1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Res. Author manuscript; available in PMC 2023 May 23.

-, HHS Public Access
«

Published in final edited form as:
Cancer Res. 2022 October 17; 82(20): 3718-3733. doi:10.1158/0008-5472.CAN-21-1225.

DlI1-mediated Notch signaling drives tumor cell crosstalk with
cancer-associated fibroblasts to promote radioresistance in
breast cancer

Ajeya Nandil, Rahul Debnath?, Anupma Nayak?, Tsun Ki Jerrick To3, Gatha Thacker.”,
Megan Reillyl, Sanjeev Gumber?, llias Karagounis®, Ning Lil, Christopher J. Lengnerl5,
Malay Haldar3, Alana L. Welmé&, M Blanco Andres!-8, Christoforos Thomas®, Rumela
Chakrabartil6.7.

1Department of Biomedical Sciences, University of Pennsylvania, Philadelphia, PA 19104

2Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of
Pennsylvania Philadelphia, Pennsylvania, PA 19104

SDepartment of Pathology and Laboratory Medicine, Perelman School of Medicine, University of
Pennsylvania, PA 19104-6160

“Department of Pathology and Laboratory Medicine, Emory University, School of Medicine,
Atlanta, GA 30329

SDepartment of Radiation Oncology, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104

8Institute for Regenerative Medicine, University of Pennsylvania, Philadelphia, PA 19104

Department of Surgery, Miller School of Medicine, Sylvester Comprehensive Cancer Center,
Miami, FL 33136, USA

8Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah, Salt Lake
City, UT 84112

Abstract

Resistance to radiotherapy is a major obstacle for effective cancer treatment. Both cancer-
associated fibroblasts (CAF) within the tumor microenvironment (TME) and Notch signaling are
implicated in radioresistance, but their potential interrelationship is unclear. Here, we report that
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irradiated samples obtained from luminal breast cancer patient tumors express higher levels of
the Notch ligand DII1 and have a greater number of aSMA- and FAP-expressing activated CAFs.
Single cell transcriptomic profiles further revealed enrichment of an aSMA* myofibroblastic
subpopulation of CAF in DII1* tumors. In murine and human PDX models, DII1* tumor cells
were more radioresistant than DII1™ tumor cells, and genetic and pharmacological blocking of
DIll1-mediated Notch signaling decreased the number of DII1* cancer stem cells (CSC) and CAFs
and increased DII1* tumor cell radiosensitivity. DII1* cells recruited CAFs in an I1L-6-dependent
fashion and promoted Wnt ligand secretion by Notch2/3-expressing CAFs, thereby driving Wnt/p-
catenin-dependent increases in DII1* CSC function to promote metastasis. Treatment with the
porcupine inhibitor LGK-974 that inhibits Wnt ligand secretion or pharmacological blockade of
IL-6 or DII1 suppressed CAF-dependent enhancement of DII1* CSC function and metastasis in
radioresistant tumors. Together, these findings reveal an essential crosstalk between DII1* cancer
cells and CAFs that promotes metastasis and radioresistance, which could be therapeutically
exploited to improve the outcome of breast cancer patients.

One sentence summary:

DII1 expression on tumor cells drives Notch-activated Wnt secretion by CAFs to promote
radioresistance in breast cancer.

Keywords

Cancer associated fibroblast (CAF); cancer stem cell (CSC); Delta like 1 (DII1); radioresistant
breast cancer; Tumor microenvironment (TME); Disseminated tumor cells (DTCs); metastasis

Introduction

Breast cancer remains a major cause of cancer-associated death in women, despite attempts
to provide effective therapies. In addition to surgery and chemotherapy, radiotherapy (RT)
remains a critical component for achieving loco-regional control in breast cancer patients
[1]. Prior meta-analyses demonstrated the pivotal role of RT in reducing recurrence and
enhancing survival of cancer patients, while having a limited impact on their quality of life
[2]. Unfortunately, a subset of patients does not benefit from RT, due to either intrinsic or
de novo radioresistance, as evidenced by distant metastatic spread and local recurrence [3,
4]. Therefore, understanding mechanisms underlying breast cancer resistance to RT is of
paramount importance to overcome this clinical challenge.

While therapeutic resistance has been traditionally viewed with a cancer cell-centric bias,
there is an increasing appreciation that the tumor microenvironment (TME) also plays an
important role [5]. Cancer-associated fibroblasts (CAFs) are the most prevalent constituent
cell type in the TME of many cancers, including breast, pancreas, and hepatic carcinomas [6,
7]. In human breast tumors, the abundance of stromal myofibroblasts (i.e., a-smooth muscle
actin aSMA fibroblasts) correlates with an aggressive phenotype and predicts disease
recurrence [8] [9]. Indeed, a higher abundance of CAFs predicts resistance to drug and RT

in many solid cancers, including rectal, lung and pancreatic cancers [10, 11]. However, it
remains poorly understood whether CAF-driven radioresistance is relevant in the context of
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breast cancer and, if so, how CAFs may be recruited and mechanistically contribute to this
process.

Crosstalk between cancer cells and the TME involves reciprocal juxtacrine and/or paracrine
signaling. Indeed, the Notch signaling pathway is recognized as a major factor in both
cancer cells and components of the TME [12, 13]. The Notch pathway is composed of

4 receptors (Notchl1-4) and 5 membrane-bound ligands (Jaggedl, 2 and DII1, 3 and 4),

and its activity regulates differentiation, proliferation, angiogenesis, resistance and cell
death through direct cell-to-cell signaling [13]. Although the Notch pathway is frequently
deregulated and is one of the crucial contributors to cancer stem cell (CSC) self-renewal,
invasion and infiltration of a variety of stromal cells in breast cancer [14], it remains unclear
how these pathways may interact to promote radioresistance, recurrence, and metastasis in
breast cancer.

