared with a two-tailed Student’s t test. Data are presented as means G

SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant. Western blot data are representative of 3 biologic replicates.
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DISCUSSION

O2 levels in normal tissues are highly regulated and usually vary with the metabolic demands of each tissue type. Typically, levels are main-

tained between 3% and 9%.10 Similarly, in solid tumors, O2 levels vary depending on quality of blood supply and rate of O2 consumption

by the tumor cells with levels ranging from anoxic/hypoxic to physioxic from the core of the tumors to the periphery.52 Regardless of a

healthy or cancerous state, tumor O2 levels are significantly lower than levels in ambient air. Despite this fact, routine approaches to pre-

clinical cancer research often fail to consider the detrimental impact of ambient air on our understanding of cancer biology. Our exper-

imental approach allows us to collect mouse mammary tumor and breast tissue from breast cancer-free human donors under physioxia

such that exposure to ambient air is significantly minimized. We have previously demonstrated the effects of extraphysiologic O2

shock/stress on tumor cell biology.21 In this study, we have built upon our past work by further exploring signaling changes that occur

due to physioxic and ambient O2 tensions and how these changes contribute to tumor cell sensitivity or resistance to targeted drugs

as well as combination therapies.

Our studies reveal a significant impact of the differential O2 tensions on multiple kinases, notable among which include AKT and ERK.

Activation of AKT and ERK in the tumor cells under physioxia correlates positively with the observed lack of sensitivity to treatment with

BYL719 (alpelisib) and lapatinib, considering their protective roles against apoptotic cancer cell death and consequent contribution to

drug resistance.53 The activation of AKT and ERK under physioxia, however, appears to occur independent of EGFR signaling, since the level

of activated EGFR was lower in physioxia. The lower level of active EGFR under physioxia may partially explain the observed lack of efficacy of

EGFR inhibitors in tumors with EGFR protein overexpression, compared to those with EGFR activating mutations.54,55 It is likely that the

observed overexpression of EGFR is an artifact of prolonged exposure of the tumor tissues to ambient air prior to fixation. We found that

the differential activation of AKT, and perhaps, ERK is likely to have occurred downstream of PDGFRb activation under physioxia. Consistent

with this finding, PDGFRb has been reported to be a component of a feedback mechanism that activates AKT and ERK in both cancer and

non-cancer cell lines.40,56 Furthermore, phosphorylation of PDGFRb on Y751 creates a binding site for P13K that subsequently activates

AKT.41,42 Our data suggest that the PDGFRb-mediated activation of AKT and ERK under physioxia contributes to the reduced sensitivity

of the tumor cells under physioxia to lapatinib. This possibility is supported by the observed efficacy of concurrent inhibition of EGFR and

PDGFRb in the cells under physioxia.

The expression of PDGFRb is known to be associated with tumor stromal cells of mesenchymal origin, and its prognostic impact in breast

cancer has also been reported.57,58 Its expression in cells of epithelial origin is however not well elucidated. In this regard, basal-myoepithelial

cells in mouse mammary gland have recently been shown to express PDGFRb despite their epithelial phenotype.44 Furthermore, higher

expression of PDGFRb has been associated with late-stage mammary tumors. Notably, Jechlinger and colleagues38 reported the expression

of PDGFRb in late-stage, invasive breast intraductal carcinomas, compared to healthy breast tissue. In addition, a significant association be-

tween PDGFRb expression and high tumor histologic grade has been reported.59,60 The findings of this study reveal a previously unreported

impact of O2 tension on PDGFRb expression. We demonstrated that the collection, processing, and culture of human breast epithelial cells

and mouse tumor cells in physioxia not only activates PDGFRb signaling but also affects the transcription and cell surface expression of the

RTK. Although the observed lack of expression of the PDGF-BB ligand in the PyMT+ cells in ambient air and physioxia is consistent with find-

ings of previous studies,61 the reported absence of PDGFRb expression in these cells could be attributed to the instability of the PDGFRb

protein in ambient air, as shown in this study. This warrants the need for further studies into the O2-dependent impact of PDGFRb on tumor

biology, both in vitro and in vivo.

