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Axl and its ligand Pros1 as highly induced genes driving cancer stem cell (CSC) properties
upon chemotherapy in vivo and in vitro. Furthermore, from our analysis of BLBC patient
datasets, we found that AXL expression is also strongly correlated with CSC-gene signa-
tures, a poor response to conventional therapies and worse survival outcomes in those
patients. Finally, we demonstrate that AXL inhibition sensitized BLBC-cells to cytotoxic
treatment in vitro. Together, our data support AXL as a promising therapeutic target to
optimize the efficiency of conventional cytotoxic therapies in BLBC.

KEYWORDS
AXL, basal-like breast cancer, breast cancer stem cell, chemoresistance, syngeneic mouse model

What's new?

Basal-like breast cancer (BLBC) is the most aggressive breast cancer subtype, and it often
develops resistance to chemotherapy. Here, the authors used high-throughput mRNA sequenc-
ing to identify transcriptional changes that allowed the tumor cells to withstand chemotherapy.
After only one round of combination chemotherapy (Cyclophosphamide, Adriamycin and
5-Fluorouracil) the tumor cells had begun a massive gene expression reprogramming, becoming
more like cancer stem cells by activating Ax| and its ligand Pros1. They also showed that inhibi-

tion of AXL made the cells susceptible to cytotoxic treatment in vitro, suggesting AXL may be a

1 | INTRODUCTION

Breast cancer (BC) is the most common malignancy with the second
highest mortality rate in women worldwide.! Due to its heteroge-
neous nature, BC has been classified into different subtypes based on
the expression of estrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor 2 (HER2) receptor evaluated
by immunohistochemistry (IHC). Therapies specifically targeting the
activity of these receptors have considerably improved the survival
outcomes of luminal A (ER"/PR", HER2™), luminal B (ER"/PR™,
HER2"/7) and HER2" (ER"/PR~, HER2") BC patients.® In stark con-
trast, 10% to 15% of all BC lesions do not express any of these recep-
tors and are, therefore, classified as triple-negative BC (TNBC). This
subtype largely overlaps with the basal-like breast cancer (BLBC)
molecular subtype and unfortunately does not profit from therapies
targeting the hormone- and HER2 receptors.

TNBC lesions are generally treated with a neoadjuvant combination
of taxane- and anthracycline-based combination chemotherapies, while
platinum-based chemotherapy has shown promising results, among
others in metastatic disease treatments.? Despite good early response
to such therapies, 40% of the treated patients develop recurrence aris-
ing close to the primary tumor site or as metastasis in distant parts of
the body, including the lung and bone marrow.>* Therefore, in most
cases, conventional therapies (chemotherapy, radiotherapy) remain next
to surgical resection as the only therapeutic approach and novel thera-
peutic targets are urgently needed.”

Previous studies demonstrated that chemotherapy can induce
tumor cell reprogramming, conferring proliferation advantages, and pro-
moting a switch from a transient drug-tolerant state to an irreversible

drug-resistant state leading to tumor recurrence.®® Chemotherapy-

potential therapeutic target.

resistant breast cancer lesions often enrich for cells with high CD44
(cluster of differentiation 44) expression, low levels of CD24 (cluster of
differentiation 24) and/or high aldehyde dehydrogenase activity
(ALDH"&") the so-called breast cancer stem cells (BCSC).”:1011
Interestingly, these particular tumor cells were associated with
enhanced self-renewal and prosurvival properties, but also showed
improved drug resistance and chemotherapeutic agents efflux.
Therefore, BCSCs are thought to be largely involved in premature
tumor relapse development.*2"4

To date, the precise kinetic underlying the development of resis-
tant phenotype during cyclic chemotherapy treatment regimen is
insufficiently understood. A better knowledge of the sequential cellu-
lar events responsible for the acquisition of chemoresistance is of
utmost importance to predict the gradual loss of therapy efficiency
and identify adequate time points for therapeutic refinement. In the
present study, we investigated the transcriptional changes following
one single combination chemotherapy (Cyclophosphamide, Adriamy-
cin, 5-Fluorouracil [CAF]) administration on tumor cells in vivo. We
leveraged the WAP-T mouse model as a useful surrogate of human
BLBC.2>¥” Upon orthotopic transplantation in syngeneic animals,
WAP-T tumor cell lines generate poorly differentiated basal-like
breast tumors harboring a high degree of epithelial-mesenchymal plas-
ticity.*>181? This model was successfully utilized in the past to study
polycomb repressive complex 2 (PRC2) and histone deacetylase
8 (HDACS8) mediated epigenetic mechanisms during the acquisition of
resistance to various cytotoxic drugs.2>2! Chemotherapy treatment of
WAP-T tumors only transiently reduces the volume of the lesions and
tumors regrow after a few days.?? In the present study, we demon-
strate that WAP-T tumor cells experiencing one CAF treatment cycle

in vivo had already gained therapy resistance in retransplantation
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experiments. We analyzed the transcriptional changes occurring in
chemotherapy-surviving tumor cells in vivo, applying an advanced com-
bination of magnetic cell sorting-based tumor cell enrichment and high
throughput mRNA-sequencing (mRNA-seq). We discovered that the
acquisition of stem cell properties is an early event in response to che-
motherapies promoting tumor evolution to resistant phenotypes. Our
investigations identified Axl, a member of the TYRO3, AXL, MERTK
(TAM) tyrosine kinase receptor family, as one of the most prominently
induced genes upon chemotherapy and established its crucial implica-

tion in the acquisition of CSC-mediated drug-resistance properties.

2 | MATERIALS AND METHODS

21 | Celllines and animal model

H8N8>23 and its derivatives T1 (untreated), T2 (CAF-survived) and
T3 (CAF-regrowth) were maintained in high Glucose (4.5 g/L p-Glu-
cose) Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher
Scientific Corp., Waltham, MA) containing 10% fetal calf serum (FCS,
Thermo Fisher Scientific Corp., Waltham, MA) at 37°C in a humidified
atmosphere with 5% CO,. All experiments were performed with
mycoplasma-free cells. WAP-T animals were kept and treated accord-
ing to German regulations for animal experiments. See Data S1 for in
vivo experiments and for Table S1.

