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ABSTRACT

Background: Cancer-associated fibroblasts (CAFs) are the predominant residents in the breast tumor microenvi-
ronment. In our work, we found activation of DNA damage-independent ATM (oxidized ATM), enhanced glycol-
ysis and aberrant metabolism-associated gene expressions in breast CAFs. Nevertheless, whether and how
oxidized ATM regulates the glycolytic activity of CAFs keep in unveil. Recently, a reverse Warburg effect was ob-
served in tumor tissues, in which host cells (such as CAFs, PSCs) in the tumor microenvironment have been found
to “fuel” the cancer cells via metabolites transfer. However, the molecular mechanisms of the metabolites from
stromal cells playing a role to the progression of cancer cells remain to be determined.
Methods: Oxidized ATM activation in stromal CAFs was assessed by western blotting and immunofluorescence.
The increased glycolytic ability of CAFs was validated by measurements of OCR and ECAR and detections of glu-
cose consumption and lactate production. Kinase assay and western blotting were performed to confirm the
phosphorylation of GLUT1. The membrane location of phosphorylated GLUT1 was determined by biotin pull-
down assay and immunofluorescence staining. The regulation of PKM2 through oxidized ATM was evaluated
by western blots. In addition, the impact of lactate derived from hypoxic CAFs on cancer cell invasion was inves-
tigated both in vitro (transwell assays, western blots) and in vivo (orthotopic xenografts).
Findings: Hypoxia-induced oxidized ATM promotes glycolytic activity of CAFs by phosphorylating GLUT1 at S490
and increasing PKM2 expression. Moreover, lactate derived from hypoxic CAFs, acting as a metabolic coupling be-
tween CAFs and breast cancer cells, promotes breast cancer cell invasion by activating the TGF31/p38 MAPK/
MMP2/9 signaling axis and fueling the mitochondrial activity in cancer cells.
Interpretation: Our work shows that oxidized ATM-mediated glycolysis enhancement in hypoxic stromal fibro-
blasts plays an essential role in cancer cell invasion and metastasis and may implicate oxidized ATM as a target
for breast tumor treatment.
Fund: This research was supported by National Natural Science Foundation of China.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

Many studies verified that CAFs play indispensable roles in cancer
progression including tumor growth, invasion, and metastasis di-
rectly or indirectly through paracrine pathways. Recently, the glu-
cose metabolism alterations (Warburg effect) was found as a new
feature of CAFs. Nevertheless, the underlying mechanism of gly-
colysis in CAFs and its role in promoting the progression and de-
velopment of tumors still remain to be researched.

Added value of this study

In this study, we found the enhanced glycolysis in CAFs compared
to NFs and oxidized ATM can promote the glycolysis in breast CAF
under hypoxia. To investigate the effect of oxidized ATM on gly-
colysis enhancement of CAFs and the underlying mechanism.
We discovered that hypoxia-induced oxidized ATM induces gly-
colysis of CAFs by promoting the GLUT1 membrane translocation
through the phosphorylation of GLUT1 at S490. In addition, the
PKM2 expression in CAFs was up-regulated by the activation of
ATM through PI3K/AKT signaling pathway. Moreover, the inva-
sion of the breast cancer cells (MDA-MB-231, BT-549) was accel-
erated by the energy metabolic coupling mediator-lactate
produced by CAFs. Besides, lactate between CAFs (released by
MCT4) and tumor cells (absorbed via MCT1) may accelerate
tumor cell invasion via activation of TGF1/p38 MAPK/MMP2/9
signaling and boost of mitochondrial activity in tumor cells. In
summary, the influence of oxidized ATM on glycolysis of CAFs
and the underlying mechanism about the pro-invasion impact of
CAFs were investigated.

Implications of all the available evidence

Our findings highlighted a novel mechanism by which stromal fi-
broblasts fuel tumor invasion through metabolic symbiosis and
may indicate a new strategy targeting oxidized-ATM for breast
cancer therapy.

1. Introduction

Cancer-associated fibroblasts (CAFs), namely activated fibroblasts,
are the predominant residents in the breast tumor microenvironment
[1]. CAFs play indispensable roles in cancer progression including
tumor growth, invasion, and metastasis directly or indirectly through
paracrine pathways [2]. Growing evidence show that tumor cells have
altered metabolic patterns to meet both catabolic ATP producing and
anabolic biomass synthesizing demands. For example, triple negative
breast cancer (TNBC) cells mainly depend on OxPhos whereas MCF-7
cells perform on OxPhos and glycolysis, and some cancer cells (e.g.
CT26, glioma C6) are relied on glycolysis [3]. Recently, metabolism of
non-tumor cells in tumor microenvironment was reported, and the en-
hanced glycolysis and reduced oxidative phosphorylation has been
characterized as a feature of CAFs [4]. Hypoxia is a common feature in
most tumors as a result of poor blood supply [5]. Recently, hypoxia
has been shown to promote the glycolysis of cancer cells and causes cel-
lular oxidative stress through reactive oxygen species (ROS) generation
[6]. To date, whether and how hypoxia promotes the glycolytic activity
in CAFs is not fully understood.

The ataxia-telangiectasia mutated protein kinase (ATM) controls
cellular response to DNA damage and maintenance of cellular homeo-
stasis. For example, ATM can phosphorylate the downstream check-
point kinase CHK2 and checkpoint proteins RAD17 and RAD9, thereby

acting as an important regulator of cell cycle progression [7,8]. ATM-
mediated phosphorylation of DYRK2 and ATF2 plays critical roles in
stress-induced genotoxicity [9] and DNA damage response [10], respec-
tively. All these findings demonstrate a DNA double-strand break
(DSB)-dependent ATM activation. On the other hand, ATM could also
be activated by oxidative stress (such as ROS), which is independent
of DNA damage [11], this kind of ATM is called oxidized ATM or DNA
double-strand breaks (DSBs)-independent ATM. A growing number of
studies have shown that ATM can be activated in the absence of DSB
to regulate cell proliferation [12,13], and the activation of oxidized
ATM has been found to regulate translocation of glucose transporter 4
in mouse muscle cells [14]. In addition, as a redox sensor, ATM can be
oxidized by mitochondria-derived ROS under hypoxia and functions
as aregulator of p53 signaling and glucose metabolism in mouse embry-
onic fibroblasts [15]. In our work, we found an aberrant ATM signaling
and sets of the altered metabolism-associated genes in breast CAFs com-
pared with normal fibroblasts (NFs) [16]. These studies suggest oxidized
ATM probably involves in the increased glycolytic activity in hypoxic
CAFs. Nevertheless, whether and how oxidized ATM regulates the
increased glycolytic activity of hypoxic CAFs remains to be determined.

Energy metabolism is regulated by a series of genes including glu-
cose transporter 1 (GLUT1) and several glycolysis related kinase such
as pyruvate kinase M2 (PKM2) and lactate dehydrogenase A (LDHA).
GLUT1 contributes to cancer cell metabolism reprogramming through
transporting glucose from extracellular matrix for glycolysis, and the
subcellular localization of GLUT1 may be a key regulator of glucose up-
take [17]. Posttranslational modifications such as phosphorylation may
influence the subcellular localization of GLUT1 in muscle skeletal cells
[18]. Whether phosphorylation of GLUT1 regulates increased glycolytic
activity in CAFs is unknown. It has been shown that PKM2 expression is
often elevated in many tumor cells, and plays a vital role in glycolysis by
dephosphorylating phosphoenolpyruvate to pyruvate at the final rate-
limiting step [19]. PKM2 can be transcriptionally activated by heteroge-
neous nuclear ribonucleoprotein (hnRNP) family members and the
oncogenic transcription factor c-Myc [20]. Hypoxia can also activate
the PKM2 promoter by down-regulating Sp3, thereby removing the
associated transcriptional suppressor to induce PKM2 expression [21].
However, whether oxidized ATM, which is activated by hypoxia, regu-
lates PKM2 expression or activation and consequently increased glyco-
lytic activity is unclear.