The data from this study suggest that in addition to PDGFRb activation, the expression of the PDGFRb mRNA and enrichment of

PDGFRb+ cells under physioxia may contribute, at least in part, to cancer cell stemness, tumor progression, and metastasis via epithe-

lial-mesenchymal hybrid phenotype.43 This notion is made evident by the enrichment of EMT-associated genes in PDGFRb-expressing

cells under physioxia despite a fraction of these cells maintaining epithelial characteristics. Indeed, the association between PDGFRb ac-

tivity and EMT has been demonstrated in cancer and non-malignant cells. For example, PDGFRb was found to be expressed in immortal-

ized human mammary epithelial cell lines in which EMT was induced via transduction of EMT-TFs.62 Similarly, mesenchymal-like colorectal

cell lines were observed to express PDGFRb which promoted metastasis to the liver in experimental mouse models.63 In addition, Shenoy

and colleagues64 described a role for PDGFRb in cancer cells that underwent spontaneous or experimentally induced EMT, with a resulting

acquisition of pericyte properties. Mechanistically, PDGFRb activates protein kinase C alpha (PKCa), which in turn activates the EMT-TF,

FOS-related antigen 1 that mediates the EMT phenotype and subsequent tumor progression.49 This mechanism is also thought to mediate

the generation of cancer stem cells, since cancer cells with ‘‘stem cell’’ traits can be generated as by-products of the EMT process.49,65

We speculate that the EMT-associated mesenchymal state may have contributed to a switch from EGFR to PDGFRb signaling as seen

in the tumor cells under physioxia.49 However, it is also possible that the switch to PDGFRb signaling occurred prior to the adoption of

the EMT-associated mesenchymal state.

Targeting PDGFRb as a potential therapeutic approach for breast cancer has been gearedmostly toward its impact on the development of

the EMT state and subsequent metastasis or stem cell-mediated tumor progression. Notably, Thies et al.61 reported the impact of paracrine

PDGFB-PDGFRb signaling between tumor stromal and epithelial cells on brain metastasis and demonstrated efficacy of the PDGFR inhibitor

crenolanib on the mitigation of brain metastasis. Furthermore, based on the ability of the transcription factor forkhead box C2 (FOXC2) to

mediate the expression of PDGFRb in breast cancer cells induced to undergo EMT, prior studies have shown the capacity of the multikinase

inhibitor sunitinib to inhibit tumor growth in FOXC2-expressing tumors.66 In this study, we demonstrate a physioxia-dependent increase in

PDGFRb signaling in mammary tumor cells that leads to differential sensitivity to targeted therapies. Our data suggest that while PDGFRb
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expression can impact the development of an EMT state under physioxia, it is also capable of O2-dependent signaling processes that can be

targeted with combination therapy regimens. We demonstrate that the differential activity of PDGFRb under physioxia renders tumor cells

more susceptible to a combination of lapatinib and sunitinib both in vitro and in vivo, compared to those in ambient air. This suggests that the

combination of lapatinib and sunitinib is a promising therapeutic approach, particularly in late-stage breast cancer. However, the efficacy of

this drug combination is likely to be dependent on an increased expression/activity of PDGFRb, in both tumor and stromal cells. In line with

this, BRCA1-deficient tumors, which are characterized by increased PDGFRb/PKCa signaling, are sensitive to PDGFRb inhibition.37 The

observed lack of sensitivity of the tumor cells grown in ambient air to sunitinib, despite increased c-KIT (a known target of sunitinib) activ-

ity/expression, suggests a minimal biological impact of c-KIT expression in the tumor cells grown in ambient air, at least with respect to sensi-

tivity to targeted therapies. This notion is supported by the likelihood of lower oncogenic implications of c-KIT in breast cancer, considering

reported decreases in its expression with breast tissue malignancy.35,67

We observed decreased MIB binding of PI4K2A in the PyMT+ cells in ambient air compared to physioxia. However, studies on its

biological impact are limited and are not fully understood. PI4K2A is involved in the synthesis of phosphatidylinositol 4-phosphate which

is an essential substrate for the synthesis of phosphatidyl inositol (3, 4, 5)-trisphosphate and leads to the activation of AKT.68 Further-

more, its role in the endosomal trafficking and degradation of activated EGFR has been elucidated.69 Therefore, it is likely that the

differential activation of PI4K2A in physioxia compared to ambient air leads to the regulation of AKT and EGFR activation in an

opposing manner such that it facilitates the degradation of EGFR and the activation of AKT in physioxia-derived tumor cells. However,

the role(s) of PI4K2A in the activation of AKT appears to be cell line dependent70 and needs further studies, particularly in the context of

physioxia.

The findings of this study have significant implications on current approaches to cancer biology research and development of treat-

ment regimens. Our data show O2-dependent differences in kinase signaling that impact sensitivity to targeted drugs (see schematic

summary of findings in Figure 5G). This indicates that in continuous efforts to develop targeted therapies and combination therapy reg-

imens, it may be necessary to consider the impact of physiologic O2 tensions on potential drug targets. This could potentially paint a

more reliable picture of the impact of candidate therapies on cancer biology and subsequently enhance the translation of preclinical

cancer research.