We had previously shown that DII1 overexpression correlates with poor prognosis in
ERa* luminal breast cancer, but not in other subtypes of breast cancer [15]. Here, we
demonstrate an increase in the expression of DLL1 in tumor cells and aSMA* and FAP*
CAFs in ER*/PR* breast cancer patients receiving RT and find that this phenotype is
associated with more rapid recurrence and metastasis. METABRIC data analysis further
reveals a strong correlation between DLLIand FAPas well as ACTAZ (encoding aSMA)
in ER*/PR* luminal breast cancer post radiation, suggesting DLL1 along with CAF markers
could be used to predict those patients with poor clinical outcome after radiation. SCRNA-
seq and immunofluorescence data show a strong association between DII1 and aSMA*
myofibroblastic CAFs (myCAFs) and FAP* activated CAFs in luminal mouse breast
tumors with high DII1 levels. Using DII1MCherY reporter and DII1 conditional-knockout
(D111°KO) mouse models carrying a MMTV-PyMT transgene to model aggressive luminal
breast cancer, we further show that DII1* CSCs recruit CAFs to the TME by producing
IL-6. Genetic knockout or pharmacological blocking of DII1 renders DII1* tumor cells
significantly more sensitive to radiotherapy. Combined targeting of DII1 and IL-6 by
antibodies also makes these tumors sensitive to radiation, opening new avenues of treatment
in patients who will likely become radioresistant. Mechanistically, our studies with murine
tumors and patient derived xenograft suggest that high DII1 and increased CAF expression
may serve as a biomarker for patients who will be non-responsive to RT and provides the
basis for future combination therapy targeting DII1-mediated Notch and Wnt signaling in
tumor and CAFs to combat radioresistance.

Materials and methods

Human patient samples

De-identified breast cancer specimens used in the study were obtained from the Eastern
Division of the Cooperative Human Tissue Network (CHTN), University of Pennsylvania.
Details of all patient samples are listed in Supplementary Table S1. All samples were
considered exempt by the Institutional Review Board of University of Pennsylvania. The
H-Score was calculated by multiplying intensity with abundance. More details on animal
studies are available in supplemental file.
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Animal studies

All animal procedures were approved and conducted in compliance with the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania. MMT V-
PyMT DIILMCheny (hereafter referred to as Py-DII1™MCN) reporter mice and MMTV-PyMT-
DIIWT (hereafter, referred to as Py-DI1WT) and MMTV-PyMT-DII1°KO (hereafter referred
to as Py-DII11°KO) mice used in this study have been described previously [16]. Six-week-
old female wild-type C57/BL6 for orthotopic MFP injection were obtained from Jackson
Laboratory. For MFP injections, all mice were anesthetized, and tumor cells were injected
into the MFP following the established protocol [15]. Contralateral mammary gland
injection was performed in each mouse with the same number of tumor cells as mentioned
in the corresponding figure legends. Tumors were detected by palpation and measured

once a week. 6 Gy Targeted radiation (TRT) at a dose of 6 Gy using SARRP radiation
machine was given to the implanted site of MFP when tumors achieved an established

size (indicated in respective legends). For TRT, SARRP radiation machine was used. For
whole body radiation (WRT) experiments, spontaneous Py-DII1MCh tumor-bearing mice
were exposed to a 6 Gy dose in a gamma irradiator machine (MDS Nordion, USA). The
experiment was terminated after 6 days (short-term) or 40-50 days (long-term) following
TRT, and 6 days of WRT as mentioned in respective figure legends. Tumor size was assessed
by external measurement of length (L) and width (W). The tumor volume (mm?3) was
calculated by using the following equation: tumor volume = [(rt L x W2)/6]. During the
experiment, the animals were closely monitored for any signs of morbidity, declining body
weight, ruffled fur, hunched posture, and ulceration of tumor. Anti-immunoglobulin G (1gG),
anti-DII1-blocking antibody (18 mg/kg) and anti-1L-6 antibody (20 mg/kg) antibodies were
given on alternate days as mentioned in the respective figure legends. Tumors were palpated
weekly. The experiment was terminated when tumors reached certain size as mentioned in
the respective figure legends, or before if the tumors were ulcerated (humane endpoint).

Cell culture studies

Mouse WTB cell line was a kind gift from Dr. Yibin Kang’s laboratory, Princeton
University, NJ. And was confirmed to be mycoplasma negative by PCR (catalog no. ATCC,
30-1012K). WTB cell line was cultured and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) with high glucose (4.5 gm/ml) (Invitrogen, catalog no. 11965084).
Primary tumor cell lines from Py-DII1WT/cKO or py-DII1MCN*/~ spontaneous tumors were
maintained in Mammary Epithelial Cell Growth Medium (MEGM) (Invitrogen, catalog

no. 11330032), supplemented with growth factors [15-17]. Patient derived xenograft
(PDX) cells were cultured and maintained in Human Breast Epithelial Cell (HBEC)

media supplemented with growth factors [18]. All cells were supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Gemini, catalog no. 900108) and 100 U/ml penicillin
and 100 pg/ml streptomycin sulfate (Invitrogen, catalog no. 15140122).

For co-culture assays, drugs used are as follows: DLL1 antibody (200 ng/ml) [16], DAPT
(Gamma secretase inhibitor-GSI) (200 ng/ml) (Sigma-Aldrich, catalog no. D5942-5MG),
JW?74, a canonical Wnt signaling inhibitor (10uM) (Tocris bioscience, catalog no. 5653) and
LGK-974, a porcupine inhibitor that inhibits secretion of Wnt ligands (10uM) (Selleckchem,
catalog no. CS7143).
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Co-culture and tumorsphere assay

Briefly, single cells from Py-DII1WT/¢KO primary tumors and PDX tumors were made
following the published protocol [18, 19]. We sorted mouse CAFs from Py-DIIIWT

tumor based on F4/80 and CD140a (PDGFRa.) antibodies and human CAFs were sorted
from ER*/PR* fresh human tumor tissues based on EPCAM and CD140a (PDGFRa.)
antibodies respectively. TAMs were sorted from Py-DI1WT tumors based on CD45 and
F4/80 antibodies. Details of all antibodies are listed in the Supplemental Table S3. For the
co-culture and tumorsphere assays, both the primary tumor cells and DII1 overexpressing
(DII1-OE) WTB cells were co-cultured with CAFs or TAMs as previously described
protocol [20]. Briefly, a total number of 20,000 tumor cells and 4,000 of either CAFs or
TAMs were successfully cultured in Corning low adherent plates in serum-free tumorsphere
cell suspension media for 3 days as tumorspheres following established protocol [15].
Tumorspheres were given ionizing radiation at room temperature with an acute dose of 6
Gy after 48—72 hours of plating. Following radiation, co-cultured cells were further cultured
for 72 hours, during which time spheres were imaged and quantified for 24, 48 and 72
hours (Fig. 6B-D; Supplementary Figs. S11A-S11D) using a Nikon TiE microscope. In
addition, following 6 hours of radiation, spheres were treated with DLL1 antibody (200
ng/ml) [16], DAPT (Gamma secretase inhibitor-GSI) (200 ng/ml) (Sigma-Aldrich, catalog
no. D5942-5MG), JW74, a canonical Wnt signaling inhibitor (10uM) (Tocris bioscience,
catalog no. 5653) and LGK-974, a porcupine inhibitor that inhibits secretion of Wnt ligands
(10uM) (Selleckchem, catalog no. CS7143) in different experiments as indicated in the
corresponding figure legends and were further cultured for 72 hours. The number of spheres
were imaged and quantified at 72 hours under a Nikon TiE light microscope per filed of
view (FOV).