Recently, a reverse Warburg effect was observed in tumor tissues, in
which host cells in the tumor microenvironment have been found to
“fuel” tumor cell growth via energy transfer. For example, tumor cells
can take up the metabolites lactate and pyruvate from the caveolin-1
deficient stromal fibroblasts to use them as energy fuels in mitochon-
drial tricarboxylic acid (TCA) cycle to enhance tumor proliferation [4].
The ketone bodies (e.g. BDH1 and HMGCS2) supplied by catabolic fibro-
blasts can increase mitochondrial mass in carcinoma cells, thus enhanc-
ing tumor cell growth and invasion capacity [22]. Increased glutamines
from fibroblasts potentiate survival and tamoxifen-resistance in breast
epithelial cancer cells [23]. However, the detail molecular mechanisms
of metabolites from stromal cells to fuel tumor cell growth and invasion
keep in unveil. Recently, Dr. Dong Chul Lee and his colleagues reveal
that lactate can bind as stabilizer to the NDRG3 protein to mediate
hypoxia-induced activation of Raf-ERK pathway, thereby promoting
angiogenesis and cell growth [24].

In this study, we investigated the effect of oxidized ATM on the in-
creased glycolytic activity of CAFs and the underlying mechanism. We
found that hypoxia-induced oxidized ATM induces glycolytic activity
of CAFs by phosphorylating GLUT1 at S490 and increasing PKM2 expres-
sion. Moreover, the energy metabolic coupling mediator lactate, pro-
duced by CAFs, promotes breast cancer cell invasion by activating the
TGF31/p38 MAPK/MMP2/9 signaling axis and increase mitochondrial
activity in tumor cells. These findings reveal a novel role of CAFs in
pro-invasion breast tumors, and may implicate an oxidative ATM-
targeting strategy for breast tumor treatment.
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2. Materials and methods
2.1. Cell culture

CAFs and NFs were isolated from breast tumor tissues and their
paired normal tissues and identified with CAF-related biomarkers, re-
spectively; and were immortalized by human telomerase reverse tran-
scriptase gene (hTERT) as described previously [16,25]. NFs and CAFs
were cultured in DMEM (C11995500BT, Gibco) with 10% FBS (10099-
144, Gibco, Austrlia); Human breast cancer cells MDA-MB-231 and
BT-549 were maintained in RPMI-1640 medium (C11875500BT,
Gibco) with 10% FBS at 37 °C in a tri-gas incubator containing 5% CO,
under normoxic (21% 0,) or hypoxic (1% O, and 94% N;) condition.
The genotyping of these breast cancer cells shared >94% of the STR loci
with the ATCC original clones by STR identification (Genewiz, Suzhou).

2.2. RNA interference, plasmids and engineered fibroblasts

All the synthetic short hairpin RNA (shRNA) oligonucleotides, lenti-
virus expression vector of shRNA against ATM, GLUT1, PKM2, MCT4,
MCT1 and the control shRNA were purchased from GenePharma
(Shanghai, China). The sequences of shRNA are listed in Supplem-
entary Table 1. The wild type GLUT1 S490 (FHPLGADSQV; WT), mutant
GLUT1 S490A (from FHPLGADSQV to FHPLGADAQV to lead a hypo-
phosphorylated GLUT1) constructs were generated by GenePharma
(Shanghai, China) and inserted into pcDNA-Flag tagged plasmid to get
pcDNA-Flag-GLUT1 (WT) and pcDNA-Flag-GLUT1 mutant (S490A).
The pcDNA3-Flag-ATM construct was obtained from Addgene.

The engineered CAFs with a stable expression of shATM, shGLUT1,
shPKM2, shMCT4 and the breast cancer cells (MDA-MB-231 and BT-
549) with a stable expression of ShMCT1 were established using the len-
tivirus infection as described elsewhere. In order to establish the
engineered GLUT1 WT- and GLUT1 mutant-CAFs, the endogenous
glut1 of CAFs was knocked down by GLUT1 shRNA (named CAF/glut1
KD). The ectopic WT, mutant GLUT1 S490A was then transfected into
CAFs to acquire the engineered CAFs stably expressing WT (CAF/ecto-
WT) or mutant GLUT1 (CAF/ecto-S490A).

2.3. Immunohistochemistry staining (IHC) and immunofluorescence (IF)

Tumor tissues were fixed with 4% paraformaldehyde and then sec-
tioned into 4 pm of sections. IHC was performed according to protocols
of the manufacturor. The sections were incubated with rabbit anti-
MMP2, MMP9, p-ATM, GLUT1, PKM2 and TGFP1 polyclonal antibody
(1:200, Bioworld) overnight at 4 °C. Then, the sections were sequen-
tially incubated with polyperoxidase-anti-rabbit IgG (ZSBiO) for
30 min at 37 °C, then stained with diaminobenizidine.

Immunofluorescence staining was done following the standard pro-
tocol as described previously [16]. The primary antibodies specifically
against FN (ab23750, abcam,1:200), a-SMA (ab5694, abcam,1:200),
ATM (ab47575, abcam, 1:200), p-ATM (ab19304, abcam, 1:200),
YH2AX (5883, CST, 1:200), 53BP1 (ab175933, abcam, 1:200), GLUT1
(ab14683, abcam, 1:200), PKM2 (sc365684, Santa Cruz, 1:150) were
used. Normal rabbit IgG was the negative control. IHC and IF images
were captured using a Nikon Eclipse 80i microscope (Tokyo, Japan).

2.4. Western blotting analysis

Western blotting analysis was performed as described previously
[11]. Briefly, total cell proteins were obtained using RIPA lysis buffer
(PO013B, Beyotime, China), quantified with the BCA protein assay kit
(P0012, Beyotime). 50 pg of total proteins were separately electropho-
resed in 8%-12% SDS-PAGE gel, subsequently incubated with appropri-
ate primary antibodies as followings: FN (ab23750, abcam,1:1000), FAP
(ab53066, abcam,1:1000), a-SMA (ab5694, abcam,1:1000), ATM
(2873, CST, 1:1000), p-ATM (5883, CST, 1:1000), YH2AX (9718, CST,

1:1000), CHK2-T68 (ab32148, abcam, 1:1000), Na*/K* ATPase
(ab58457, abcam, 1:800), Hsp90 (ab13492, abcam, 1:800), AKT (4685,
CST, 1:1000), p-AKT (12694 s, CST, 1:1000), GLUT1 (ab14683, abcam,
1:500), p-ST/Q (6966 s, CST, 1:1000), PKM2 (sc365684, Santa Cruz,
1:500), MCT4 (ab74109,1:1000), MCT1 (ab90582,1:1000) TGFB31
(ab675195, abcam, 1:1000), P38 (bs4635, bioworld, 1:1000), p-P38
(bs3566, bioworld, 1:1000), MMP2 (ab92538, abcam, 1:800), and
MMP9 (ab76003, abcam, 1:800), GLUT3 (ab41525,1:800), HK2
(ab104836,1:800), HPI (ab86950,1:1000), LDHA (ab101562,1:1000).
The appropriate horseradish peroxidase (HRP)-conjugated anti-mouse
or rabbit IgG (ZSGBBIO, China) was used as secondary antibodies. The
protein bands were visualized using the enhanced chemiluminescence
system (Amersham Pharmacia Biotech, Tokyo, Japan).