Limitations of the study

The scRNA-seq analysis was performed using healthy breast epithelial cells, rather than breast carcinoma biopsies. While these samples

enabled the identification of unique cell types expressing both epithelial andmesenchymal marker genes under physioxia, it does not neces-

sarily explore gene expression patterns in the context of a tumor environment. Additional analyses involving human breast tumor tissues in

ambient air and physioxia are being planned for future studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse EpCAM ThermoFisher Scientific Cat# 17-5791-82; RRID:AB_2716944

PE anti-mouse CD140b (PDGFRbeta) BioLegend Cat# 136006; RRID:AB_1953271

APC isotype control antibody BioLegend Cat# 400612; RRID:AB_326556

PE isotype control antibody BD Biosciences Cat# 554689; RRID:AB_479724

Rabbit monoclonal anti-AKT (pan) Cell Signaling Technology Cat# 4691; RRID:AB_915783

Rabbit monoclonal anti-phospho-AKT (S473) Cell Signaling Technology Cat# 4060; RRID:AB_2315049

Rabbit monoclonal anti-a-tubulin Cell Signaling Technology Cat# 2144; RRID:AB_2210548

Rabbit monoclonal anti-phospho-EGFR (Y1068) Cell Signaling Technology Cat# 2234; RRID:AB_331701

Rabbit monoclonal anti-EGFR Cell Signaling Technology Cat# 4267; RRID:AB_2246311

Rabbit monoclonal anti-phospho-p44/42

MAPK (T202/Y204)

Cell Signaling Technology Cat# 9101; RRID:AB_331646

Rabbit monoclonal anti-p44/42 MAPK Cell Signaling Technology Cat# 4695; RRID:AB_390779

Rabbit monoclonal anti-phospho-c-Kit (Y719) Cell Signaling Technology Cat# 3391; RRID:AB_2131153

Rabbit monoclonal anti-c-Kit Cell Signaling Technology Cat# 3074; RRID:AB_1147633

Rabbit monoclonal anti-phospho-PDGFRB (Y751) Cell Signaling Technology Cat# 3161; RRID:AB_331053

Rabbit monoclonal anti-PDGFRB Cell Signaling Technology Cat# 3169; RRID:AB_2162497

Rabbit monoclonal anti-Bcl-2 Cell Signaling Technology Cat# 3498; RRID:AB_1903907

Rabbit monoclonal anti-Bax Cell Signaling Technology Cat# 2772; RRID:AB_10695870

Rabbit monoclonal anti-cleaved caspase 3 Cell Signaling Technology Cat# 9661; RRID:AB_2341188

Mouse monoclonal anti-b-actin Sigma-Aldrich Cat# A5441; RRID:AB_476744

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7076; RRID:AB_330924

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Biological samples

Normal human breast tissue samples Susan G. Komen Tissue Bank – IU Simon

Comprehensive Cancer Center

N/A

Chemicals, peptides, and recombinant proteins

Gentle Collagenase/Hyaluronidase STEMCELL Technologies Cat# 07919

Red blood cell lysis solution (10X) Miltenyi Biotec Cat# 130094183

Insulin Sigma-Aldrich Cat# I6634

Hydrocortisone Sigma-Aldrich Cat# H0888

Epidermal Growth Factor (EGF), human recombinant Sigma-Aldrich Cat# 01-107

Adenine Sigma-Aldrich Cat# A8626

ROCK inhibitor (Y-27632 hydrochloride) Tocris Bioscience Cat# A1254

BMP inhibitor (DMH-1) Tocris Bioscience Cat# A4126

TGFb inhibitor (A 83-01) Tocris Bioscience Cat# A2939

Alpelisib (BYL719) Selleckchem Cat# S2814

Lapatinib Selleckchem Cat# S2111

Suntitinib malate Selleckchem Cat# S1042

Cycloheximide Selleckchem Cat# S7418

Polyethylene Glycol 300 (PEG300) Selleckchem Cat# S6704
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tween 80 Selleckchem Cat# S6702