Statistics and reproducibility

We repeated our /n vitro experiments at least two times in duplicate. We used a minimum
of 3 mice per group for /n vivo experiments, exception in Supplementary Fig. S7N, where
one mouse was dead before completion of experiment. For /n vivo experiments, the mice
were randomized based on their age and body weight, before the start of the experiment.
The results are reported as mean £ SEM (standard error of the mean). The significance of
differences was calculated using two-tailed unpaired student #test for normally distributed
datasets. Paired two-tailed student #test was done to compare matched primary and
recurrent breast tumors (Supplementary Fig. S7TC-S7H). One-way ANOVA with TUKEY’s
multiple comparisons post hoc test was used for multiple comparisons. The tumor growth
and grouped datasets were analyzed using the Bonferroni corrected two-way ANOVA to
compute statistical significance. GraphPad Prism 8 software was used for all statistical
analyses. The number of animals and the statistical tests to compute p-value are reported in
each of the corresponding figure legends.

Additional methods are in supplemental file.
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Data availability

The data generated in this study are available within the article and its Supplementary Data
file. Bulk RNA-seq data is available in GSE172399 and GSE172398. Sc-RNA-seq data is
available in GSE182011.

Results

Increased DLL1* tumor cells and FAP* and aSMA* CAFs in breast cancer patients who
have undergone radiotherapy

We had previously shown that DLL1 expression correlates with poor prognosis in ERa”*
luminal breast cancer, but not in other subtypes of breast cancer [15]. To determine if DLL1
mediated Notch signaling also impacts human breast cancer post-radiation, we performed
immunohistochemistry (IHC) on three independent cohorts of tumor samples from ER*/PR*
luminal patients (non-TNBC) who did not receive radiation or were undergoing RT in an
adjuvant (ART) or neoadjuvant (NART) setting (Supplementary Table S1). H-score data

on luminal breast tumor samples indicated higher expression of DLL1 protein in NART
tumors when compared to RT breast tumors (p=0.01) or ART patients’ tumors (p=0.60)
(Fig. 1A and B), suggesting radiation induces DLL1 expression or increases the number

of DLL1* cells in the NART setting. Higher DLL1 levels were not observed in ART
tumors and no conclusions can be drawn potentially due to low sample size. Moreover,
cytokeratin 14 (K14), a stem/basal progenitor marker that is associated with poor prognosis
and decreased relapse-free and overall survival [21], was expressed higher in luminal tumors
after NART relative to tumors without radiation (p=0.04), but a similar increase was not
observed in tumors from the ART setting (p=0.58) (Fig. 1C and D). Consistent with our
published data and recent emerging studies that highlight the pleiotropic roles of cancer
associated fibroblasts (CAFs) in mammary gland development [20], cancer progression

and acquisition of therapeutic resistances [6], our immunofluorescence (IF) data indicates
that NART and ART luminal tumors have a greater abundance of a smooth muscle actin
positive (@SMAY) CAFs (p=0.03 and 0.0002) compared to -RT (Fig. 1E and F). Similarly,
NART luminal tumors have a higher number of fibroblast activated protein positive (FAP*)
activated CAFs than -RT luminal patient tumors (p=0.03). There was no increase in activated
CAFs in the small number of ART tumors analyzed compared to -RT (p=0.70) (Fig. 1G
and H). Together, these data suggest that high CAF abundance and increased numbers of
DLL1* tumor cells correlate with poor patient outcome post irradiation in a NART setting.
Interestingly, from a large cohort of METABRIC dataset patients who received radiation,
we found a strong positive correlation between mRNA levels of DLL1to FAP (r=0.29,
p<0.0001) and ACTAZ (r=0.47, p<0.0001) after radiation in luminal breast cancer patients
(n=563) (Fig. 11 and J). Unlike the strong correlation of DLL1" cells and FAP* cells

in luminal tumors post radiation, there were no significant alterations in CD163* tumor
associated macrophage (TAM) population in these patient samples post NART compared to
tumors without RT (p=0.84) (Supplementary Fig. S1A and S1B).

In addition, ER*/PR* luminal breast cancer showed no significant changes were observed
in either DLL1 expression (p=0.39) or aSMA™* (p=0.78) or FAP* CAFs (p=0.48) post
NART/ART compared to -RT ER™/PR™/HER2™ (TNBC) patient tumors (Supplementary
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Fig. S1C-S1H), suggesting that the correlation between DLL1 and FAP is highly specific
to ER*/PR™ luminal tumors. Interestingly, K14 expression (p=0.009) was significantly
increased in TNBC tumors that had undergone NART (Supplementary Fig. S11 and S1J).
IHC analysis of TNBC patient’s tumor sections showed no significant changes in DLL1,
aSMA, FAP or K14 expression in TNBC tumors before and after ART (Supplementary Fig.
S$1C-S1J), which could be due to low sample size. Together, our data show that ER*/PR*
patients with poor clinical outcome post radiation is specifically associated with a higher
abundance of DLL1* tumor cells and CAFs, suggesting DLL1 may have causal role in
driving CAF-mediated radioresistance of non-TNBC or luminal tumors.