2.5. Immunoprecipitation-Western blotting (IP-WB) assays

Co-immunoprecipitation was performed as previously described
[26]. The cell lysates were pre-treated with Protein A/G Magnetic
Beads (B23202, Selleckchem, TX, USA), and then immunoprecipitated
with 2 pg of p-ST/Q (6966 s, CST, Boston) and 20 pl Protein A/G Magnetic
Beads at 4 °C overnight. After washing with lysis buffer carefully, the
protein complexes were released from the beads by boiling in 2x load-
ing buffer and subjected to Western blotting assays.

2.6. Detection of cell membrane GLUT1 with biotinylation of cell surface
proteins

In brief, CAFs were cultured in growth medium to around 85% con-
fluence, and then cultured under the normoxic or hypoxia condition
in FBS-free medium for 8 h with or without Ku60019 treatment. After
washing with pre-cooled PBS, membrane proteins form cells were
labeled with 1 Mm EZ-Link Biotin (Thermo Scientific) on ice for
30 min followed by quenched with biotin quench solution (250 mm
Trizma Base). Cells were collected with Biotin Lysis Buffer and centri-
fuged at 14000 r/min for 10 min to obtain the supernatants containing
membrane proteins labeled with biotin. Streptavidin beads (Thermo
Scientific) were used to immunoprecipitate the supernatants for
15 min. After washing with TBS and boiling with sample buffer, the su-
pernatants were used to western blotting. Na+/K + -ATPase was used
as a loading control for cell surface proteins.

2.7. Determination of ATM kinase activity by monitoring ADP formation

HEK293 cells were transfected with pcDNA3-Flag-ATM, pcDNA3-
Flag-GLUT1 WT or pcDNA3-Flag-GLUT1 S490A construct, respectively.
The HEK293 cells transfected with GLUT1 were regularly cultured in
21% O,. The HEK293 cells transfected with ATM were cultured in the
hypoxic condition combined with or without 5 pM KU60019 treatment
for 8 h. Flag-ATM and Flag-Cortactin were immunopurified from the
extracts with Anti-FLAG® M2 Magnetic Beads (M8823, Sigma). Kinase
reactions were conducted by incubating purified ATM with purified
GLUT1 WT or S490A in kinase reaction solution in a 96-well plate ac-
cording to the protocol of Universal Kinase Assay Kit (Fluorometric)
(abcam, ab138879). Then 20 ul of ADP Sensor Buffer and 10 pl of ADP
Sensor were added into each well and the reaction mixture was incu-
bated in dark at room temperature for 30 min. After reaction, the fluo-
rescence intensity of ADP products was detected with a microplate
fluorescence reader (BioTek, flx800) at Ex/Em = 540/590 nm. Proteins
were immunoblotted with the antibodies to GLUT1 and p-GLUT1.

2.8. Preparation of conditioned medium (CM)

CAFs or the engineering CAFs (2.0 x 10°) were seeded into a 6 well
plate in growth medium. After removing the growth medium, DMEM
(2 ml) with 0.5% FBS was added to further culture in hypoxia condition
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for 8 h, and the supernatant was collected and centrifuged to obtain
conditioned medium.

2.9. Cell migration and invasion assay

Cell migration and invasion were measured by Boyden chamber
assay as described previously [25]. Briefly, MDA-MB-231 or BT-549
cells (2 x 10%) suspended in 200 ul serum-free medium (CM or CM
with exogenous lactate) were seeded into the wells of 8 pm-pore Boy-
den chambers (Millipore, Darmstadt, Germany) coated with (for cell in-
vasion assay) or without (for cell migration assay) ECM (1:7.5) (Sigma,
St. Louis, MO). Medium with FBS was added into the lower chamber.
Cells can invade toward medium in the lower chamber, and the invaded
cells on the opposite side of the filter were stained with crystal violet in
methanol and counted after incubation for 8 h. All the experiments
were repeated in three times.

2.10. Measurement of glucose consumption, lactate production

The glucose consumption and lactate production were measured
using the Glucose Assay Kit and Lactate Assay Kit according to the man-
ufacturer's instructions (Jiancheng Bioengineering Institute, Nanjing,
China). Briefly, 4 x 10° of NFs, CAFs, engineered CAFs (CAF/ecto-WT,
CAF/ecto-S490A, CAF/sh-ATM, CAF/sh-PKM2, CAF/sh-MCT4, and CAF/
sh-Ctrl) and their control cells were plated in 12-well plates. Cell culture
and treatments in the experiments were described in detail in the figure
legends. At the end of the experiments, the samples (supernatant or cell
lysates) were prepared and glucose probe, glucose enzyme mix (for glu-
cose assay) or lactate enzyme mix, lactate substrate mix (for lactate
assay) were added to the samples. After incubating at room tempera-
ture for 30 min, the absorbance (OD 505 nm for glucose assay) or optical
density (OD 530 nm for lactate assay) were measured with a microplate
reader (BioTek, Winooski, Vermont, USA), separately. The glucose con-
sumption and lactate production were normalized by cell numbers.

2.11. Mitochondrial detection by transmission electron microscopy (TEM)

NFs and CAFs were harvested and fixed in glutaraldehyde and 1% os-
mium tetroxide for 2 h at 4 °C, separately. After being dehydrated in eth-
anol and acetone, the cells were embedded in epoxy resin and
polymerized at 60 °C. Ultrathin sections with the thickness of 60 nm
were prepared and stained with uranyl acetate and lead citrate. Slides
were observed under TEM (Hitachi-7500, Japan) and photographed
using a CCD camera (Gatan-780CCD, USA).

2.12. Detection of intracellular reactive oxygen species (ROS)

The intracellular ROS levels of stromal fibroblasts were measured by
Reactive Oxygen Species Assay Kit (S0033, Beyotime) according to the
manufacturer's instructions. Briefly, CAFs were cultured in normoxic
or hypoxic conditions for 8 h with or without 1 mM NAC. Then, 10 M
of DCFH-DA was added to cells and incubated continually for 30 min.
Total cell lysate was obtained by lysing with RIPA buffer (P0013B, Beyo-
time), and fluorescent compound was scanned at excitation and emis-
sion wavelengths of 485 and 535 nm by using Cary Eclipse (Agilent)
for determination.

2.13. The measurements of OCR and ECAR

The cellular OXPHOS and glycolysis were detected by monitoring
the OCR (oxygen-consumption rate) and ECAR (extracellular acidifica-
tion rate) with the Seahorse Bioscience Extracellular Flux Analyzer
(Seahorse Bioscience Inc.). Briefly, 2 x 10* cells were seeded in 24-
well plates matched for XF24. Before measurements, cells were washed
and then incubated with unbuffered media in a CO, free incubator for
45 min. The detection of OCR was performed in XF Base Media and

the following inhibitors were added: oligomycin (2 uM), carbonyl cya-
nide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (1.5 uM) and rote-
none/antimycin A (0.5 uM/1 uM). The detection of ECAR was performed
in XF Base Media and the following inhibitors were added: Rotenone/
Antimycin A (0.5 uM/1 uM) and 2-deoxy-glucose (20 mM). Measuring
OCR before and after addition of oligomycin, correlates to the mitochon-
drial respiration from ATP production, then the oligomycin-sensitive
OCR (OxPhos OCR) was acquired. Measuring ECAR before and after ad-
dition of 2-deoxy-glucose (2-DG), confirming the ECAR produced in the
experiment is due to glycolysis, then the glycolytic ECAR was obtained.
OCR and ECAR were normalized according to cell number (1 x 10%).