cOmplete� Protease Inhibitor Cocktail (Roche) Millipore Sigma Cat# 11697498001

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich Cat# P5726

Phosphatase Inhibitor Cocktail 3 Sigma-Aldrich Cat# P0044

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad Cat# 5000006

Critical commercial assays

Chromium single cell 3’ reagents 10X Genomics CG000183 Rev C

Bioanalyzer HSDNA chips Agilent Technologies G2943CA

RNeasy plus mini kit Qiagen Cat# A741340

iScript cDNA synthesis kit Bio-Rad Cat# 1708891

TaqMan Universal PCR Master Mix ThermoFisher Scientific Cat# 4324018

BrdU cell proliferation assay Sigma-Aldrich Cat# QIA58

Caspase-3 Assay Kit Abcam Cat# ab39401

Proteome Profiler Mouse Phospho-RTK Array R&D Systems Cat# ARY014

Proteome Profiler Mouse XL Cytokine Array R&D Systems Cat# ARY028

Proteome Profiler Mouse Apoptosis Array R&D Systems Cat# ARY031

Deposited data

Single cell RNA sequencing data from breast

epithelial cells from breast cancer-free donors

This paper GEO: GSE244662

Mass spectrometry proteomics data. Deposited

to the ProteomeXchange Consortium via

the PRIDE partner repository

This paper PRIDE: PXD046005

Experimental models: Cell lines

PyMT+ mouse mammary tumor cell lines This paper N/A

Her2/Neu+ mouse mammary tumor cell lines This paper N/A

Human metastatic ovarian cancer cell line

from ascites fluid

Kumar et al.21 N/A

Human breast epithelial cell line This paper N/A

Experimental models: Organisms/strains

MMTV-PyMT transgenic mice The Jackson Laboratory; Bred in-house JAX: 002374; RRID:IMSR_JAX:002374

MMTV-Her2/Neu transgenic mice The Jackson Laboratory; Bred in-house JAX: 002376; RRID:IMSR_JAX:002376

FVB/NJ mice The Jackson Laboratory; Bred in-house JAX: 001800; RRID:IMSR_JAX:001800

Oligonucleotides

Actb TaqMan assay ThermoFisher Scientific Mm02619580_g1

Snail1 TaqMan assay ThermoFisher Scientific Mm00441533_g1

Twist1 TaqMan assay ThermoFisher Scientific Mm00442036_m1

Zeb1 TaqMan assay ThermoFisher Scientific Mm00432087_m1

EGFR TaqMan assay ThermoFisher Scientific Mm01187858_m1

Accell� Non-targeting Control siRNA Dharmacon Cat# D-001910-01-20

Accell� Mouse Pdgfrb siRNA #1 Dharmacon Cat# A-048218-14-0020

Accell� Mouse Pdgfrb siRNA #2 Dharmacon Cat# A-048218-16-0020

Software and algorithms

FlowJo Software FlowJo https://www.flowjo.com/

MaxQuant (version 1.6.11.0) MaxQuant https://www.maxquant.org/

Perseus software (version 1.6.10.50) MaxQuant https://maxquant.net/perseus/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to andwill be fulfilled by the lead contact, HarikrishnaNakshatri (hnakshat@

iu.edu).

Materials availability

Detailed information has been provided in the key resources table. Materials reported in this article will be shared by the lead contact upon

request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ImageJ software (version 1.54f) NIH https://imagej.net/software/fiji/

GraphPad Prism software (version 10.1.0) GraphPad https://www.graphpad.com/features

CellRanger 3.0.2 10x Genomics https://support.10xgenomics.com

bcl2fastq Illumina (https://support.illumina.com/)

Seurat R package (version 2.3.1) Butler et al.71

Stuart et al.72
https://satijalab.org/seurat/

ggplot2 Wickham et al.73 https://ggplot2.tidyverse.org.

Other

Dulbecco’s Modified Eagle’s Medium (DMEM) Corning Cat# 10-013-CV

MEM Non-essential Amino Acids Corning Cat# 25-025-CI

Fetal Bovine Serum (FBS) Sigma-Aldrich Cat# F6178

Penicillin-Streptomycin Sigma-Aldrich Cat# P4333

Dulbecco’s Modified Eagle’s Medium

(DMEM; low glucose)

Gibco Cat# 12320-032

Ham’s F-12 Nutrient Mix Gibco Cat# 11765-054

Illumina NovaSeq 6000 system Illumina https://www.illumina.com/systems/

sequencing-platforms/novaseq.html

BD LSRFortessa (X-20) flow cytometer BD Biosciences https://www.bdbiosciences.com/

en-us/products/instruments/flow-

cytometers/research-cell-analyzers/

bd-lsrfortessa-x-20

BD FACSAria Fusion flow cytometer BD Biosciences https://www.bdbiosciences.com/

en-us/products/instruments/flow-

cytometers/research-cell-sorters/

bd-facsaria-fusion

T100� thermal cycler Bio-Rad Cat# 1861096

Applied Biosystems StepOnePlus real-time PCR system ThermoFisher Scientific Cat# 4376600

EASY-nLC� 1200 System ThermoFisher Scientific Cat# LC140

Orbitrap Exploris� 480 Mass Spectrometer ThermoFisher Scientific Cat# BRE725539

CondoCell� portable physioxic isolation box.