Single cell transcriptome profiling reveals increased myCAFs and FAP* activated CAFs in
DII1* but not in DII1™ tumors

CAFs coexist as heterogeneous populations with potentially different biological functions
[22]. To survey the diverse fibroblast populations of aggressive luminal breast cancer
(non-TNBC) at a cellular level, we utilized a recently published MMTV-PyMT-DII1mCherry
(hereafter referred to as Py-DII1MCN) reporter breast cancer mouse model [16, 20] generated
by mating DII1MCheTy reporter mice with luminal MMTV-PyMT mice [16]. Seurat based
10x scRNA-seq analyses from DII1* and DII1~ tumors (Fig. 2A) showed 14 clusters of
CD45™ cells and notably, D//Z was higher in cluster 1, 3 and 5 (Fig. 2B-D). Based on
keratin (Krt8, Krt18and Krt14), and Epcam expression, clusters 0-3, 5-8 and 11-12 were
defined as epithelial cell clusters (Supplementary Fig. S2A). Moreover, clusters 4 and 10
were enriched for CAF populations based on standard CAF markers [22] (Fig. 2E and F;
Supplementary Fig. S2B). Recently, Bartoschek et al., and Sebastian et al., [7, 22] identified
six distinct CAF populations including Acta2"i9" myofibroblastic CAFs (myCAFs), vascular
regulator enriched Notch3"9" CAFs (VCAFs), and Ly6c"9" inflammatory CAFs (iCAFs).
Based on differential gene expression [22], we found that cluster 10, which is higher in
DIIL* tumors, likely consists of VCAFs and myCAFs (Fig. 2C and F; Supplementary Fig.
S2C). Consistent with this finding, IF and IHC analyses revealed an increase in FAP* and
aSMA* CAFs in DII1* tumors compared to DII1™ tumors (Fig. 2G-J). On the other hand,
cluster 4, which contains iCAFs, was enriched in DII1~ tumors relative to DII1* tumors
(Fig. 2C and F; Supplementary Fig. S2C). We also found that cluster 4 CAFs are enriched
in genes from CD53M3" CAFs and genes for Crabp1M9" CAFs (Supplementary Fig. S2C).
Notably, higher expression of Motch2and Notch signaling target genes such as HesZ and
HeylL was observed in cluster 10 CAF populations (Supplementary Fig. S2D), which were
higher in DII1* tumors. Taken together, these results suggest that increased abundance

of myCAFs is strongly associated with high DII1 levels and that Notch target genes are
upregulated in different CAF subtypes at baseline in luminal breast tumors.

To further confirm the correlation between CAFs and DII1, we employed a syngeneic breast
cancer mouse model using a DIl1-overexpressing (OE) WTB luminal breast cancer cell

line derived from a MMTV-PyMT transgenic mouse tumor [15]. IF and IHC analyses with
control WTB (DII1°) and DII1-OE WTB (DII1M9") xenograft tumors showed a significant
increase in the abundance of CAFs (aSMA* and FAP*) in DII1-OE WTB tumors relative
to control tumors (Fig. 2K-N), suggesting that DII1* tumor cells may recruit unique CAF
subsets (aSMA* and FAP*™ CAFs) to these aggressive luminal tumors.

Cancer Res. Author manuscript; available in PMC 2023 May 23.
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Increased numbers of DII1* CSCs are associated with increased metastases, high
FAP*/aSMA* CAF infiltration and hypoxia in DII1* primary breast tumors post radiation

To determine the importance of the radiation-induced increase in DII1* cells in tumor
progression and metastasis (Supplementary Fig. S3A-S3E), we used the established Py-
DII1MCN mouse model [16]. Following 12 Gy of WRT, significant loss of body weight was
observed in irradiated mice compared to control mice whereas 6 Gy treated mice showed no
significant weight loss (Supplementary Fig. S3B and S3D), further experiments used only a
single dose of 6 Gy radiation. In this scenario, reductions in tumor size were not observed
due to the short response window of 6 days (Supplementary Fig. S3C and S3E).

Based on clinical studies, targeted radiation (TRT) of the primary tumor appears adequate
for achieving local control of cancer [23]. Therefore, we tested the efficacy of TRT on
transplanted DII1* and DII1~ tumor cells derived from Py-DII1™Ch reporter mice into

the mammary fat pad (MFP) of syngeneic C57BL/6 mice (Supplementary Fig. S3F).
Notably, neither short nor long-term 6 Gy TRT treatment resulted in significant weight

loss (Supplementary Fig. S4A and S4B). Notably, long-term TRT treatment was unable to
prevent DII1* tumor progression, but significantly reduced tumor growth and progression of
DII1™ tumors (Fig. 3A-D), suggesting that DII1* tumor cells /n vivo are radioresistant.

To determine if there was an association between DII1 mediated radioresistance and
metastasis, we assessed tumor burden in the lung and bones, two traditional sites of
metastasis in patients who do not respond to RT [24, 25]. Interestingly, we found a greater
number of metastatic nodules after TRT in the lungs of DII1* tumor bearing mice compared
to no radiation mice (Fig. 3E-G). We also found more metastatic nodules in TRT DII1*
tumor bearing mice compared to TRT DII1™ tumor bearing mice (Supplementary Fig.

S4C and S4D), suggesting DII1-dependent radioresistance is associated with metastasis.
Furthermore, we observed more DIIZMCN* cells in the bone of DII1* tumor cell bearing
mice post TRT (Supplementary Fig. S4E and S4F). The bone marrow is a preferred
metastatic site for disseminated tumor cells (DTCs) in several solid tumors, such as breast
cancer, lung cancer, prostate cancer and others [26] and correlates with disease recurrence
in many cancer types including breast cancer [27, 28]. To determine if DII1MCM* tumor
cells accumulate in the bone marrow of recipient C57BL/6 mice following orthotopic
transplantation of DII1* tumor cells, we extracted bone marrow cells and cultured them

ex vivo. Bone marrow from irradiated DII1* tumor bearing mice demonstrated a significant
increase in the number of DI1* tumor cells (based on mCherry) (Supplementary Fig. S4G
and S4H), similar to our /n vivo data. In addition, the number of DIILMCM* tumor cells

in the blood were significantly higher in DII1* tumor cell bearing mice after long-term
TRT compared to the untreated mice (Supplementary Fig. S41 and S4J), suggesting that
radioresistant DII1* tumor cells may represent DTCs, capable of seeding distant organ
metastasis. Collectively, our results suggest that DII1* tumor cells but not DII1~ tumor cells
are a critical determinant of radioresistance, associated with dissemination of tumor cells
followed by distant organ metastasis.