2.14. Detection of mitochondrial membrane potential

The mitochondrial membrane potential of NFs and CAFs were mea-
sured using the JC-1 kit (C2006; Beyotime) according to the manufac-
turer's protocols. Cells (1 x 10°) were seeded and grow overnight,
then stained with JC-1 dye, the mean orange-red fluorescence (FL-
2 channel) were recorded and quantified by flow cytometry (BD
Biosciences).

2.15. Orthotopic xenografts and lung metastasis analysis

Animal experiments were authorized by the animal use committees
of Chongqing Medical University. MDA-MB-231 cells (1 x 10°%) mixed
with control CAFs (CAF/Ctrl) or engineered CAFs (1 x 10°) in 200 pl of
PBS:Matrigel at a 1:1 ratio were subcutaneously injected into 4-week-
old female nude mice. The two axes of tumor were assessed by caliper
measurements every three days to calculate the tumor volume ((L
x W2)/2). When the tumor was around 50 mm?>, the mice implanted
with MDA-MB-231 and CAF/sh-Ctrl were intraperitoneally adminis-
tered with 2-DG (2-Deoxy-Glucose, Sigma, 500 mg/kg, three times a
week.) or CHC (a-cyano-4-hydroxycinnamic acid, Sigma, 25 pmol in
200 pl, daily); the mice injected with MDA-MB-231 and CAF/sh-ATM
were intraperitoneally administered with lactate (Sigma, 100 umol in
200 p, daily). At the end of animal experiments, mouse lungs were se-
rially sectioned into 5 um sections and prepared for hematoxylin and
eosin (H&E) staining for subsequent blinded evaluation of metastases
in the lungs.

2.16. Ethics statement

Animal experiments were permitted by the animal use committees
of Chongging Medical University. All animal work was conducted in ac-
cordance with an approved protocol and carried out according to
the institutional animal welfare guidelines of the Chongqing Medical
University.

2.17. Statistical analysis

Statistical significance was determined using SPSS 19.0 software.
The results are shown as means 4 SD. Multiple groups were analyzed
using ANOVA followed by the Student-Newman-Keuls multiple com-
parison test, and single comparison between two groups was analyzed
using Student's t-test. A P-value <.05 was considered to be statistically
significant.

3. Results

1. There are an aberrant energy metabolism-associated gene expres-
sion profile and increased glycolytic activity in breast CAFs.

Our previous studies showed the different biological characteristics
and global gene expression profiles between breast CAFs and NFs [16].
Using bioinformatics analysis, we found a set of altered genes associated
with energy metabolism in CAFs (Fig. 1a). CAFs and their paired NFs
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Fig. 1. Higher glycolysis phenotype in CAFs compared with NFs. a. Heat-Map of the dysregulated genes involved in energy metabolism in 6 paired breast CAFs and NFs detected by Agilent
mRNA microarrays. Red or green indicates the up-regulated or down-regulated genes, respectively (Fold changes>1.8; P < .05, CAFs vs NFs). b. The protein levels of some metabolism-
related genes were detected with the indicated antibodies. 3-Actin is the loading control. c-d. The OCR from OxPhos (c) and ECAR from glycolysis (d) of NFs and CAFs were detected
(*, CAFs vs NFs, P < .05, Student's t-test). e. JC-1 staining was used to detect mitochondrial membrane potential of NFs and CAFs, the quantification was detected by flow cytometer.
Scale bar, 50 pm. f. Graphs detected by transmission electron microscope show the numbers of mitochondrial and mitochondrial crista in NFs and CAFs. Red arrows indicate the numbers
of mitochondrial (left panels, scale bar, 2 um) or mitochondrial crista (right panels, scale bar, 0.5 um).

were isolated from breast tissue. CAFs was identified with fibronectin
(FN), which is the biomarker of fibroblasts, and CAFs-selective bio-
markers including a-smooth muscle actin(o -SMA)and fibroblast acti-
vation protein(FAP)through Q-PCR (Fig. S1a). The expression changes
of these biomarkers were reproved by western blotting in 3 paired of
NFs and CAFs (Fig. S1b). FN was universally expressed in NFs and CAFs
and the expression of o -SMA was high in CAFs (Fig. S1c). These data
demonstrated that the purified CAFs were successfully acquired from
tumor tissue. Higher levels of PKM2 and LDHA were detected in CAFs

by cDNA microarray and confirmed again by western blotting in an-
other three pairs of NFs and CAFs (Fig. 1b). Some metabolism genes
such as GLUT-3, HK2 and HPI were reported abnormal expressed in
some cancer cells [27], these genes were also detected in in NFs and
CAFs. As shown in Fig. 1b, the levels of GLUT-3, HK2 were very low in
NFs and CAFs, although a litter bitter higher GLUT-3 and HK2 in CAFs
compared to NFs, indicating that GLUT3 and HK2 are not the dominate
factors in the glycolysis process of CAFs. The expression of HPI has no
significant difference between CAFs and NFs, it was not considered as
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a differential gene. To experimentally test the glycolytic activity in CAFs,
oxygen-consumption rate (OCR) from OxPhos and extracellular acidifi-
cation rate (ECAR) from glycolysis were examined using primary NFs
and CAFs. Indeed, lower levels of OxPhos OCR (Fig. 1c) and higher levels
of glycolytic ECAR (Fig. 1d) were detected in CAFs than in NFs. Further-
more, weaker mitochondrial membrane potentials were also detected
in CAFs compared with NFs (Fig. 1e). Consistently, less mitochondria
(Fig. 1f, left panel) and reduced mitochondria crista (Fig. 1f, right
panel) were observed by transmission electron microscopy (TEM) in
CAFs than in NFs. To further investigate the glycolytic activities of
CAFs, immortalized breast CAFs were cultured in different O, concentra-
tions for 3 h. A hypoxia-dependent glycolysis was corroborated by test-
ing glucose consumption and lactate generation (Fig. S2a). Similarly, a
time-dependent glycolysis induced by hypoxia was also observed in
CAFs (Fig. S2b). These data demonstrate the enhanced glycolysis is in
breast CAFs.

2. Hypoxia stimulates the activation of DSB-independent oxidized
ATM kinase to promote glycolysis in CAFs.

Our previous study showed that aberrant ATM signaling may
exist in CAFs [16]. Using primary fibroblasts isolated from breast tu-
mors, we detected higher levels of phosphorylated ATM in CAFs
(Fig. S2¢). The activation of ATM (p-ATM) could be stimulated by
hypoxia and maintained at a high level with no DNA damage at
8 h; and just a few of DNA damage appeared around 12 to 24 h in
hypoxia, which evaluated by yH2AX and CHK2 (T68) proteins, two
of known biomarkers of double-strand break (DSB) (Fig. 2a) (CAFs
were then cultured in hypoxia around 8 h in subsequent experi-
ments to avoid DSB), suggesting an DSB-independent ATM (or called
oxidized ATM) activation in CAFs. In agreement with this result, the
increased p-ATM was detected in cytoplasm rather than in nucleus
by immunofluorescence staining in CAFs under hypoxia for 8 h
(Fig. S2d). However, cisplatin (a DSB-induced chemical drug) treat-
ment resulted in an obvious DNA damage-dependent ATM activation
with enhanced yH2AX and CHK2 (T68) in CAFs (Fig. 2b). Consis-
tently, nuclear 53BP1 and YH2AX (biomarkers of DSBs) were also
observed in CAFs treated with cisplatin rather than in hypoxic CAFs
(Fig. S2e). These data demonstrated that oxidized ATM is activated
in a DSBs-independent manner in hypoxic CAFs. To explore whether
oxidized ATM acts as a redox sensor [28] for hypoxia, CAFs were cul-
tured in hypoxic conditions with or without antioxidant NAC for 8 h,
cellular ROS levels were measured by DCF fluorescence detection.
Hypoxia treatment could significantly increase ROS levels in CAFs,
which were mitigated by antioxidant NAC (Fig. S2f). Correspond-
ingly, p-ATM protein levels were enhanced in hypoxic condition
but diminished by NAC, with no influence on the total ATM protein
in CAFs (Fig. S2g), indicating that ATM protein may be oxidized
and activated by ROS under hypoxia.