Coupled with purge unit

The Baker Company https://bakerco.com/product/

condocell/

COY CleanSpot PCR/UV hypoxic glovebox.

Coupled with oxygen controller and CO2

background gas controller

Coy Lab Products https://coylab.com/

Xvivo System� Model X3 hypoxia incubator

and glovebox system

Biospherix https://biospherix.com/xvivo-

system-model-x3/

Nuaire US Autoflow CO2 Water-Jacketed

Incubator (Model number: NU4950)

Nuaire Laboratory Equipment https://www.nuaire.com/products/

co2-incubators/
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Data and code availability

� Data related to manuscript are included in the main manuscript or supplementary files. Source file contains all raw data and unpro-

cessed western blot images. Single cell RNA sequencing data of breast epithelial cells from clinically breast cancer-free donors grown

in physioxia and ambient air have been submitted to NCBI with accession number GEO: GSE244662. MIB kinome assay mass spec-

trometry proteomics data have been deposited to the ProteomeXchangeConsortium via the PRIDE partner repository with the dataset

identifier PRIDE: PXD046005.

� This paper does not report original code.
� Further information and requests should be directed to and will be fulfilled by the lead contact, Harikrishna Nakshatri (hnakshat@iu.

edu).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Breast tissue samples were obtained from two clinically healthy, breast cancer free women with informed consent through tissue donation

events organized by the Komen Tissue Bank (KTB) at Indiana University Simon Comprehensive Cancer Center. Sample collection was

done in accordance with the International Ethical Guidelines for Biomedical Research involving Human Subjects and was approved by the

International Review Board of Indiana University. Sample #1 was derived from a 71 year old female donor of European ancestry and Sample

#2 is from a 36 year old female donor of European ancestry.

Mouse models

MMTV-PyMT,MMTV-Her2/Neu and FVB/NJmice were initially purchased from The Jackson Labs and subsequently expanded in an in-house

breeding colony. The Animal Care and Veterinary Services staff at Indiana University School of Medicine performed animal husbandry. The

mice were held in individual cages holding amaximumof 5mice, kept on a 12-hour light-dark cycle and fed ad libitum. Animal use in this study

was approved by the Indiana University Animal Care and Use Committee (protocol #21056) and all procedures were performed in accordance

with theNational Institutes of Health guidelines.Only tumor tissues from femalemicewere used in these studies. Themalemicewere used for

breeding purposes.

METHOD DETAILS

Tissue collection, processing and propagation of mammary tumor cells, primary breast epithelial cells, and human

metastatic ovarian cancer cells

The metastatic ovarian cancer cells used in this study were derived in our previous work.21 Tissue collection, processing and cell propagation

procedures were designed to ensure that only tissues or cells intended for study in ambient air were exposed to air. Samples intended for

physioxic O2 tensions were handled solely in O2 controlled workstations and incubators for the entirety of the experiments. Experimental

steps required to be done outside the workstation such as incubation of tumor tissues and centrifugation were performed using sealed

air-tight tubes to prevent exposure to air. Prior to initiation of experiments, all the required materials, including culture media, buffer solu-

tions, tubes and pipettes were acclimated to the respective O2 tensions (3% O2 and 21% O2) for 24 hours. For most of the experiments

described in this study, cells were freshly processed and used within the first three passages to ensure consistency. Specific details regarding

oxygen-controlled instrumentation can be found in the key resources table.

Tumor tissues were harvested fromMMTV-PyMT andMMTV-Her2/Neumice at 3%O2,mechanically dissociated with a scalpel and forceps

into fragments <1 mm in size and split into two portions. Each portion was exposed to ambient (21%) and physioxic (3%) O2 tensions for

1 hour. The exposed tissues were processed into single cells via enzymatic digestion using a 10% collagenase/hyaluronidase formulation

in tissue culture media for 90 minutes at 37�C in sealed 50 ml tubes. The dissociated tissues were then sterile filtered with a 70 mm strainer,

washed in tissue culture media to remove the residual enzyme mixture and centrifuged at 1000 rpms for 5 minutes. The cells were then

cultured either in a regular CO2 incubator (ambient air) or at 5% O2 in a physioxia incubator using Dulbecco’s Modified Eagle’s Medium.

The culture media was supplemented with MEM Non-essential Amino Acids, 10% fetal bovine serum and 1% penicillin and streptomycin.