Cancer stem cells (CSCs) are thought to be responsible for radioresistance in various
cancers [29]. Notably, we observed a significant increase in the CSC (CD24~CD44nigh)
population [30] in DII1* tumors post long-term TRT, while dramatic reduction in the CSC

Cancer Res. Author manuscript; available in PMC 2023 May 23.
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(CD24~CD44*) population in TRT DI1~ tumors compared to non-irradiated DII1~ tumors
(Fig. 3H). Notably, a significant increase in the number of DIILIMCN* cells was found in
DII1* tumors post long-term TRT (Fig. 31). Our recent published report indicates that
DIIL* tumor cells bear a stem cell like phenotype [16]. Therefore, we next investigated

if DIIIMChery+ stem-like cells are part of the established CD24-CD44* CSC population
[30] in these tumors. Flow cytometry analysis (FACS) revealed a significant overlap of
DII1MCh+ cells with CD24CD44* CSCs, which were significantly more abundant in TRT
irradiated DII1* tumors (Fig. 3J) compared to untreated tumors, which further suggests that
the radioresistance of DII1* tumor cells is associated with an increase in the number of
DIIIMCh+ CSCs (DII1*CD24-CD44Y).

Next, we determined if the increase in DII1*CSCs, DTCs, and metastases correlates with an
increase in the number of CAFs within the TME post radiation. FACS analysis revealed an
increase in the total number of CD140* CAFs (CD45-CD140%) in TRT treated DII1* tumors
(Fig. 3K). In addition, using standard CAF markers such as aSMA, CD140/PDGFR-a,
CD90 (Thy1) and FAP [22, 31], we found that a SMA* CAFs increase significantly in
primary DII1* tumors after long-term TRT. Moreover, higher number of DII1™C* tumor
cells was further confirmed by IF in primary TRT- DII1* tumors compared to untreated
DII1* tumors (Fig. 3L-3N). Notably, increase number of FAP* CAFs were observed in
TRT treated DII1* tumors (Fig. 30 and P). FACS further confirmed that FAP* CAFs
(CD45-CD90*FAP*) and aSMA* myCAFs (CD45"FAP*aSMA™*) increase significantly
in primary DII1* tumors after long-term TRT (Fig. 3 Q and R), corroborating our SCRNA-
seq data (Fig. 2F). Consistent with long-term TRT, similar results were observed after
short-term TRT (Supplementary Fig. SSA-5D) and 6 days post-WRT (Supplementary Fig.
S5E-S5H), suggesting that the increase in number of CAFs occurs early post radiation.
Notably, we observed a decrease in aSMA* myCAFs in long-term TRT DII1~ primary
tumors (Supplementary Fig. S5I and S5J). Taken together, these findings suggest that

the DII1-dependent increase in the total CAF subpopulation that occurs post-irradiation
may play a critical role in breast cancer radioresistance and metastasis. This was further
confirmed by clonogenic assays with DII1* or DII1~ tumor cells with CAF conditioned
media showing a significant decrease in the survival fraction of the DII1™ tumor cells after
radiation compared to DI1* tumors cells (Supplementary Fig. S5K), further supporting the
radioresistant phenotype of DII1* tumors cells and radiosensitive phenotype of DII1™ tumor
cells.

Intratumoral hypoxia and increased production of reactive oxygen species (ROS) are
considered hallmarks of cancer and are associated with chemo/radioresistance, as well

as disease progression and evolution toward metastatic phenotypes [32]. IF showed an
increased abundance of CAIX* cells in TRT treated DII1* primary tumors relative to
untreated tumors. In addition, the number of double positive CAIX* DII1MC* cells were
significantly higher in irradiated DII1* breast tumors (Supplementary Fig. S5L and S5M).
No difference in CAIX™* cells were observed in TRT treated DII1~ tumors compared to
untreated tumors (Supplementary Fig. S5N and S50). Finally, we found a significantly
higher number of single K14* cells and double positive DIIIMCM* K14* tumor cells in TRT
irradiated DII1* primary tumors (Supplementary Fig. S5P and S5Q) compared to untreated
tumors, supporting our human data (Fig. 1C and D). Consistent with the findings from
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long-term TRT, similar findings were observed 6 day post TRT and WRT (Supplementary
Fig. S6A-S6H), suggesting DII1* tumor cells rapidly become hypoxic and more basal/stem
like post radiation. Collectively, our data strongly supports a strong positive association
between radioresistance and increased numbers of hypoxic DII1* tumor cells with a stem
cell like phenotype.

Pharmacological inhibition of DII1 in recurrent tumors abrogates tumor growth,
metastases and CAF infiltration

We next asked if the DII1 associated phenotypes in primary tumors were also apparent

in recurrent tumors that arose from primary tumors removed after RT (6 Gy of TRT was
given), thus mimicking NART (Supplementary Fig. S7A). Tumors were resected when they
were ~100-150 mm3 in size. DII1* tumors that recurred following TRT and resection grew
rapidly. Interestingly, IF analyses reveal a significant increase in the number of DII1* tumor
cells and aSMA* myCAFs in the recurred (Recur) tumors when matched with primary
resected tumor (Pri) (Supplementary Fig. S7TB-S7D), suggesting a causal role for DII1

in driving recurrence post RT. Flow cytometric analyses further revealed that recurrent
DII1* tumors showed a greater number of DIIL* cells, a-SMA* myCAFs and CD140*
CAFs (Supplementary Fig. STE-S7G) compared to their matched primary tumors. A further
modest increase in CSCs (CD24~CD44%) were seen in recurrent DII1* tumors compared to
their primary tumors (p=0.08) (Supplementary Fig. S7H), suggesting a DII1*CSC dependent
radioresistant phenotype of recurred tumors.