Accumulating evidence suggests that ATM has been involved in en-
ergy metabolism [28]. Next, we tested whether the oxidized ATM kinase
contributes to glycolytic activity in CAFs. It was found that hypoxia-
enhanced glucose consumption and lactate products were decreased
by antioxidant NAC (Fig. S1h). To directly explore the effect of oxidized
ATM on glycolysis in breast CAFs, an ATM specific inhibitor KU60019
was used. As expected, levels of p-ATM (s1981) were pronouncedly in-
creased in hypoxic CAFs and apparently decreased in the presence of
KU60019 (Fig. 2c left panel). Glycolytic activity was also significantly
impaired by the ATM inhibitor KU60019 in hypoxic CAFs (Fig. 2c, mid-
dle and right panel). Knockdown of ATM in CAFs (Fig. 2d, left panel)
led to a notably reduced glycolysis (Fig. 2d, middle and right panel).
The enhanced glucose consumption and lactate generation were also
detected in another 5 of primary hypoxic CAFs isolated from breast
tumor tissues (Fig. 2e), and attenuated by KU60019 treatment
(Fig. 2f). These data indicate that oxidized ATM promotes glycolytic ac-
tivity in hypoxic breast CAFs.

3. GLUTT1 is a phosphorylated target of oxidized ATM kinase in CAFs.

To understand the potential mechanisms of oxidized ATM in pro-
moting glycolysis of hypoxic CAFs, quantitative phosphoproteome anal-
ysis was performed using high-resolution LC-MS/MS analysis. 1294
differential phosphosites in 615 proteins were identified in hypoxic
CAFs, among which 113 sites in 33 proteins contains SQ or TQ motif,
the potential phosphosites of oxidized ATM kinase (Supplemental
Table 2). There are seven phosphorylated proteins involved in energy
metabolism in hypoxic CAFs (Supplemental Table 3).

GLUT1, essential for glucose uptake in cells [29], is one of signifi-
cantly changed phospho-protein in the phosphoproteome of CAFs. Ser-
ine 490 in the (S/T)Q context of GLUT1 was identified as an ATM-
specific phosphorylation site by LC-MS/MS analysis (Fig. 3a), which is
a highly conserved consensus sequence across human, mouse, rat,
sheep and chickens (Fig. 3b). Using immunoprecipitation with an anti-
body specifically recognizing the ATM/ATR substrate of p(S/T-Q)
followed by western blotting with antibody against GLUT1 in the
immunoprecitated proteins, we detected a decreased signal of endoge-
nous phosphorylated GLUT1 in response to ATM inhibition and ATM
knockdown in hypoxic CAFs (Fig. 3c). A phospho-specific antibody
against GLUT1 S490 (pGLUT1 S490) was further used to detect p-
GLUT1 in CAFs. As shown in Fig. S3a, the phosphorylated GLUT1 at
S490 was significantly induced by hypoxia, then attenuated by
KU60019 treatment in CAFs. Similar results were acquired using pri-
mary CAFs at the same condition (Fig. S3b). After transfection of ectopic
wild-type (WT) or mutant GLUT1 (S490A) into the endogenous GLUT1-
silenced CAFs (CAF/Glut1 KD) (Fig. S3c), enhanced phosphorylated-
GLUT1 was detected in hypoxic CAF/ecto-Glut1 WT rather than in hyp-
oxic CAF/ecto-Glut1 S490A (Fig. S3d), indicating GLUTT1 is specifically
phosphorylated at S490 by hypoxia. To further verify the role of oxi-
dized ATM to phosphorylate GLUT1 at serine 490, in vitro ATM kinase
assay was carried out. Oxidized ATM could phosphorylate wild-type
GLUT1 but not mutant GLUT1 (S490A) under hypoxia detected by Fluo-
rimetric Kinase Assay (Fig. 3d) and immunoblotting with antibody
against phosphorylated GLUT1 (Fig. 3e). Notably, KU60019 abolished
the GLUT1 phosphorylation by oxidized ATM (Fig. 3d-3e), supporting
acritical role of oxidized ATM in directly phosphorylating GLUT1 in hyp-
oxic breast CAFs.

4. Oxidized ATM induces phosphorylated GLUT1 translocation to cellu-
lar membrane and PKM2 up-regulation in CAFs.

To understand whether phosphorylation of GLUT1 can lead to cell
membrane translocation of GLUT1, cellular membrane GLUT1 in
CAFs were evaluated. Using IF staining, we found more membrane
GLUT1 in hypoxic CAFs than in normoxic CAFs (Fig. 4a). ATM inhib-
itor KU60019 treatment blocked GLUT1 translocation to cell mem-
brane, leading to a cytoplasm accumulation of GLUT1 (Fig. 4a).
Using biotin pull-down of surface proteins for immunoblotting de-
tection, we verified that membrane GLUT1 was increased in hypoxic
CAFs and KU60019 could decrease GLUTT1 translocation to cell mem-
brane (Fig. S3e). We also found that membrane GLUT1 was increased
in primary CAFs under hypoxia by using biotin pull-down of surface
proteins for immunoblotting detection and the translocation to
membrane were blocked with the KU60019 treatment as shown in
Fig. S3f. To further confirm whether the phosphorylation of ATM
specific (S/T-Q) site in GLUT1 (S490) mediated the cell membrane
translocation of GLUT1, engineered CAFs with ectopic wild type
(CAF/ecto-WT) and mutant GLUT1 S490A (CAF/ecto-S490A) were
established and used in experiments. Hypoxia could stimulate en-
dogenous GLUT1 (Fig. 4a) and ectopic wild-type GLUT1 (Fig. 4b,
middle left panel; and Fig. S3g), no mutant GLUT1 S490A (Fig. 4B,
middle right panel; Fig. S3g) translocated to cell membrane.
KUG60019 treatment abolished GLUT1 translocation to cell mem-
brane (Fig. 4b, down panel), suggesting phosphorylation of serine
490 is essential for GLUT1 membrane translocation. Accordingly,
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Fig. 2. Hypoxia enhances glycolysis and hypoxia-induced activation of oxidized ATM in CAFs. a. CAFs were cultured in 1% O, condition for designed time, western blots showing p-ATM
(51981), ATM, y-H2AX and CHK2 (T68) levels. 3-Actin is the loading control. b. Western blots of p-ATM (S1981), ATM, y-H2AX and CHK2 (T68) levels in CAFs with different treatment (1%
0, for 0 h, 1% O, for 8 h, 10 uM of cisplatin for 4 h). 3-Actin is the loading control. c. CAFs were cultured under 21% O, or 1% O, for 8 h with or without KU60019 treatment (5 uM). Western
blots show levels of p-ATM (S1981), ATM, and (3-Actin in CAFs. Glucose consumption and lactate production were detected in same time (%, p < .05, normoxic CAF under KU60019 vs
control CAF p <.01; ®, p < .01, hypoxic CAFs vs normoxic CAFs; **#, p < .01, hypoxic CAFs under KU60019 vs hypoxic control CAFs. ANOVA). d. Western blots showing p-ATM (S1981)
and ATM proteins in CAFs with three different ShRNAs against ATM. Cellular glucose consumption and lactate production were determined in hypoxic CAFs with under depletion of
ATM by specific sShRNAs against ATM (**, P < .01, CAF/shATM vs CAF/shCtrl, Student's t-test). e. Five groups of primary CAFs were cultured in normoxia (21% O,) or hypoxia (1% O,) for