To analyze the dissociated cells directly, without expansion in culture, the tumor tissues were processed as described above. Red blood cells

were lysed and removed with treatment with a red cell lysis solution, washed and prepared for downstream analyses as appropriate.

Breast tissues fromclinically breast cancer-freewomenwere collected via core needlebiopsy and transferred immediately (less than 30 sec-

onds) into a portable hypoxia equipment for transportation to an oxygen-controlled workstation (3% O2). Tissues were transported in the

portable chamber to the workstation within seven minutes. The harvested tissues were then minced into fragments <1 mm in size, separated

into two portions, and processed as described for the mouse mammary tumor tissues. The dissociated breast epithelial cells were subse-

quently cultured in a regular CO2 incubator or at 5% O2 with primary cell culture media containing low glucose DMEM and F-12 culture me-

dium (in a 1:3 ratio). The culturemediumwas supplemented with 5% fetal bovine serum, 5 mg/ml bovine insulin, 0.4 mg/ml hydrocortisone and

20 ng/ml EGF and penicillin-streptomycin. The cells were plated on 804G conditioned media – coated plates with primary cell culture me-

dium, further supplemented with 0.17 M adenine, 5 mmol/L of ROCK inhibitor Y-27632, 1 mmol/L of BMP inhibitor, DMH-1 and 1 mmol/L of

TGFb inhibitor A-83-01.74
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Single cell analysis of breast epithelial cells

Normal breast epithelial cells that were processed and cultivated in ambient air and physioxia were harvested via trypsinization. Cell viability

was measured by trypan blue exclusion and single cell status was determined via phase contrast microscopy. The harvested cells were sub-

jected to cDNA library generation using 10X Genomics V3 Chromium Single Cell 3’ Reagents (CG000183 Rev C). cDNA was quantified using

HSDNA Chips on the Bioanalyzer from Agilent technologies and amplified with Chromium Single cell Library kit V3. The generated cDNA

libraries were then sequenced to a read depth of �50,000 reads per cell, using the Illumina NovaSeq 6000 system. Subsequent analysis of

scRNA-seq sequence data was done as previously described.75 Briefly, the generated raw sequence data was processed with CellRanger

3.0.2 which used bcl2fastq to demultiplex the raw base sequence calls into sample specific FASTQ files. The RNA-seq aligner STAR was

then used to align the FASTQ files to GRCh38 human reference genome. Aligned reads were linked to individual cells and expression levels

of each gene were determined based on number of unique molecular indices (UMIs) detected in individual cells. The filtered gene-cell bar-

code matrices generated by CellRanger were further analyzed with the Seurat R package (version 2.3.1).71,72 For quality control (QC), genes

detected in less than 5 cells and cells expressing less than 200 genes were filtered out. The isOutlier function in the scater R package, in addi-

tion to visual inspection of distribution in gene number, UMIs andmitochondrial gene contentwere used to further exclude low-quality cells.76

This allowed for removal of cells with extremely high or low gene number/UMIs and cells with high percentage of mitochondrial reads.

Following removal of low-quality cells and potential doublets/multiplets, the NormalizeData function in Seurat was used to normalize

gene expression levels in individual cells. Furthermore, the ScaleData function was used to linearly regress out variations from different

numbers of UMIs and mitochondrial gene expression.

To integrate single cell data from samples of individual donors, the FindIntegrationAnchors and IntegrateData functions in Seurat v3 were

used. This was followed by scaling and principal component analysis (PCA) of the integrated data. The Seurat functions FindNeighbors and

FindClusters were then used to identify individual clusters. To identify cell types in each cluster, the FindConservedMarkers function was used

to identify canonical type marker genes. Cell clusters were visualized by Uniform Manifold Approximation and Projection (UMAP) plots. The

ggplot2 and FeaturePlot R packages were used to generate feature plots to visualize the expression patterns of specific genes across all

clusters.73

Flow cytometry analysis and sorting

Adherent PyMT and Her2/Neu tumor cells were harvested via trypsinization and stained for flow cytometry using antibodies conjugated to

fluorescent labels. The antibodies used against the PyMT and Her2 tumor cells were EpCAM–APC (allophycocyanin) and CD140b (PDGFRB)-

PE (phycoerythrin). To determine abundance of PDGFRb+ cells in the tumors, PyMT+ and Her2/neu+ mammary tumors were processed into

single cells as described above and stained without expansion in culture. The stained cells were acquired with BD LSRFortessa (X-20) flow

cytometer and analyzed using the FlowJo software. To sort the Her2/Neu+ mouse tumor cell line, the harvested cells were stained with

the EpCAM-APC and CD140b (PDGFRB)-PE antibodies and sorted with a BD FACSAria Fusion flow cytometer. Sorted cells were then

expanded in physioxia for subsequent analysis via qRT-PCR.