Next, we investigated whether pharmacological blocking of DII1 /n vivo could reduce
recurrence post radiation. For this, mice bearing primary DII1* tumors followed by
orthotopic injection of tumor cells, were subjected to TRT, and tumors were subsequently
resected. Following resection, tumor bearing mice were given either isotype 1gG control or
anti-DII1-blocking antibody and recurred tumors were measured over time. Pharmacological
blocking of DII1 activity significantly decreased tumor progression and lung metastasis
(Supplementary Fig. S71-S7M). Moreover, the number of DIILMC* cells was significantly
decreased in bone marrow (BM) and blood upon DII1 blocking as demonstrated by Flow
cytometry (Supplementary Fig. S7N and S70). This finding suggests that blocking DII1
can decrease DIl1-dependent recurrence in a NART setting. Following pharmacological
inhibition of DII1, we also observed a significant reduction of CD140%, aSMA* myCAFs
and CD45"FAP*CD90* CAFs (Supplementary Fig. S7P-S7S) in DII1* recurred tumors,
which further supports that DII1 mediated radioresistance and recurrence are potentially
driven by recruitment/abundance of CAFs in the TME of irradiated luminal breast tumors.

Conditional knockout of DII1 decreases tumor progression, lung metastasis and
abundance of aSMA* myCAFs in luminal tumors post radiation

To determine if DII1 is crucial for tumor progression and lung metastasis upon TRT,

sorted DIIIWT and DI11¢KO tumor cells from spontaneous MMTV-PyMT; DIIIWT (hereafter
referred to as Py-DIIWT) and MMTV-PyMT; DII1¢KO (hereafter referred to as Py-DII1¢KO)
tumor-bearing mice that we recently generated [16, 20] were orthotopically implanted into
recipient C57BL/6 immunocompetent mice and subjected to a single 6 Gy dose of TRT
when tumors were established at 2—3 weeks post injection. TRT- DIIIWT (+TRT) tumors
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both progressed and developed metastatic nodules in the lungs more quickly than did
non-irradiated (-RT) DIIIWT tumors (Fig. 4A—C). In contrast, TRT- DII1°KO (+TRT) tumors
progressed more slowly than non-irradiated (-RT) DII1°KO tumors (Fig. 4D and E). The
low level of lung metastasis post radiation was not significantly different between the
DI11°KO tumor bearing mice groups (Fig. 4F), further supporting a causative role for DII1
in the radioresistant phenotype associated with increased metastasis. Interestingly, there
was a dramatic increase in the CD24~CD44* CSC population in Py-DIIIWT tumors post
radiation (long term) (Fig. 4G). Similar to the Py-DII1MCh reporter model, we found that
conditional knockout of DII1 in tumor cells (Py-DII11°KO) led to a dramatic reduction in
the surviving fraction compared to DIIWT tumor cells after radiation with CAF CM in the
clonogenic assay (Supplementary Fig. S8A), further indicating that DII1*/DII11M9" tumor
cells are radioresistant.

Similar to genetic conditional knockout of DII1 (DI11°K0), pharmacological blocking of
DII1 also sensitized radioresistant DII1 high (DII1WT) tumor cells to radiation, as seen by
decreased tumor progression, lung metastasis and CSC population (Fig. 4H-K), suggesting
that DII1-dependent CSC function is associated with radioresistance and metastasis in
luminal breast cancer. Consistent with our findings from the DIILMCh* reporter mouse
model, we found a significant increase in CAIX* cells and K14+ cells (Supplementary Fig.
S8B-S8E) in +TRT Py-DII1WT tumors compared to -RT Py-DII1WT. Fewer CAIX™ cells
and K14* cells were observed in irradiated Py-DI11°KO tumors compared to non-irradiated
Py-DII11°KO tumors (Supplementary Fig. S8F-S81). In addition, we found a significant
decrease in CAIX" cells (Supplementary Fig. S8F and S8G) and modest decrease in K14*
cells (Supplementary Fig. S8H and S81) in +TRT Py-DII1¢KO tumors compared to -RT
Py-DII11°KO tumors. Notably, there were significantly more aSMA* and FAP* CAFs in
+TRT Py-DIIIWT tumors compared to untreated Py-DIITWT tumors (Fig. 4L—0). In addition,
decreased number of aSMA* CAFs in +TRT Py-DI11¢KO tumors compared to non-irradiated
Py-DII11°KO tumors (Fig. 4P and Q). Similar to genetic conditional knockout of DII1,
pharmacological blocking of DII1 in Py-DIIZWT tumors reduced the number of aSMA*

and FAP* CAFs (Fig. 4R-T and Supplementary Fig. S8J). Taken together, these findings
suggest genetic or pharmacological blocking of DII1 activity sensitizes tumors to radiation
and also reduces the radiation associated hypoxic phenotype, as well as the number of K14
expressing basal/stem like tumor cells and aSMA* and FAP™ CAF populations in TME.

Secreted IL-6 from DII1M9h tumor cells potentiates recruitment of myCAFs to the breast
TME post radiation and can be reverted by pharmacological blocking of IL-6/DII1 signaling

Stromal cell migration and invasion are considered critical for acquired therapeutic
resistance and are regulated by numerous tumor-secreted factors among which IL-6, IL-12,
Cxcl-12 and Tgf-p1 play pivotal roles by altering the TME to promote therapeutic resistance
in many solid cancers [33-36]. To determine if the increased numbers of CAFs present in
our radioresistant luminal breast cancer experimental model could be linked to enhanced
recruitment in response to a tumor cell secreted factor, we performed quantitative RT PCR
(gPCR) analyses which revealed that the mRNA expression of /L-6, /L-12, and Cxc/-12

are consistently up-regulated in irradiated DII1* tumor cells compared to control -RT DII1*
tumor cells (Supplementary Fig. S9A and S9B), suggesting that radioresistant DII1* tumor
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cells may drive CAF recruitment. Complementary to this approach, unbiased bulk mRNA
sequence analysis showed that a total number of 221 genes were significantly upregulated

in sorted DII1* tumor cells after radiation, whereas only 35 genes were downregulated in
sorted DII1* tumor cells with no radiation (Fig. 5A), thereby identifying a distinct radiation-
induced gene expression profile in DIIL* cells. Interestingly, we found that the I1L-6/JAK-
STAT3 pathway is significantly upregulated in DII1* tumors post radiation (Fig. 5B),
supporting earlier data indicating dramatic increased /L-6 mRNA expression in tumor cells
post radiation (Supplementary Fig. S9A and S9B). This observation was further confirmed
by IL-6 protein data using FACS analysis and ELISA (Fig. 5C and D). Furthermore, western
blot analysis revealed that activation of the STAT-3 signaling pathway (enhanced p-STAT-3,
downstream of 1L-6 signaling) occurs in CAFs sorted from DII1* tumors after radiation (Fig.
5E), suggesting that IL-6 produced by DII1* tumor cells is responsible, at least in part, for
activating CAFs within the TME.