2.2 | Chemotherapy treatment in BLBC models

221 | Invivo

CAF chemotherapy was performed using 100 mg/kg body weight
(BW) cyclophosphamide (Endoxan, Baxter, Deerfield, IL), 5 mg/kg BW
doxorubicin (Cell Pharm, Hannover, Germany) and 100 mg/kg BW
5-fluorouracil (5-FU) (Medac, Wedel, Germany)?? (See Data S1 for in
vivo experiments and for Table Sé).

222 | Invitro

A detailed table with CAF composition at different dilutions is given in
Table S6. The different chemotherapies were applied to the cells for
1 cycle/48 hours in synergy assays and for 2 cycles/24 hours, one before

and one after silencing of Axl and Mertk in dose-response assays, respectively.

2.3 | Histology

Tissue specimens for histology were fixed in formalin, embedded in par-
affin, cut into sections of 5 um and deparaffinized. A Masson trichrome
kit (MTS, Merck, Darmstadt, Germany) was used to stain collagen. His-
tological H&E, as well as immunostaining of CD44 and AXL were per-
formed as previously published.?* Primary and secondary antibody
dilutions, as well as individual conjugations, are listed in Table S2.

2.4 | Dissociation of tumor tissue, flow cytometry
and tumor cell isolation

Fresh mouse tumor tissue was dissociated and analyzed by flow cytome-
try. Untreated and CAF-treated H8N8 tumor cells were extracted and
isolated from the growing tumors and depletion of nontumor cells was
performed by magnetic-activated cell sorting (MACS) using CD45 (TIL),
MicroBeads and the mouse Tumor Cell Isolation Kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according to the manufacturer's instructions.
For flow cytometric analysis, single-cell suspensions were stained with
the indicated antibodies (Table S3) and analyzed using the MACSQuant
Analyzer 10 (all Miltenyi Biotec, Bergisch Gladbach, Germany). The purity
analysis procedure of isolated tumor cells is provided in the Data S1.

2.5 | siRNA transfection

Cells were reverse transfected with siRNA using Lipofectamine RNAi-
MAX; according to the manufacturer's instructions. SiGENOME siRNAs
(Dharmacon) were acquired at Horizon Discovery Ltd and utilized as
smart pools of four different siRNAs equimolarly mixed (each 5 uM).
siRNAs: Non-targeting control #5 (NT5) [D-001210-05-05], murine Axl
[MQ-040941-01-0002], murine Mertk [M-040357-00-0005].

2.6 | Inhibitor and recombinant protein treatment

For RTK inhibition/stimulation in H8N8 cells, 2 cycles of 48 hours of
treatment with R428 (AXL inhibitor, AdooQ, cat. No. A13741),
UNC2250 (MERTK inhibitor, MedChemExpress, cat. HY-15797),
rPROS1 (R&D systems, cat. 9740-PS-050) or rGAS6 (SinoBiological,
cat. 58026-MO08H) were performed. Chemotherapy treatment was
performed together with the first cycle of inhibition/stimulation,

24 hours after cell seeding.

2.7 | Proliferation assay

271 | 96-well format

2000 to 3000 cells per well were seeded. For inhibitor/stimulation
experiments, the treatment scheme is provided in the previous sec-
tion. For knockdown experiments, 24 hours after seeding, cells
were treated for 24 hours with the first cycle of CAF, followed by
siRNA transfection. Twenty-four hours later, the second cycle of
CAF was performed for a duration of 24 hours. The confluence was
measured using an Incucyte Live-Cell Analysis System (Sartorius,
Germany).

272 | 24-well format

10 000 cells per well were seeded. On the last day of the experiment,
cells were fixed with 100% methanol for 10 minutes and stained using
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crystal violet for 20 minutes. The cell layer confluence was estimated
with ImageJ (version 1.53f51).

Synergy analyses were performed using SynergyFinder (https://
synergyfinder.fimm.fi/synergy/20220802115600588518/).

2.8 | Colony and tumorsphere formation assays

2.8.1 | Colony formation assay

1000 cells per well were seeded in a 6-well plate. On the last day
of the experiment, cells were fixed with 100% methanol for
10 minutes and stained using crystal violet for 20 minutes. The
median colony size of H8N8 cells was estimated with Imagel
(version 1.53f51).

2.8.2 | Tumorsphere formation assay

1000 cells per well were seeded in a low-adherent 96-well plate. Cells
were treated with AXL inhibitor (R428) and with chemotherapy for
48 hours before seeding in a low-adherent 96-well plate. Spheres
were imaged using a Celigo Cell Cytometer device (Nexcelom Biosci-
ence, UK). The number of spheres was estimated with ImageJ (version
1.53f51).

2.9 | Immunofluorescence staining and imaging
Immunofluorescence staining was performed as previously pub-
lished.2> For detailed protocol, refer to Data S1.

2.10 | Tumor cell RNA isolation, mRNA library
preparation and sequencing

2.10.1 | mRNA extraction

mRNAs were isolated using QIAzole (Qiagen AG, Hilden, Germany)
from cell pellets with 1 x 10° cells each. The quality of the mRNAs
was examined with an Agilent 2100 Bioanalyzer (Agilent Technolo-

gies, Santa Clara, CA) using the Agilent RNA 6000 Nano Kit (Agilent
Technologies, Santa Clara, CA).

2.10.2 | Library generation and sequencing

mRNA sequencing libraries were generated using the NEXTflex Rapid
Directional RNA-Seq Library Prep Kit (Bioo Scientific, Austin, TX) and
sequenced in a HiSeq 4000 sequencer (lllumina, San Diego, CA) at the
NIG (NGS Integrative Genomics Core Unit, University Medical Center
Gottingen).