8 h, the glucose consumption and lactate generation were detected (*, p <.05, hypoxi

¢ CAFs vs normoxic CAFs, Student's t-test). f. Primary CAFs were cultured with or without

KU60019 (5 pM) under hypoxia (1% O,) for 8 h, the glucose consumption and lactate generation were determined (*, p <.01, hypoxic CAFs with KU60019 vs hypoxic CAFs with

DMSO, Student's t-test).

membrane translocation of wild type GLUT1, rather than mutant
GLUT1 S490A, caused higher glucose consumption and lactate gen-
eration in CAFs, which could be reduced by KU60019 (Fig. 4c). In ad-
dition, mutant GLUT1 S490A did not translocate to cell membrane in

CAFs under normoxic and hypoxic conditions, and had no effects on
glycolytic alteration in CAFs (Fig. 4c). These data indicate that oxi-
dized ATM induces phosphorylation and translocation of GLUT1 in
CAFs, thereby increased glycolytic activity of CAFs.
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Fig. 3. GLUT1 is a phosphorylated target of oxidized ATM kinase. a. The phosphorylated serine 490 residue in GLUT1 was identified by LC-MS/MS. b. The conserved consensus of ATM
phosphorylation site in GLUT1 (Serine 490) of human and other species. c. Cell lysate from CAFs treated with or without KU60019 (labeled with KU) and ATM knocked down-CAFs
were immunoprecipitated, the phosphorylated GLUT1 was detected. Protein levels of p-ATM and ATM in cell extracts were detected by western blotting. d. HEK293T cells were
transfected with pcDNA3-Flag-ATM or pcDNA3-Flag-GLUT1 WT or mutant (S490A) construct, respectively. Cells with pcDNA3-Flag-ATM were cultured under hypoxia with or without
KU60019 (5 uM). In vitro kinase assay was performed using purified ATM kinase mixed with substrates of purified GLUT1. The ADP products (d) and the phosphorylated GLUT1

(e) are shown.

PKM2 plays a pivotal role in cellular glycolysis [30]. As aforemen-
tioned, enhanced PKM2 existed in CAFs compared with NFs (see
Fig. 1a). To understand whether oxidized ATM could also up-regulate
PKM2 expression, we detected PKM2 protein levels in immortalized
CAFs and primary CAFs by western blotting. As expected, high levels
of PKM2 proteins were detected in hypoxic CAFs than in normoxic
CAFs, which was associated with activated AKT (Fig. 4d, and Fig. S3h).
Blockage of oxidized ATM activation using KU60019 resulted in de-
crease of phosphorylated AKT and PKM2 protein levels (Fig. 4d, and
Fig. S3h). PKM2 and p-AKT proteins were also reduced by ATM knock-
down in hypoxic CAFs (Fig. 4e and f), suggesting that oxidized ATM
and its downstream PI3K-AKT signaling regulate PKM2 expression.
These date demonstrate that oxidized ATM-mediated cell membrane
translocation of phosphorylated GLUT1 and high level of PKM2 in
CAFs are critical for glycolysis change in response to hypoxia.

5. Increased glycolytic activity in CAFs fuels breast cancer cell invasion
through lactate.

The previous studies unraveled that CAFs can promote cancer
cell migration and invasion through secreting proteins and extrace-
llular matrix remodeling [25,31]. We asked whether oxidized ATM-
induced glycolysis enhancement in CAFs has an effect on breast tumor
cell invasion. Interestingly, breast cancer cells, MDA-MB-231 and BT-
549, co-cultured with CM from ATM-knocked down CAFs (CAF/sh-
ATM) had a reduced migration (Fig. 5a) or invasion (Fig. 5b) ability in
comparison with breast cancer cells co-cultured with CM from cont-
rol CAFs (CAF/sh-Ctrl). Exogenous lactate added into the supern-
atant from ATM-silenced CAFs (CAF/sh-ATM) effectively rescued
the invasion abilities of breast cancer cells (Fig. 5¢). Subsequently,
we wondered whether membrane translocation of phosphorylated
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GLUT1 or PKM2 upregulation-mediated lactate generation in hyp-
oxic CAFs directly contribute to breast tumor cell invasion. Indeed, CM
from hypoxic CAF/ecto-S490A hampered the invasive abilities of
MDA-MB-231 and BT-549 cells in contrast to CM from hypoxic CAF/
ecto-WT (Fig. S4a). Similar data were acquired from PKM2 wild-
type and PKM2-knocked down CAFs, in which loss of PKM2 led to
lactate decrease(Fig. S4b) and reduced breast tumor cell invasion
(Fig. S4c).

To further confirm these findings, MCT4 (the main exporter of lac-
tate in stromal fibroblasts) or MCT1 (the key monocarboxylate trans-
porter for uptake of lactate into tumor cells) [4] was knocked down by
shRNA in CAFs or in tumor cells, respectively. As expected, knock-
down of MCT4 in hypoxic CAFs led to reduced lactate in supernatant
(Fig. S4d), thus decreased tumor cell invasion in the co-culture system
(Fig. 5d); Loss of MCT1 in MDA-MB-231 and BT-549 cells decreased
lactate uptake from CM of hypoxic CAFs (Fig. S4e) and yielded an
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attenuated tumor cell invasion (Fig. 5e). Taken together, these data sug-
gest that oxidized ATM-mediated glycolysis enhancement in CAFs facil-
itates tumor cell invasion through lactate from fibroblasts.

6. Lactate derived from hypoxic CAFs promotes cancer cell invasion by
triggering TGF31/p38 MAPK/MMP2/9 signaling and increasing mi-
tochondrial activity.

It has been reported that lactate can activate signaling cascades, such
as TGFP2 signaling in glioma [32], indicating lactate works as an energy
metabolic coupling between CAFs and tumor cells to trigger down-
stream pathways in fueling tumor cell invasion. Of note, high levels of
TGFP1, phosphorylated P38 (p-P38), MMP2, and MMP9 were detected
in MDA-MB-231 and BT-549 cells co-cultured with CM from hypoxic
CAFs, and knockdown of ATM by specific sShRNA decreased these pro-
tein levels (Fig. 6a), indicating CM from hypoxic CAFs could stimulate
TGFR1/p38 MAPK/MMP2/9 signaling in MDA-MB-231 and BT549
breast cancer cells. Addition of lactate to MDA-MB-231 and BT-549
cells increased the activation of TGF31/p38 MAPK/MMP2/9 signaling
(Fig. 6b). Co-culture of tumor cells in CM from CAFs/ecto-S490A
resulted in reduced TGF31, p-P38, MMP2 and MMP9 proteins in
tumor cells (Fig. 6¢). In line with these findings, the protein levels in
tumor cells were decreased by the CM from CAFs/sh-PKM2 (Fig. 6d).
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Furthermore, silencing MCT4 in hypoxic CAFs (Fig. 6e) or knockdown
of MCT1 in tumor cells (Fig. 6f), which blocks lactate transport into
tumor cells, led to attenuated activation of this signaling cascade.
These data reveal a lactate-dependent TGF31/p38 MAPK/MMP2/9 sig-
naling axis involved in breast tumor cell invasion.