Next, transwell migration assay revealed that CM from Py-DII1WT primary tumor cells
promoted greater CAF migration, which was reversed by blocking IL-6 using anti IL-6
antibody (Fig. 5F). Addition of IL-6 recombinant protein to plain media also showed
increased migration of CAFs, further supporting the requirement of IL-6 specifically in CAF
migration. In complementary gain-of function studies, CM from DII1-OE WTB luminal
cells (derived from MMTV-PyMT) recruits more CAFs compared to CM from control WTB
cells (DI11'°) (Supplementary Fig. S9C). This increase in CAF migration was prevented by
addition of anti-I1L-6 blocking antibody, suggesting that IL-6 is a central mediator of CAF
migration downstream of DII1 in luminal breast cancer.

IL-6 induction is associated with a poorer prognosis in patients with metastatic breast
cancer and serum IL-6 levels are associated with an increase in pathological tumor grade
[37]. Although blocking of IL-6 signaling with monoclonal antibodies specific for IL-6 has
proven its worth in many preclinical studies, the response to anti-IL-6 monotherapy in breast
cancer post radiation is limited [38, 39]. Therefore, we next determined if blocking of IL-6
signaling coupled with blocking of DII1 using anti-DII1-blocking antibodies could further
sensitize the tumors to TRT following orthotropic injection of Py-DII1* tumors cells from
Py-DII1MCh mouse model in C57BL/6 recipient mice (Fig. 5G). Radiation followed by drug
treatment was started when tumors were at an early stage (6mmx6mm) to allow further
CAF recruitment with tumor progression. Tumor progression and lung metastasis were
significantly reduced post combination therapy as well as after monotherapy with either
anti-DII1 or anti-IL-6 antibody (Fig. 5H-K), suggesting DII1-dependent CAF recruitment

is an important step in driving resistance to radiation. The decrease in tumor growth and
lung metastases in the drug treatment cohort of mice was associated with reduced abundance
of CSC (Fig. 5L), DII1* and DII1* CSCs (Supplementary Fig. S9D and S9E) and aSMA™
myCAF and FAP* activated CAF and also CD140* and FAP*CD90* CAF populations in
primary DII1* tumors (Fig. 5M-0; Supplementary Fig. SOF and S9G), suggesting that DII1*
CSCs drive metastasis through CAF recruitment.

Finally, Gene Set Enrichment Analysis (GSEA) identified several radio-resistant signatures,
including ROS, angiogenesis and epithelial-to-mesenchymal transition (EMT) pathways [40]
that were enriched in sorted DII1* cells from irradiated tumors (Supplementary Fig. SOH-
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S9J). Intracellular ROS levels were also determined by DCF-DA assay, which revealed a
greater level of intracellular ROS production in TRT irradiated DII1* tumor cells compared
to non-irradiated DII1* tumors (Supplementary Fig. S9K), corroborating our bulk mRNA
sequencing data. Furthermore, the intracellular ROS-dependent radioresistant phenotype

of DII1* tumor cells were prevented by exogenous addition of catalase (25 units/ml) in
co-culture with sorted CAFs (Supplementary Fig. S9L), which further suggest that ROS
plays an important role in maintaining the radioresistant function of DII1 through CAFs. In
addition, upregulation of several radiation pathways was observed in irradiated DII1* tumor
cells compared to untreated DII1* tumor cells (Supplementary Table S2A).

CAFs recruited in the TME post radiation augment stemness of DII1* tumor cells through
activation of Wnt signaling

Recent studies revealed that Notch activation in CAFs is associated with disease
progression, however its role in conferring radioresistance in breast cancer remains unclear.
Thus, we next assessed DII1-activated Notch signaling in CAFs sorted from irradiated DII1*
breast tumors based on CD140 (PDGFRa) antibody [20]. Quantitative PCR data revealed
that sorted PDGFRa* CAFs from post 40day irradiated DII1* mouse breast tumors express
high levels of Fapand elevated levels of Notch2and Notch3, bona fide receptors for DII1
ligand as well as Notch target genes Hes2and HeyL (Supplementary Fig. SI0A-S10E).
Consistent with our TRT data, similar trends in expression were observed from 6-day

post WRT (Supplementary Fig. SLIOF-S10l). Overall, these results strongly suggest that
activation of the Notch signaling pathway in CAFs by DII1M9M tumors after irradiation

in aggressive luminal tumors involve DII1-Notch2/3 interactions. Furthermore, bulk mRNA-
seq analysis indicated that Wnt ligands were highly upregulated in sorted PDGFRa* CAFs
post radiation (Supplementary Table S2B). Like normal stem cells, the maintenance of CSC
properties requires a supportive niche. While a recent clinical study supports the capacity
of CAFs to promote the stemness of cancer cells [41], it is crucial to determine if and how
they contribute to the acquisition of radioresistance in breast cancer. To this end, CAFs
sorted from Py-DII1WT mouse tumors were co-cultured with primary tumor cells (enriched
for tumor cells by sorting with Ter119, CD45 and CD31 antibodies) [17] derived from
Py-DIIIWT or Py-DI11¢KO mouse tumors (Fig. 6A). Co-culture of Py-DIIWT tumor cells
(with high DII1 levels) with CAFs showed a greater number of tumorspheres compared to
Py-DII1¢KO cells in -RT context (Supplementary Fig. S11A). Additionally, we noted that
co-culture of Py-DIIIWT tumor cells with CAFs generated a greater number of tumorspheres
post radiation compared to tumor cells alone suggesting that CAFs increase tumor cell
stemness of DIIZWT tumor cells (Fig. 6B and C). The tumor promoting effect of CAFs was
not observed when Py-DI11°KO tumor cells (with low DII1 levels) were used in co-culture,
suggesting that DII1 is necessary for the crosstalk between tumor cells and CAFs (Fig.