2.10.3 | Gene set enrichment analysis

Gene Set Enrichment Analyses (GSEA, v.4.1.0) were performed using
the following settings: Number of permutations = 1000; Collapse to
gene symbols = No_Collapse; Permutation type = gene_set, metric
for ranking genes = Signal2Noise; Max size = 5000; Min size = 15.
Gene set database used in our study: Hallmarks (v. 7.4) and C2

Curated gene sets (v. 7.4, chemical and genetic perturbations).

2.104 | Differential expression analyses
The DESeq2 tool (v. 2.11.40.6 + galaxy1) was utilized in the Galaxy
environment provided by the Gesellschaft flir wissenschaftliche
Datenverarbeitung mbH Gottingen (GWDG) to calculate changes of
gene expression in the different mMRNA-seq datasets.
Radar-plot in Figure 3D was designed using Origin 2022 (v. 9.9.0.220).
Detailed tumor cell RNA isolation, library preparation, sequencing
extraction procedure and mRNA-seq data analysis workflow are provided
in the Data S1. Also, sequencing coverage and quality statistics of the

RNA sequencing generated in our study are summarized in Table S7.

211 | Publically available data
2111 | Homemade gene set
“AXL_DN_GENES_DN”

mRNA-seq data of MDA-MB-231 were retrieved from Gene Expres-
sion Omnibus (GEO) under the accession number GSE120268. The
homemade gene set “AXL_DN_GENES_DN” was generated using the
following cut-offs from the respective DESeq2 file: basemean 215,
log2FC <—0.7, P-val <.05.

2.11.2 | Patient survival analyses

Patient survival data were retrieved from The Cancer Genome Atlas
(TCGA, xenabrowser.net) platform to examine the association of AXL
(OS: cut-off = 10.54) average expression with patient survival in BLBC
patients. The AXL expression cut-off was selected using the CutoffFin-
der (v1, https://molpathoheidelberg.shinyapps.io/CutoffFinder_v1/).
Receiver operating characteristic (ROC) analysis of TNBC patients
based on AXL expression (id: 202685_s_at) was performed using a ROC
plotter (http://www.rocplot.org/site/treatment).

212 | cDNA synthesis
The reverse transcription of mRNAs-samples was performed using
the First Strand cDNA Synthesis Kit (M-MLuV, NEB, UK) according to

the manufacturer's instructions. Briefly, 1 ug of RNA was diluted to a
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total volume of 10 uL with RNase-free water and mixed with 2 pL of
random 9mer primers (60 uM) and 1 pL of dNTPs (10 mM). The mix-
ture was incubated for 5 minutes at 65°C and thereafter immediately
transferred on ice. Next, 2 uL of x10 M-MuLV buffer, 0.2 uL RNase
inhibitor (40 U/uL), 1 uL M-MuLV reverse transcriptase (200 U/uL)
and 6.8 plL diethylpyrocarbonate (DEPC) water were added, gently
incubated at 25°C for 5 minutes and then at 42°C for

60 minutes. To inactivate the reverse transcriptase, samples were

mixed,

finally heated for 20 minutes at 65°C. The reaction mixture was
diluted to a total volume of 200 pL and stored at —20°C.

213 |
reaction

Quantitative real-time polymerase chain

For quantitative real-time polymerase chain reaction (QRT-PCR), 1 uL

of diluted cDNA (see the previous section) and 10 pmol of each primer

(A) (B)

/ WAP-T

mouse model

-

o
>
>

Tumor volume (cm?)
o
o

were utilized per reaction in 25 uL total volume (homemade SYBR-
green qPCR master mix). Samples were run with the following amplifi-
cation program: 95°C for 2 minutes, 40 cycles (95°C for 15 seconds,
60°C for 30 seconds) in a BioRad CFX96 system (USA). A melting curve
analysis was subsequently generated (67°C-95°C, 0.5°C/second). Sam-
ples were quantified by using the method of the standard curve. The
samples were normalized to the RplpO housekeeping genes. A list of

primers used in our study is available in Table S4.

2.14 | Western blotting

Proteins were extracted from 6-wells plates with 500 pL ice-cold
RIPA buffer following the standard procedure established in our
lab.2* Equal amounts of samples were separated using 10% to 12%
SDS polyacrylamide gel electrophoresis and transferred onto nitro-

cellulose membranes (Immobilon, Millipore, USA). After incubation

Chemotherapy

treatment
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FIGURE 2 Single-cell sorting of CAF-treated tumors showed particularly aggressive behavior in orthotopically retransplanted mice with
renewed CAF therapy. (A) The workflow for tumor cell enrichment from dissociated suspensions of bulk tumors by immunomagnetic sorting. In
the first step, CD45-expressing cells were labeled and magnetically isolated. From the leukocyte-depleted fraction, the tumor cells were then
isolated by labeling and magnetically depleting the remaining nontumor cells, such as stromal and red blood cells. (B) Schematic representation of
the animal experimental procedures: (re-)transplantation of H8N8, T1 (untreated), T2 (CAF-survived) and T3 (CAF-regrowth) tumor cells in
females non-induced transgenic heterozygous WAP-T mice and CAF application. (C) Groups and CAF treatment regimens are depicted.

(D) Tumor growth kinetics of untreated (left), and CAF treated (right) H8N8, T1 (untreated), T2 (CAF-survived) and T3 (CAF-regrowth) tumors are
displayed. The tumor volumes were normalized to the mean of the tumor volumes of all tumors from the same group (dashed horizontal line) at
the start of therapy (day 0) and then averaged. Tumor volumes were measured in situ on living mice by caliper measurements (untreated: HSN8
n=22,TIn=6,T2n=4and T3 n = 5; CAF-treated: HSN8 h = 19, T1 n =8, T2 n = 6 and T3 n = 8). (E) Absolute tumor volumes of the CAF-
treated H8NS8, T1, T2 and T3 tumors are shown, from the treatment start (upper, orange square) and 7 days after treatment (lower, yellow
square). P-values were calculated by ordinary one-way ANOVA Turkey's multiple comparisons tests. **P < .01, ***P < .005 and ****P < .001
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with the first antibody and the HRP-coupled secondary antibody
(listed in Table S5), the membranes were developed in a ChemoStar
imaging system (INTAS science imaging, DE). A detailed protocol is
provided in the Data S1.