On the other hand, lactate can serve as an energy supply to fuel
mitochondria metabolism [33]. Indeed, co-culture of breast tumor
cells MDA-MB-231 and BT-549 with CM from ATM-knocked down
CAFs (CAF/sh-ATM), the OxPhos OCR in tumor cells were reduced
(Fig. S5a). Supplementation of exogenous lactate (20 mM) in the
CM from CAF/sh-ATM could rescue mitochondrial activities of
tumor cells (Fig. S5b), indicating that hypoxic CAFs-derived lactate
activates mitochondrial activity in tumor cells. To confirm whether
the enhanced mitochondrial activity stimulated by hypoxic CAFs-
derived lactate was associated with cancer cell invasion, oligomycin,
an anti-mitochondrial drug reported in previous study [34] was used
in our experiments. After the treatment of oligomycin, the reduced
mitochondrial activity in MDA-MB-231 and BT-549 cells were
reflected by declined OxPhos OCR (Fig. S5c, Fig. S5e), and the inva-
sion ability of cancer cells was decreased correspondingly (Fig. S5d,
Fig. S5f). In summary, theses data show that hypoxic CAFs-derived
lactate may also accelerate cancer cell invasion through fueling mi-
tochondrial activity of tumor cells.
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Fig. 5. CAFs enhance migration and invasion of breast cancer cells through glycolysis. a. Breast cancer cells BT549 and MDA-MB-231 (or labeled as MB-231) were cocultured with CM from
control CAFs (CAFs/sh-Ctrl) or ATM-silenced CAFs (CAFs/sh-ATM). Cellular migration ability was detected by Transwell assay (without ECM coated). The average migrated cells were
showed by histograms (*, P <.01, Student's t-test). b-e. Breast cancer cells of BT549 and MDA-MB-231 (or labeled as MB-231) were seeded into the Boyden chambers (coated with
ECM) and co-cultured with CM from different hypoxic CAFs, cell invasion abilities were measured. b. Breast cancer cells were mixed with CM from ATM-knocked down or control
CAFs. c. Breast cancer cells were co-cultured with CM from hypoxic CAF/sh-ATM added with or without exogenous lactate (20 mM). d. Breast cancer cells were mixed with CM from
the hypoxic CAFs transfected with specific ShRNA against MCT4 or control shRNA. e. Breast cancer cells transfected with specific ShRNA against MCT1 or control ShRNA were cultured
in the CM from hypoxic CAFs. The histograms show the average invaded cells each view (* P < .01, Student's t-test). Scale bar, 100 pm.
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7. Oxidized ATM-mediated lactate accumulation through glycolysis in
CAFs promotes breast tumor metastasis in vivo.

To confirm hypoxic CAFs-derived lactate induced by oxidized
ATM-mediated glycolytic enhancement to fuel tumor metastasis,
MDA-MB-231 cells mixed with the CAFs, or engineered CAFs (CAF/
sh-ATM, CAF/sh-MCT4) were subcutaneously transplanted into nude
mice. Compared with the tumor burden mice injected with mixture
of MDA-MB-231 and control CAFs, the tumor burden mice which
injected with MDA-MB-231 and engineered CAFs (CAF/sh-ATM, CAF/

CM from CAF

CM from CAF/shATM c
+ Exogenous lactate

sh-MCT4) had a significant small tumor (Fig. 7a; Fig. S6a-S6b) and
fewer lung metastases (Fig. 7b, and Fig. S6¢-S6d); application of 2-
deoxyglucose (2-DG, a non-metabolized glucose analogue) or CHC
(CAF/sh-Ctrl/CHC) to the tumor burden mice, injected with MDA-
MB-231 and control CAFs, also decreased tumor growth (Fig. 7a;
Fig. S6a-S6b) and correspondingly reduced metastases in mice lung
tissues (Fig. 7b; Fig. S6¢-S6d). In contrast, supplementation of exoge-
nous lactate to the mice injected with MDA-MB-231 and ATM-
knocked down CAFs (CAF/sh-ATM) could partially rescue tumor
growth or metastasis (Fig. 7a-7b, and Fig. S6¢-S6d). Blockage of
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Fig. 6. Lactate derived from CAFs activates TGF31/p38 MAPK/MMP2/9 signaling in breast cancer cells. a. The indicated breast cancer cells co-cultured with supernatant derived from control
CAFs (CAFs/sh-Ctrl) or ATM-silenced CAFs (CAFs/sh-ATM), protein levels of TGF-B31, total P38, p-P38, MMP2, and MMP9 in MDA-MB-231 and BT-549 cells were determined by Western
blotting. b. CM from ATM-silenced CAFs (CAF/sh-ATM) with or without exogenous lactate (20 mM) was used to culture with breast cancer cells, the expressions of TGF31, P38, p-P38,
MMP2, and MMP9 in MDA-MB-231 and BT-549 cells were detected by Western blotting. c-d. Expressions of TGF31, P38, p-P38, MMP2 and MMP9 in MDA-MB-231 and BT-549 cells
were determined by Western blotting under co-culture with CM from the endogenous GLUT1 silenced CAFs re-transfected with WT (CAF/WT), or mutant GLUT1 S490A (CAF/S490A)
(c); CAFs transfected with control shRNA (CAF/sh-Ctrl) or sh-PKM2 (CAF/sh-PKM2) (d).e. MDA-MB-231 and BT-549 were co-cultured with supernatant from CAFs transfected with
control shRNA or specific ShRNA against MCT4. The expressions of TGF31, P38, p-P38, MMP2, and MMP9 were determined using Western blotting. f. MDA-MB-231 and BT-549 cells
transfected with control shRNA or specific ShRNA against MCT1 were co-cultured with supernatant from CAF. Western blotting was done to detect the expressions of TGF31, P38,
p-P38, MMP2, and MMP9 in MDA-MB-231 and BT-549. 3-Actin was used as a loading control for Western blotting assay. The histograms of densitometric analysis were shown

accompanied with western blots respectively (*, P < .05, Student's t-test).
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glycolysis or inhibition of the lactate coupling between CAFs and
tumor cells led to reduction of TGF31/p38 MAPK signaling (Fig. 7c),
thus decreased MMP2, MMP9 and TGF31 expressions (Fig. 7c-7d
and Fig. S6e). Administrating the mice injected with MDA-MB-231
and ATM-knocked down CAFs using exogenous lactate could partially
rescue the TGF31/p38 MAPK signaling, and increased MMP2, MMP9
and TGFP1 levels in tumor tissues (Fig. 7c-7d, and Fig. S6e). These
data support that oxidized ATM-mediated glycolysis in CAFs can pro-
mote breast cancer cell invasion and metastasis through lactate trans-
fer between CAFs and cancer cells.
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CAF/sh-MCT4/PBS
CAF/sh-Ctrl/CHC
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/PBS.