RNA isolation and quantitative reverse transcription polymerase chain reaction

Total RNA was extracted from the tumor cells using the RNeasy kit under the respective O2 tensions following manufacturer’s instructions.

1 mg of the extracted RNAwas used to synthesize complementary DNA (cDNA), using the iScript cDNA synthesis kit in a Bio-Rad T100� ther-

mal cycler. The synthesized cDNA was then used to perform quantitative reverse transcription polymerase chain reaction (qRT-PCR) using

TaqMan assay primers targeted to Actb, Snai1, Twist1, Zeb1, and Egfr. The qRT-PCR was performed with the TaqMan Universal PCR Master

Mix, using an Applied Biosystems StepOnePlus real-time PCR system for fluorescence detection.

In vitro and in vivo drug sensitivity and apoptosis assays

For the in vitro drug sensitivity assays, 2 x 103 PyMT and Her2/Neu mouse tumor cell lines processed and propagated in ambient air and

physioxia were seeded into 96-well plates and treated with indicated concentrations of BYL719 (alpelisib), lapatinib or sunitinib for 48 hours

in the respective O2 tensions. Prior to the end of treatment duration, the cells were labelled with bromodeoxyuridine (BrdU), fixed, and

developed using a BrdU enzyme-linked immunosorbent assay (ELISA) kit and analyzed for proliferation rate following manufacturer’s in-

structions. Apoptosis was assessed by analyzing caspase-3 activity, using a Caspase-3 Assay Kit following manufacturer’s instructions.

To perform the in vivo drug sensitivity assays, PyMT+mouse tumor cells (2 x 106, in 100 ml volume of PBS) cultured in ambient air and phys-

ioxia were injected into the fifth inguinal mammary fat pad of 6- to 7-week-old syngeneic FVB/N mice. To ensure that the tumor cells under

physioxia were continually protected from exposure to air, the cells were aspirated into syringes previously acclimated to physioxia, sealed

completely with needle and cap and kept on ice in an airtight container. Tumor sizes weremeasured using calipers and tumor volume (in cubic

millimeters [mm3]) was calculated using the formula: sagittal dimension (mm) x [cross dimension (mm)]2/2. When the tumors reached average

sizes of 100-150mm3 or 150-200mm3 in the first and second batch of experiments, respectively, the mice were randomized into the indicated

groups and treatment was initiated. The mice were treated either with the vehicle control or targeted drugs lapatinib and sunitinib either

singly or in combination. In both sets of in vivo studies, lapatinib was used at a dosage of 100 mg/kg body weight, while sunitinib was admin-

istered at a dosage of 20- and 10 mg/kg body weight in the first and second in vivo study sets, respectively. Both drugs were prepared in
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polyethylene glycol 300 (PEG300), Tween 80 and water as per manufacturer’s instructions. The vehicle control and drugs were administered

daily via oral gavage for 15 and 21 days in the first and second study batches, respectively. Tumor growth was measured every 3 days.

Multiplexed inhibitor beads (MIBs) kinome assay

PyMT+ cells were treated with 1 mM lapatinib or DMSO for 48 hours in ambient air and physioxia and then lysed in MIBs lysis buffer (50 mM

HEPES, 150 mMNaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA, pH 7.5) supplemented with complete protease inhibitor cocktail and 1%

phosphatase inhibitor cocktails 2 and 3. Extracts were clarified by centrifugation, and protein concentration was quantified by the Bradford

assay. Equal amounts of total protein were gravity-flowed over MIB columns in high-salt MIB lysis buffer (1 M NaCl). The MIB columns con-

sisted of a 125-ml mixture of six type I kinase inhibitors: VI-16832, PP58, purvalanol B,77 UNC-00064-12, UNC00064-79, and BKM-120, which

were custom synthesized with hydrocarbon linkers and covalently linked to ECH-Sepharose.32,78–80 Bound protein was eluted twice with

0.5% SDS, 1% b-mercaptoethanol, 100 mM Tris-HCl, pH 6.8 for 15 min at 100C, and then treated with dithiothreitol (5 mM) for 25 min at

60�C and 20 mM iodoacetamide for 30 min in the dark. Following concentration by centrifuging with Amicon Ultra-4 filters (10-kDa cutoff)

to �100 ml, samples were precipitated with methanol–chloroform, dried in a SpeedVac, and resuspended in 50 mM HEPES (pH 8.0). Tryptic

digests were performed overnight at 37�C, extracted four times with 1 ml ethyl acetate to remove detergent, and dried, and peptides were

passed through C18 spin columns according to the manufacturer’s protocol (Pierce). Peptides were resuspended in 0.1% formic acid and

equal volume (approximately 20% of the final peptide suspension for each experimental set) was injected onto a Thermo EASY-Spray