215 | Statistical analysis

All statistics and final plots were obtained using GraphPad Prism

v8.0.1 software. Depending on the nature of the compared datasets,
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FIGURE 3 Legend on next page.
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the following statistical tests were performed: 2-way ANOVA Bonfer-
roni's multiple comparisons tests, ordinary one-way ANOVA Turkey's
multiple comparisons tests and 2-way ANOVA Turkey's multiple com-
parisons tests. In all graphs: P-values: *P < .05, **P < .01, ***P < .005
and ****P < .001.

3 | RESULTS

3.1 | Orthotopically transplanted WAP-T mice
upon chemotherapy treatment mimic the tumor
recurrence in BLBC patients

To study the effect of one cycle of conventional chemotherapy, a
combination of CAF, on the growth kinetics of murine BLBC tumors,
we employed the well-characterized murine H8N8 tumor cell line
orthotopically transplanted in syngeneic immunocompetent WAP-T
recipient mice (Figure 1A). Mammary tumors developed and reached a
volume of 500 mm® within ~30 days. Tumor-bearing mice were
divided into three groups: untreated, CAF-survived and CAF-
regrowth. Untreated mice were dissected at a tumor volume of ~500
to 1000 mm?®. Mice of the CAF-survived group were treated with one
cycle of CAF (100 mg/kg body weight (BW) cyclophosphamide,
5 mg/kg BW doxorubicin, 100 mg/kg BW 5-FU) at a tumor volume of
500 mm?® and dissected 6 days later (time point where the maximum
regression was observed). Mice of the CAF-regrowth group were
treated with CAF at a tumor volume of 500 mm? as well and were dis-
sected once regrowing tumors reached a maximum volume of ~500
to 1000 mm?® (Figure 1B). The growth kinetics of the H8N8 tumors in
the different groups are provided in Figure 1C. CAF therapy tempo-
rarily reduced the tumor volume by 36% and 62% on days two
and four after CAF administration, respectively, compared to the
untreated tumors. The maximum measured reduction was by 6 days
after CAF administration by 76% compared to the untreated tumors.
(Figure 1D). The residual tumors started to re-grow after 6 to 8 days
and returned to about half of their initial tumor volume 14 days after
the CAF application (Figure 1C).

The accuracy of the tumor volume measurements was validated
by plotting caliper measured dimensions against the tumor weights at
dissection (Figure S1A). The average body weight of treated mice
(groups 2 and 3) decreased by 15.2% (+5.1%) within the first 6 days
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and reached a maximum of 24.1% (+6.4%) on day 14 after CAF appli-
cation. In contrast, untreated tumor-bearing mice showed no signifi-
cant weight change during disease progression (Figure S1B). Together,
the selected system closely mimics the situation of recurrences
frequently observed in BLBC patients receiving the conventional
chemotherapy regimen.

3.2 | Cancer cells developed resistance
to CAF therapy

We wondered if tumors regrowing after one chemotherapy dose had
already acquired therapy-resistant traits. To study changes in tumor
cell phenotype, we opted for an enrichment procedure based on
magnetic-activated cell sorting (MACS) to specifically isolate tumor
cells from the tumor bulk and unravel the responsible mechanisms
driving drug tolerance (Figure 2A). Leukocytes and other nontumor
cells were sequentially depleted from the tumor cell fraction by
magnetic cell sorting. Subsequently, the purified tumor cells were then
utilized to establish cell lines (untreated — T1, CAF-survived — T2,
CAF-regrowth — T3), for next-generation sequencing (NGS) and flow
cytometry analysis (FC; Figure 2A).

To first examine the capacity of T1 (untreated), T2 (CAF-sur-
vived) and T3 (CAF-regrowth) cells to respond to a new dose of
CAF therapy in vivo, we orthotopically retransplanted these cells
as well as the original H8N8 cells into WAP-T mice (Figure 2B,
Table S1). After tumor development, mice of the control and che-
motherapy groups were treated with either vehicle or one dose of
CAF therapy, respectively, as tumors reached 500 mm® and dis-
sected at the maximal size of 1000 mm? (Figure 2C). The resistant
behavior of the different variants was assessed by measuring the
tumor growth kinetics. All investigated groups developed breast
tumors up to a size of ~500 mm® within 30 days, similar to the
growth kinetics of the original H8N8 tumors (Figure 2D, left
panel). As expected, naive tumors from the transplanted H8N8
and retransplanted T1 groups (both never exposed to CAF)
showed marked shrinkage in response to CAF treatment
(Figure 2D, right panel and Figure 2E). Interestingly, in tumors
derived from previously CAF-treated tumor cells (CAF-survived-
T2 and CAF-regrowth-T3) an increased drug tolerance to this
renewed CAF application was observed (Figure 2D, right panel

FIGURE 3

mRNA-seq of chemotherapy-treated murine MACS-isolated BLBC cells strikingly enrich for stemness properties. (A) Schematic

representation of next-generation sequencing of tumor cells enriched by MACS. (B) Volcano plot showing differentially expressed genes in
untreated tumor cells vs tumor cells in CAF-survived (left) and vs tumor cells in CAF-regrowth (middle) as well as in vitro untreated H8N8 cells vs
CAF-treated H8NS cells (right). The —log, (P-values) were plotted against the log, fold change gene expression (n = 4 biological replicates of
untreated, CAF-survived and CAF-regrowth cells, and n = 3 biological replicates of untreated-H8N8 cells and CAF-treated H8N8 cells). (C) Venn
diagram showing the GSEA profiles from the curated gene set collection “C2: chemical and genetic perturbations” of CAF-survived (T2) vs
untreated cells (T1), CAF-regrowth (T3) vs untreated cells (T1) and CAF-treated H8NS8 cells vs vehicle H8NS cells. (D) Spider plot showing
common stemness-associated signatures in CAF-survived, CAF-regrowth and CAF-treated H8NS cells (—log,[FDR] > 2). (E) GSEA profiles
showing an enrichment of the “LIM_MAMMARY_STEM_CELL_UP” signature (MSigDB: C2 curated gene sets) in CAF-survived (T2) and
CAF-regrowth (T3) compared to untreated (T1) cells, and in H8N8 cells at basal state (control) compared to CAF-treated cells. NES, normalized

enrichment score
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and Figure 2E). Altogether, these findings support the acquisition
of a chemotherapy-resistant phenotype of BLBC cancer cells

already after a single dose of chemotherapy in vivo.