CAF/sh-Ctrl/CHC

4. Discussion

Oxidative phosphorylation (OxPhos) is the predominant ATP sup-
plier and supports tumor growth in several cancer cell types [34,35].
However, hypoxia is one of typical features in tumor tissues because
of accelerated proliferation and poorly angiogenesis [36,37]. Hypoxia
exerts a profound influence on tumor biology and regulates the hall-
marks of cancer cells (such as stemness, metabolic reprogramming, re-
sistance to anticancer therapies). Besides, hypoxia is highly related with
tumor aggressiveness and poor prognosis [38]. In our previous study,

CAF/sh-Ctrl/2-DG

Lo Co—C -

Fig. 7. ATM-induced glycolysis is required for CAF-facilitated mammary tumor metastasis in mice. Breast cancer cell MDA-MB-231 mixed with the CAFs or engineered CAFs (CAF/sh-ATM,
CAF/sh-MCT4) were subcutaneously transplanted into nude mice. The mice were treated with 2-DG, CHC or lactate as described in materials. a. The tumor size in mice. b. The
representative images of pulmonary metastases checked by H&E-staining; the red arrows showing the metastases; Scale bar, 40 um. c. Protein levels of TGF-p1, total and
phosphorylated P38, MMP2 and MMP9 in tumor tissues were detected by Western blotting. d. Representative images of MMP2 and MMP9 examined by IHC staining are shown; Scale

bar, 40 pm.
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we found hypoxia can enhance the proliferation of breast CAFs. To sur-
vive in hypoxic condition, the cells in tumor tissues tend to glycolysis
more than pyruvate metabolism and oxidative phosphorylation [39].
In this study, we reveal a crucial mechanism underlying the oxidized
ATM-induced glycolysis alterations in stromal CAFs. Compared with
NFs, the oxidized ATM protein is enhanced in breast CAFs, companied
with lower OCR and higher ECAR. In addition, weaker mitochondrial
membrane potential and less mitochondrial were detected in CAFs.
Hypoxia-stimulated oxidized ATM promotes the glycolysis phenotype
in a DSB-independent manner in CAFs. Metabolites lactate derived
from CAFs act as a metabolic coupling link between CAFs and breast
tumor cells to trigger the downstream TGF31/p38 MAPK/MMP2/9 sig-
naling and increase mitochondrial activity in tumor cells, thus fueling
tumor cell invasion. Our works demonstrate that the oxidized ATM
plays a key role in glycolysis process in breast CAFs and promotes
tumor invasion through lactate-mediated metabolic coupling.

Oxidized ATM exists in breast CAFs compared to NFs. Traditionally,
ATM has been activated via DSBs and performs the DSB repair response
through phosphorylating downstream substrates such as YH2AX, a bio-
marker of the DSB-dependent ATM activation [40]. Recently, some of
evidence suggests that ATM protein kinase can be enabled directly by
oxidative stress in cytoplasm, which is independence of the canonical
DSB-induced ATM activation mechanism [13]. Generally, the cellular
ROS levels, which are closely associated with hypoxia, are important
to maintain cellular redox homeostasis [41]. The high levels of cellular
ROS can stimulate auto-phosphorylation of ATM at Ser1981, a hallmark
of the activation of the oxidized ATM kinase [42]. Application of NAC
(antioxidant) to CAFs specifically decrease the ROS amount and reduce
the p-ATM (s1981) protein levels in CAFs, indicating that the oxidized
ATM kinase may be activated by ROS in hypoxic breast CAFs.

Oxidized ATM can promote glycolysis in breast CAFs. A growing
number of studies have provided converging evidence for oxidized
ATM in the absence of DSBs participating in other cell biological process.
For example, oxidized ATM phosphorylates distinct substrates such as
HIF1a at Ser696, leading to the specific activation of HIF1« signaling
[43]. The oxidized ATM plays a critical role in breast CAF cell prolifera-
tion by activating the PI3K-AKT, MEK-ERK, and Wnt/B-catenin signaling
pathways [11]. In addition, oxidized ATM promotes cell glucose absorp-
tion in muscle cells, indicating that oxidized ATM is a regulator of cellu-
lar energy metabolism [14]. GLUT1 has been found to take charge in the
Warburg effect in some human tumor cells [44]. Especially, the carboxy
terminal of GLUT1 plays key roles in the biological function of GLUT1
[45]. We showed that hypoxia-induced oxidized ATM plays a positive
role in the glycolysis enhancement of breast CAFs by directly phosphor-
ylating GLUT1 at Ser490, the specific ATM-phosphorylated (S/T)Q motif
which locates at the C-terminal of GLUT1 [46], and up-regulating PKM2
expression through PI3K/AKT signaling. Here, phosphorylation of
GLUTT1 at Ser490 by the oxidized ATM results in the translocation of
GLUT1 to the plasma membrane and is responsible for the increased
glucose uptake in CAFs. Our data demonstrate that hypoxia-induced
ATM protein kinase plays a direct role in GLUT1 phosphorylation and
plasma membrane translocation, thus promoting the glycolysis en-
hancement in CAFs. In addition, oxidized ATM also up-regulating
PKM2 expression through PI3K/AKT signaling. PKM2 promotes pyru-
vate production and ATP generation in the glycolytic pathway. For ex-
ample, PKM2 expression contributes to aerobic glycolysis of cancer
cells for tumor growth [47]. In vitro, overexpression of Twist in breast
cancer cells results in Warburg effect through elevation of PKM2 via ac-
tivating integrin 31-FAK-PI3K-AKT-mTOR axis [48]. Here, we show that
the expression of PKM2 is enhanced by oxidized ATM via PI3K/AKT sig-
naling and contributes to glycolysis of breast CAFs under hypoxia. Thus,
our works demonstrate that oxidized ATM in hypoxic CAFs can induce
the robust glycolytic activity through phosphorylating GLUT1 and
PI3K/AKT-dependent PKM2 up-regulation.

Furthermore, we unravel that metabolites lactate from CAFs acts as
metabolic coupling between CAFs and tumor cells to stimulate up-

regulation of MMP2 and MMP9 and motivate the mitochondrial activity
to fuel tumor cell invasion. Recently, it has been reported that tumor
cells in microenvironment function as metabolic parasites to take up en-
ergy (such as L-lactate, ketones, and glutamine, free fatty acids) from
surrounding host cells (e.g. fibroblasts and adipocytes) to increase
their ability for oxidative phosphorylation (OXPHOS), thus driving
tumor cell proliferation, apoptotic resistance [22,49] and drug resistance
[26]. We found that the metabolism coupling boosts tumor invasion via
lactate shuttle from CAFs, and the lactate from CAFs can be used for the
enhanced mitochondrial activity in breast cancer cells. It has been
shown that lactate, the product of glycolysis, has significant effects on
tumor angiogenesis, tumorigenesis, tumor immune escape and self-
sufficient metabolism [50,51]. However, only a few of studies have iden-
tified the key elements or specific signaling of lactate-induced tumor
cell biological behavior alteration. For instance, the metabolic interme-
diate lactate could act as a signaling molecule activator to the autocrine
NF-kB/IL-8 pathway to promote angiogenesis in tumors [52]. Angiogen-
esis can also be promoted directly by lactate engaging three RTKs signal-
ing in cancer [53]. Our data demonstrate that the CAF-derived lactate
stimulates TGF31/p38 MAPK-dependent up-regulation of MMP2 and
MMP9, thus contributing to tumor cell invasion.

In conclusion, oxidized ATM-mediated enhanced glycolysis in breast
CAFs. The oxidization and activation of ATM in hypoxia can promote
both GLUT1-phosphorylation and PKM2 up-regulation to facilitate lac-
tate production. Lactate, as a metabolic coupling mediator between
CAFs (released by MCT4) and tumor cells (absorbed via MCT1), pro-
motes tumor cell invasion through activation of TGF31/p38 MAPK/
MMP2/9 signaling and fueling the mitochondrial activity in tumor
cells. Thus, our work highlights a novel mechanism by which stromal fi-
broblasts fuel tumor invasion and may implicate a new strategy for
breast cancer therapy.
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