75 mm3 25 cmC18 column and separated on a 120-min gradient (2–40% acetonitrile) using an EASY-nLC 1200 instrument. The ThermoOrbi-

trap Exploris 480 MS ESI parameters were as follows: Full Scan – Resolution 120,000, Scan range 375-1500 m/z, RF Lens 40%, AGC Target -

Custom (Normalized AGC Target, 300%), 60 sec maximum injection time, Filters – Monoisotopic peak determination: Peptide, Intensity

Threshold 5.0e3, Charge State 2-5, Dynamic Exclusion 30 sec, Data Dependent Mode – 20 Dependent scans, ddMS2 – Isolation Window

2m/z, HCD Collision Energy 30%, Resolution 30,000, AGC Target – Custom (100%), maximum injection time 60 sec. Raw files were processed

for label-free quantification (LFQ) by MaxQuant LFQ using the UniProt/Swiss-Prot mouse database with fixed carbidomethyl (C) and variable

oxidation (M) and acetyl (protein N-terminal) modifications, match time window 3 min. LFQ intensities for all annotated kinases with at least

two razor+unique peptides were imported into Perseus software, log2 transformed, filtered to include annotated kinases with at least three

valid values in one treatment group, and missing values imputed from the normal distribution for each column using default parameters

(width 0.3, down shift 1.8). Two sample, unpaired Student t-tests of log2LFQ intensities were performed and plotted using R (P<0.05 signif-

icance cut-off). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner

repository (PXD046005).81

Western blotting, receptor tyrosine kinase, apoptosis, and cytokine array

Cell lysates from processed tumor or cultured cells were prepared by lysis in radioimmunoprecipitation assay (RIPA) buffer containing pro-

tease inhibitors. The Bradford assay was used for protein quantitation and 10 - 25 mg of extract was used for Western blotting. The cell lysates

were resolved in 8% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by blotting onto a polyvinyli-

dene difluoride (PVDF) membrane. The primary antibodies used in this study are rabbit anti-Akt (pan), rabbit anti-phospho-Akt (Ser473), rab-

bit anti-a-tubulin, rabbit anti-phospho-EGF receptor (Tyr1068), rabbit anti-EGF receptor, rabbit anti-phospho-p44/42MAPK (Thr202/Tyr204),

rabbit anti-p44/42 MAPK, rabbit anti-phospho-c-Kit (Tyr719), rabbit anti-c-Kit, rabbit anti-PDGF receptor b, rabbit anti-phospho-PDGF Re-

ceptor b (Tyr751), rabbit anti-Mcl-1, rabbit anti-Bcl-2, rabbit anti-Bax, rabbit anti-cleaved caspase-3, and mouse anti-b-actin. The protein

bands were visualized via chemiluminescence detection.

RTK phosphorylation in cell lysates (200 mg protein) was evaluated with a mouse phospho-RTK array kit following manufacturer’s instruc-

tions. For the cytokine array, serum free supernatants of PyMT+ tumor cells collected after overnight incubation in serum free media in

ambient air and physioxia were screened for multiple cytokine levels using a mouse cytokine array kit following manufacturer’s instructions.

Analysis of the expression of apoptosis-related proteins in treatedmammary tumor cells was done with a mouse apoptosis array kit following

manufacturer’s instructions. Quantification of western blot and apoptosis array data was performed using ImageJ software.

Unedited Western blot, RTK array, cytokine array and apoptosis array data are shown in Table S3.

Transfections and gene knockdown

PyMT+ and Her2/Neu+ mouse tumor cells (5 x 105) grown in physioxia and ambient air in 60 mm tissue culture dishes were transfected with

two Accell�mouse PDGFRb siRNA constructs targeting the 3’UTR and a non-targeting control siRNA in serum-free media at a concentration

of 1 mM, following manufacturer’s instructions. Protein level was assayed via Western blotting 96 hours after transfection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed Student’s t-test was performed on replicates to determine statistical significance between any two conditions. Analyses involving

comparisons involvingmultiple groups were conducted using one- or two-way Analysis of Variance (ANOVA) and followed by the appropriate

post-hoc tests. Statistical analyses were conducted using the GraphPad Prism software. Data are presented as mean G SD. * P < 0.05,

** P < 0.01, *** P < 0.001, and **** P < 0.0001; ns, not significant. Additional statistical details can be found in the figure legends. Source

data are available in Table S3.
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