3.3 | Tumor cells in remission and regrowth share
gene expression properties characteristic of BCSC

We wanted to understand the transcriptomic changes that allowed
the acquisition of resistance in the surviving (CAF-survived, T2) and
regrowing (CAF-regrowth, T3) tumor cells upon the first chemother-
apy. We performed mRNA-seq on purified tumor cells from the differ-
ent groups as well as on H8N8 cells treated with CAF in vitro
(Figures 3A and S1C,D). Surprisingly, the majority of the differentially
regulated genes in chemotherapy-treated groups were upregulated
(Figure 3B). To identify the gene expression programs driving chemo-
therapeutic resistance and tumor relapse upon chemotherapy treat-
ment, we performed a gene set enrichment analysis (GSEA) and
subsequently intersected all enriched gene sets of the C2 dataset
(chemical and genetic perturbation) in T2 (CAF-survived), in T3 (CAF-
regrowth) and CAF-treated H8NS cells. 1223 gene sets were simulta-
neously enriched in the three groups (Figure 3C). Interestingly, we
noticed a strong enrichment for several stem cell-like associated gene
expression signatures not only during the acute phase of
CAF treatment (H8NS8, T2) but also upon regrowth (T3) (Figure 3D).
Strikingly, among several CSC-associated gene signatures, the “LIM_-
MAMMARY_STEM_CELL_UP” gene set was significantly enriched,
strongly arguing for a pronounced mammary CSC repopulation in all-
time points after chemotherapy treatment (Figure 3D,E). Therefore,
CAF chemotherapy induced a massive gene expression reprogram-
ming towards stemness acquisition to tolerate and survive the cyto-
toxic treatment in vitro and in vivo.

3.4 | Histological and cytometric characterization
confirms the chemotherapy-induced emergence of

a stemness-associated cancer cell population in
BLBC tumors

As the acquisition of stemness-associated properties is a driving force
toward chemotherapeutic tolerance and tumor recurrence in several

cancer entities,?® we decided to investigate the expression of markers
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associated with CSC traits. Interestingly, hematoxylin and eosin (H&E)
stained paraffin sections of CAF-survived and CAF-regrowth tumors
showed an increased fraction of stroma tissue compared to untreated
controls (Figure 4A) which was confirmed by Masson's trichrome
staining (MTS; Figure S1E-G). As the CD44 surface marker expression
is associated with stem cell phenotypes, we performed immunohisto-
chemical staining and demonstrated a strong elevation of CD44" cells
in the tumors of the remission phase (CAF-survived). Interestingly, the
number of CD44™* cells decreased upon tumor regrowth, pointing to a
possible replenishment of the tumor bulk with more differentiated
tumor cells (Figure 4A). To further support the increased stemness of
surviving tumor cells, we performed a flow cytometry analysis (FC) of
the purified tumor cells stained with CD44 and the differentiation
marker CD24 using a flow cytometric approach (Figure 4B,C, left
panel). Indeed, the number of CD44"€"/CD24"" cells was strongly
increased in CAF-survived tumors and dropped in CAF-regrowth
tumors but remained at significantly higher levels than in the
untreated lesions (Figure 4C, right panel). In contrast, the fraction of
cells considered as more differentiated (CD24"®") showed the oppo-
site behavior, being strongly decreased in the acute treatment phase
and only partially rescued in the regrowth phase (Figure 4C, right
panel). Concordantly, FC analysis performed on an additional panel of
stem cell-like markers (Cd95, Cd104, Cd146, Cd201 and Scal) as well
as on the differentiation marker Cd107 indicated a similar increase of
CSC in CAF-survived and -regrowth tumor tissue (Figure S2A). In
agreement, a closer analysis of differentially regulated genes in our
mRNA-seq datasets revealed that numerous stemness-associated
markers (Sox2, Myc, KlIf4, Nanog, Itgbl and Abcg2) were highly
increased in tumor cells during the acute treatment phase in vivo as
well as in vitro (Figure S2B,C). Overall, these results point to the
dynamic behavior of BLBC cancer stem cells whose abundance mas-
sively increases in tumors during the acute phase of chemotherapy
treatment and remains pronouncedly elevated in the regrowing

tumors.

3.5 | AXLis highly associated with a stem cell-like
phenotype in chemotherapy-surviving and relapsed
BLBC tumors

To identify drug targets that could be leveraged for counteracting the
induction of CSC-phenotypes and thereby potentiating the

FIGURE 4 Histological and cytometric characterization of CAF-treated murine TNBC tumors indicates a strong enrichment of CSCs.

(A) Representative images of H&E (left: whole section, middle: different magnification, overview and detail) and anti-CD44 (right) staining of
paraffin-embedded sections of an untreated tumor (n = 18), a tumor of CAF-survived (n = 8) and one of CAF-regrowth (n = 6). Scale bars of
H&E-whole section images correspond to 2 mm, H&E-overview images to 200 um or 500 um (CAF-survived and CAF-regrowth), H&E-detail
images and CD44 IHC to 50 um. (B) Schematic representation of flow cytometry of tumor cells enriched by MACS. (C) Representation of the
gating strategy for BCSC (CD441CD24~ marked brown) and non-BCSC (CD24" marked green) tumor cell population. Tumor cells were
magnetically isolated before flow cytometric analysis, cell debris, Pl-stained dead cells and possibly remaining magnetically labeled nontumor cells
(via Labeling Check Reagent-staining) were excluded from analysis (left panel) and the percentages of the subpopulations of the BCSC (marked
brown) and non-BCSC (marked green) in untreated (n = 4) and CAF-treated tumors (CAF-survived n = 3; CAF regrowth n = 4) (right panel). One-

way ANOVA Turkey's multiple comparisons test. ****P < .001
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chemotherapy efficiency, we examined in more detail all significantly
upregulated genes in CAF-treated H8N8 cells, CAF-survived (T2) and
-regrowth (T3) tumors. Intersecting the results with known mammary-
specific BCSC markers of the LIM_MAMMARY_STEM_CELL_UP gene
set (MSigDB), we identified 24 commonly upregulated genes
(Figure 5A,B). While estimating the stemness of BLBC-patients' lesions
of the TCGA-BRCA dataset along with a (CD44/CD24/ALDH1A1) score,
we noticed that the expression of the vast majority of these identified
genes significantly positively correlated with this combined marker. Strik-
ingly, we identified AXL as the top candidate gene associated with the
(CD44/CD24/ALDH1A1) score in BLBC patients (Figure 5C,D). This find-
ing was interesting as AXL is a receptor tyrosine kinase currently the
focus of intensive research efforts because of its tumor-promoting func-
tion in different cancer entities.2”?® To determine if the AXL signaling
was indeed stimulated in tumor cells surviving chemotherapy, we gener-
ated a homemade AXL-specific gene set from publicly available mRNA-
seq data.?? Subsequent GSEA demonstrated that CAF-treated cells and
tumors strongly enriched the AXL-dependent gene expression program
(Figure 5E). In line, AXL"&" BLBC patients of the TCGA-BRCA dataset
showed a pronounced enrichment of the LIM_MAMMARY_STEM_-
CELL_UP gene signature (Figure 5F). We validated the induction of Axl
mRNA and protein level in response to chemotherapy in H8N8 cells
treated with increasing doses of CAF in vitro (Figure 5G,H). The specific-
ity of the signal was confirmed by siRNA-mediated AXL silencing
(Figures 5H and S2D). Finally, we performed immunohistochemical stain-
ing on untreated, CAF-survived and CAF-regrowth specimens. Here also,
increased AXL levels were observed in tumor tissue of both
chemotherapy-treated groups in comparison to controls (Figure 5l). Col-
lectively, our data revealed AXL as an upregulated druggable factor upon
the first cycle of chemotherapy and potentially implicated in the acquisi-
tion of BCSC properties as well as of drug-tolerance in BLBC.

3.6 | AXL sustains CSC properties and promotes
chemotherapy tolerance in BLBC

Next, to investigate the direct implication of AXL signaling in promot-
ing CSC properties in BLBC cells, we leveraged R428 (AXLi), a potent

AXL small molecule inhibitor (Figure S3A). We performed an in vitro
tumorsphere formation assay applying two concentrations of AXLi.
Here, we observed a strong impairment of tumorsphere formation
capacity in all AXLi-treated H8N8 cells, confirming thereby the
stemness-promoting role of AXL (Figure 6A). Based on this result, we
reasoned that AXLi treatment should sensitize BLBC cells to chemo-
therapy. Indeed, AXL inhibition (Figures 6B and S3B) or silencing
(Figure S2E,F) synergized with increasing doses of CAF in HSN8 BLBC
cells and robustly impaired the clonogenic capacity of CAF-treated
colonies (Figure 6C). To further validate the implication of AXL sig-
naling in stimulating resistant phenotypes in BLBC, we treated
H8N8 cells with recombinant growth arrest-specific 6 (rGAS6), a
specific ligand of the AXL receptor.%® Strikingly, rGasé treatment
strongly reduced the sensitivity of the cells to CAF, as shown in a
growth kinetic assay (Figure 6D). Interestingly, our mRNA-seq
investigations identified Protein S (Pros1), a well-known ligand of
the TAM receptor family members,®? as highly induced in CAF-
treated H8N8 cells in vitro and tumors in vivo (Figures 5A,B and
6E). Treatment of H8N8 cells with increasing doses of recombinant
PROS1 (rPROS1) potentiated their drug-tolerant behavior and
strongly antagonized the cytotoxic effects of CAF (Figure 6F,G).
Previous studies established PROS1 as a ligand for MERTK and
TYRO3,%2%% two other members of the TAM receptor family, but
reports on PROS1-mediated AXL activation are very scarce.®*
Therefore, we verified the capacity of PROS1 to induce AXL phos-
phorylation by treating H8N8 cells with increasing doses of
rPROS1 (Figure 6H). Next, to estimate the potential implication of
MERTK and TYROS in the induction of rPROS1-mediated therapy
resistance, we had a closer look at mRNA-seq data and assessed their
expression levels upon CAF therapy in tumors of our BLBC models.
Noteworthy, Tyro3 was strongly downregulated in CAF-treated H8N8
cells and CAF-survived (T2) tumors whereas Mertk was mildly upregu-
lated in CAF-survived tumors (T2) and unchanged in CAF-treated
H8N8 (Figure S3C,D). Therefore, we excluded an involvement of
TYRO3 and hypothesized that MERTK may be partially responsible for
sustaining the PROS1-dependent drug-tolerant behavior of H8NS8 cells.
Surprisingly, MERTK inhibition via increasing doses of UNC2250
(MERTKI) or MERTK silencing antagonized the cytotoxic effects of CAF

FIGURE 5 AXL signaling pathway is enriched in CAF-treated tumor cells. (A) Venn diagram of the significantly upregulated genes in CAF-treated
H8NS8 cells, CAF-survived (T2) and CAF-regrowth (T3) BLBC cells overlapped with enriched genes from the “LIM_MAMMARY_STEM_CELL_UP” gene
set in all three BLBC settings (basemean >10, Log,FC >0.7, P-val <.05). (B) Heatmap of the 24 common genes from Figure 5A in vivo (untreated [T1],
CAF-survived [T2], CAF-regrowth [T3]) and in vitro (vehicle and CAF-treated H8NS8 cells). (C) Volcano plot showing the correlation of these 24 genes
with CD44/CD24 and ALDH1A1 in BLBC patients. (D) Correlation of AXL expression with CD44/CD24 and ALDH1A1 score in BLBC patients.
(E) GSEA profile showing an enrichment of the “AXL_DN_GENES_DN” signature (homemade dataset, accession number: GSE120268) in
CAF-survived (T2) and CAF-regrowth (T3) compared to untreated (T1) cells, and in H8N8 cells at basal state (control) compared to CAF-treated
H8NS8 cells. (F) GSEA profile showing an enrichment of the “LIM_MAMMARY_STEM_CELL_UP” signature (MSigDB: C2 curated gene sets) in
AXLME"- compared AXL'*"-expressing BLBC patients (TCGA). NES, normalized enrichment score. (G) Increase of Axl expression in H8N8 cells
upon CAF treatment, as measured via qRT-PCR. (H) Increased protein expression of AXL and phospho-Tyr773 of AXL (pAXL) upon

48 hours CAF-treatment w/ or w/o AXL knockdown, as measured via western blot. The provided densitometry values are normalized to the
GAPDH signal. (I) Representative images of immunohistochemical detection of AXL in untreated, CAF-survived and CAF-regrowth tumors.
Scale bars: 50 um. Error bars: SE of the mean (SEM). (I) One-way ANOVA Turkey's multiple comparison test. ***P-val <.005. Student t-test:
(G-1) All experiments were performed in at least biological triplicates (n > 3).
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(Figure S3E,F) in HBN8 cells. Hence, we concluded that PROS1 enacts
its drug-resistance supporting function by stimulating the AXL-axis in
BLBC cells.

Further strengthening our findings, analysis of TNBC patient data
from the Receiver Operating Characteristic (ROC) database (http://
www.rocplot.org/) demonstrated that patients with AXL"&" lesions

L'*% counter-

have a poorer response to chemotherapy than their AX|
parts (Figure 6l). Accordingly, the survival of AXL"&" patients was
worse than AXL'°" patients (dataset: TCGA-BRCA; BLBC) (Figure 6J).
In summary, we identified AXL as a druggable target involved in the
acquisition of stem-cell-like properties upon the establishment of a

drug-tolerant state in BLBC.

4 | DISCUSSION

Recurrent cancers are highly refractory to chemotherapy, posing an
urgent unmet issue in cancer treatment.”>> In our study, we aimed to
unravel the temporal dynamics underlying the acquisition of chemore-
sistance in BLBC. Using a combination of magnetic tumor cell sorting
and high-throughput transcriptome analyses, we demonstrate that the
treatment of H8BN8 tumors with a single chemotherapy dose already
leads to increased therapy resistance and results in a permanent
tumor cell phenotype change with the acquisition of stem cell proper-
ties through signaling of the PROS1/AXL axis.

To date, the development of a lethal chemotherapy-resistant
tumor phenotype has been explained through two independent phe-
nomena: on the one hand, it was demonstrated that repeated cyto-
toxic treatments lead to the selection of pre-existent more resistant
clones.®*3” On the other hand, it was shown that tumor cells under
chemotherapy selective pressure experience profound transcriptional
and mutational changes leading to the emergence of resistant pheno-
types.2® In an elegant study, Kim et al investigated the behavior of
human TNBC composition upon chemotherapy using single-cell
sequencing techniques. Approximately half of the patients showed a
so-called clonal extinction whereas the other half obtained a “clonal
persistence” associated with resistance.3® In line with these results,

the group of Cristofori combined the PyMT mammary carcinoma

INTERNATIONAL uce 1929
JOURNAL of CANCER : J—

mouse model with multicolor clonal tracking and demonstrated that
the different clones of endogenous growing tumors do not equally
respond to chemotherapy treatment. Surprisingly, fast-growing clones
were more efficiently surviving the cytotoxic regimen.>” These two
studies and others demonstrate the complexity of the processes ruling
the emergence of drug-tolerant lesions in multiclonal breast cancers.
Although certainly largely overlapping, strategies developed by differ-
ent surviving clones are unique, rendering their studies in multiclonal
lesion systems, particularly challenging. Our approach using the HBN8
cell line implanted in syngeneic recipients intended to reduce this
complexity in an immunocompetent in vivo setting. Interestingly, a
further in vivo study by Echeverria et al on TNBC patient-derived
xenograft confirmed the persistence of clonal heterogeneity after
cytotoxic treatment. However, although their treatment strategy was
very close to ours, their results pointed at a reversible drug-tolerant
state of the tumor cells.®® In contrast, we demonstrate that even if
the phenotype of tumors regrowing after a cycle of chemotherapy
reverted to one close to the untreated one, these lesions already dis-
played increased drug resistance even after several passages in the
cell culture, as assessed in our retransplantation study. The implication
of stem cell properties and phenotypic plasticity in breast cancer drug
resistance has been proposed over a decade ago and was confirmed
later in multiple other studies.**%?**3 Surprisingly, chemotherapy-
surviving cancer cells analyzed by Echeverria et al did not enrich these
gene expression profiles, underlining the variety of mechanisms lever-
aged during the process of drug resistance acquisition.>® Under this
aspect, treatments sensitizing cancer cells to cytotoxic drugs without
affecting the acquisition of stem cell features may allow for a switch
to other resistance strategies. This assumption is supported by Jewer
et al, who revealed that mTOR signaling activated by hypoxic stress
unexpectedly induces breast cancer cell plasticity like chemotherapy-
triggered stress.** Since our study revealed a fast kinetic of stemness
properties accumulation after the first cycle of CAF treatment, supple-
mentation with therapies impairing the acquisition of such properties
should be already considered during first-line treatments. For instance,
the expansion of the BCSC could be prohibited by targeting the
CD441CD24~ population of TNBC lesions, as proposed by Marangoni

et al.*® In this elegant study, the authors efficiently prevented tumor

FIGURE 6 AXLis decisive for promoting a stemness-driven chemotherapy resistance phenotype and its expression is associated with a poor
prognosis in TNBC patients. (A) Tumorsphere formation assay in H8N8 cells upon different concentrations of AXL kinase inhibition (R428).

(B) Heatmap matrix of dose-dependent response percentage (left panel) and 3D-synergy landscape (right panel) to increasing doses of R428 and
CAF showing synergy of both compounds in H8N8 BLBC cells. (C) Crystal violet staining of colonies in 1/64 CAF-treated H8N8 cells upon R428
treatment (left panel) and their quantification (right panel). (D) Proliferation assay of 1/64 CAF-treated H8N8 cells upon treatment with
recombinant protein GAS6 (rGAS6). (E) gRT-PCR of Pros1 in H8NS cells upon CAF treatment. (F) Proliferation assay of H8NS cells treated with
1/64 CAF and recombinant PROS1 (rPROS1, for 24 hours). (G) Heatmap matrix of dose-dependent response percentage (left panel) and 3D-
antagonism landscape (right panel) to increasing doses of rPROS1 (for 24 hours) and CAF showing an antagonism of both compounds; rPROS1
potentiates the survival of H8N8 BLBC towards increasing doses of CAF. (H) Protein expression of phospho-Tyr773 of AXL (pAXL) and total AXL
to increasing doses of rPROS1 (for 24 hours), as assessed by western blotting. The provided densitometry values are normalized to the GAPDH
signal. (I) ROC analysis from publically available TNBC data demonstrates that patients with poor response to chemotherapy harbor high
expression levels of AXL. Box plots: Mann-Whitney test. AUC, area under the curve; TPR, true positive rate; TNR, true negative rate. (J) Kaplan-
Meier plots showing the overall survival probability of AXL-expressing BLBC patients (expression and survival data are from the TCGA-BRCA
database). Log-rank test. All experiments were performed in biological triplicates. (A, C, D, E and F) One-way ANOVA Turkey's multiple

comparisons test. *P-val <.05, **P-val <.01, ***P-val <.005, ****P-val <.001
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regrowth by combining a doxorubicin/cyclophosphamide chemotherapy
with the monoclonal antibody P245 directed against the cell surface
receptor CD44. However, impairing the outgrowth of the BCSC compart-
ment is likely a very challenging task as this cell population was shown to
harbor a certain heterogeneity with a CD447CD24~ phenotype prefer-
entially localized at the periphery whereas BCSC in more central areas of
the tumor rather displays high ALDH activity.*® Here, additional use of
ALDH inhibitors proposed by Croker and Allan could also help to increase
or at least maintain constant chemotherapy efficiency throughout the
consecutive cycles of treatment.*’

Following an extended unbiased data-mining approach, we identi-
fied AXL as a top CSC-associated marker that potentiates drug toler-
ance in BLBC recurrences. Through its capacity to stimulate oncogenic
PIBK-AKT-mTOR, MAPK, JAK-STAT and SRC-FAK signaling, AXL can
sustain aberrant stem cell renewal, epithelial-to-mesenchymal transition
(EMT), immune evasion and cancer cell invasion.*®4° Particularly in nor-
mal and tumor cells of the mammary gland, AXL was frequently shown
to play a critical role in the maintenance of stem cell properties.*®>°>2
Inline, several reports suggested an implication of the AXL signaling in
drug-resistant phenotypes of TNBC. Wilson et al identified R428 syner-
gizing with antimitotic agents in resistant cell lines.>! In a later study,
R428 was also found to synergize with Auranofin, a thioredoxin reduc-
tase inhibitor inducing cancer cell apoptosis.”® Additionally, the group
of Santarpia reported that relapsing TNBCs upregulated AXL to polarize
macrophages into the M2-like tumor-supportive phenotype, increasing
thereby their resistance to the therapy.>* Our sequential analysis of
in vivo chemotherapy resistance acquisition align with these reports,
revealing for the first time AXL as a very early and central player in the
process of acquisition of chemotherapy resistance. Interestingly, our
findings demonstrated that a sole stimulation of AXL signaling through
rGASé6 or rPROS1 treatment was sufficient to induce chemoresistant
phenotypes. A similar tumor cell survival-promoting role was also
observed in chemotherapy-treated prostate cancer.>®> Oppositely, inter-
ference of GAS6-AXL interaction through low doses of Warfarin
blocked the progression, spreading and therapy resistance of pancreatic
tumors.®® In line, a very recent study by Mullen et al on ovarian cancer
demonstrated a strong sensitization to chemotherapy and Poly (ADP-
ribose) polymerase (PARP)-inhibition through AVB-500 meditated
GAS6 neutralization.”” Furthermore, a recent study from Hirokazu et al
demonstrated that tumor-associated macrophages-secreted PROS1
functions as a ligand of AXL to sustain the aggressive properties of
glioma sphere cultures and that their expression is strongly correlated
with poor survival outcomes for glioblastoma multiforme patients.>* In
the present story, we show that loss of AXL signaling through siRNA
interference or the small molecule inhibitor Bemcentinib (R428) effi-
ciently impaired the capacity of BLBC cells to survive conventional
cytotoxic chemotherapy, thereby identifying AXL as a druggable target
to sensitize cancer cells to cytotoxic drugs.

Although the germline inactivation of several receptors leads to
embryonic lethality, AXI“® mice are viable and fertile.>® Recently, Engel-
sen et al showed that AxI© mice did not exhibit any sign of mammary
stem cell renewal impairment. However, orthotopic transplantation of

AxI® mammary epithelial cells into clear fat pads of recipient

prepubescent mice was able to compromise the mammary gland
reconstitution, indicating the central importance of this receptor in
regenerative or wound healing processes.*® Hence, promising future
AXL-targeting therapies are expected to show high anticancer proper-
ties with rather low toxicity for the patients, especially when combining
conventional chemotherapy with AXL inhibition to prevent evolution to
resistant phenotypes.

Concluding, our in vivo study identified AXL signaling as an early
event in therapy resistance acquisition in BLBC already occurring
upon one single chemotherapy dose. Strategies specifically blocking
protumorigenic programs should therefore be considered already at
the very early treatment stage. This work establishes AXL as a very
promising therapeutic target to optimize currently used chemother-

apies in BLBC patients by reducing chemoresistance.
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