6B and C). As our earlier published work demonstrated that DII1* mammary epithelial
cells can crosstalk with macrophages to promote stem cell function in normal breast

[20], we performed similar /n vitro tumorsphere assay of Py-DII1WT with Py-DII1WT/cKO
TAMs (tumor associated macrophages) post radiation (Supplementary Fig. S11B). Notably,
addition of Py-DIIIWT TAMs to Py-DIIIWT tumor cells is associated with decrease in the
number of tumorspheres post radiation, suggesting that TAMSs do not contribute to the
radioresistance of DIIL* tumor cells (Supplementary Fig. S11C), corroborating human data.
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To complement our loss-of-function study, we performed a similar co-culture assay with
control and DII1-OE WTB luminal breast cancer cells with Py-DII1WT CAFs (Fig. 6A).
When cultured with Py-DIIIWT CAFs, DII1-OE WTB tumor cells formed significantly more
tumorspheres compared to analogous cultures of control WTB tumor cells post radiation
(Fig. 6D; Supplementary Fig. S11D). Taken together, our data strongly suggests CAFs
promote DII1 dependent CSC function post radiation.

Whnt signaling is known to function in breast cancer, particularly in TNBC [18, 42], but the
function of Wnt signaling on hormone responsive breast cancer has not yet been explored in
detail. Our unbiased bulk MRNA seq data strongly indicates that following radiation, Wnt
ligand secretion by CAFs may promote Wnt signaling in tumor cells to further potentiate
their stemness and promote radioresistance. Quantitative PCR data further confirmed that
CAF educated radioresistant Py-DII1WT cells from co-culture express significantly higher
Wht target genes such as Cendl and Axin2than do Py-DIIIWT tumor cells alone (Fig.

6E). In further support, increased nuclear translocation of B-catenin in Py-DII1WT tumor
cells following their co-culture with CAFs (Fig. 6F) post radiation, indicates activated

Whnt signaling [43]. Notably, treatment with the Wnt inhibitor JW-74 [44], DAPT, a Notch
inhibitor and anti-DII1 antibody reverses p-catenin nuclear translocation and elicited a robust
decrease in the number of tumorspheres in suspension co-cultures of CAFs and tumor cells
post radiation further supporting a critical role for Wnt signaling in radioresistance (Fig.
6F—H), suggesting that DII1 mediated Notch signaling is important for DIl1-Notch-Wnt
crosstalk of tumor cells and CAFs post radiation.

To specifically evaluate the effect of Wnt secretion by CAFs, we used LGK-974, a
porcupine inhibitor that specifically affects secretion of Wnt ligands [45] to prevent Wnt
signaling and which is currently being evaluated in a clinical trial for Wnt-dependent
malignancies (ClinicalTrials.gov Identifier: NCT01351103). LGK-974 reduced the number
of tumorspheres and expression of Wnt target genes from Py-DIITWT tumor cells following
their co-culture with CAFs post radiation when compared to irradiated Py-DIIIWT tumor
cells co-cultured with CAFs (Fig. 61 and J; Supplementary Fig. S11E). Finally, co-culture
of CAFs with stable Py-DII1WT-7TGC tumor cells (lentiviral based Wnt-reporter plasmid,
7TTGC [46]) (Supplementary Fig. S11F) showed significant activation of Wnt signaling
(mCherry*/GFP* cells) as compared to Py-DII1°KO-7TGC tumor cells alone post radiation
(Fig. 6K), confirming activation of DII1-dependent Wnt signaling after radiation. To further
determine if CAF affects activation of the Wnt/B-catenin pathway in a Notch receptor
dependent manner, we made stable knockdowns of both Notch2 and Notch3 in Py-DIITWT
CAFs using lentivirus, which was confirmed by qPCR (Fig. 6L; Supplemental Fig. S11G
and S11H). Knockdown (KD) of either Notch2 or Notch3 in CAFs significantly reduced
the number of tumorspheres and reduced nuclear localization of B-catenin in Py-DIIZWT
tumor cells following their co-culture with Notch2/3 KD1/KD2 CAFs post radiation (Fig.
6M-0; Supplementary Fig. S111-S11K). Taken together, these findings clearly suggest
that Notch2/3 expressing CAFs are most likely responsible for augmenting Notch-Wnt-
dependent crosstalk with DI1* tumor cells, thereby promoting increases in stemness that
can facilitate radioresistance.
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Targeting DLL1 inhibits crosstalk with CAFs in DLL1M9M patient derived xenograft (PDX)
cells post radiation

To investigate whether our experimental findings could be relevant to the pathogenesis

in human breast cancer, we next determined if the molecular crosstalk between DIIL*

tumor cells and CAFs contributes to radioresistance in patient derived xenograft (PDX)
samples, which mimic human breast cancer very closely [47]. We used two ER*/PR*

PDX tumors, HCI-013 and HCI-032, derived from ER* luminal breast cancer patients [48]
(Supplementary Fig. S12A). Notably, HCI-032 with higher DII1 protein shows a significant
increase in tumor growth compared to HCI-013 (lower DII1 at baseline), suggesting that
HCI-032 is more aggressive (Fig. 7A; Supplementary Fig. S12B). Moreover, H&E images
demonstrated an increased abundance of macronuclear tumor cells and higher abundance of
dense stroma in HCI-032 compared to HCI-013, which was further confirmed by IF and
IHC showing more abundant single a SMA™ cells and FAP* cells in aggressive HCI-032
tumors than in HCI-013 (Supplementary Fig. S12C-S12G). In addition, nuclear localization
of B-catenin was increased in HCI-032 tumors relative to HCI-013, suggesting that some
Whnt signaling may be activated in HCI-032 PDX tumors (Supplementary Fig. S12H). Of
note, HCI-032 PDX tumor cells also form more tumorspheres compared to HCI-013 in
suspension culture /in vitro (Supplementary Fig. 121 and S12J), suggesting the presence

of more functional CSCs. To further examine if addition of CAFs might facilitate stem

cell functions post radiation, PDX tumors were cultured alone or in combination with
sorted CAFs (EPCAM~PDGFRa*) from fresh ER*/PR* human patient tumors and were
subjected to irradiation as shown in the schematic diagram (Supplementary Fig. S12A).
Western blot data revealed that DLL1 protein was expressed more highly in aggressive
HCI-032 compared to HCI-013 after radiation (Fig. 7A and Supplementary Fig. S13). More
importantly, clonogenic survival assay showed a significant increase in cell viability of
HCI-032 tumor cells with CM from human sorted CAFs in short term culture compared to
HCI-013 tumor cells co-cultured with CAFs post radiation, suggesting HCI-032 are more
aggressive and radioresistant than HCI-013 (Supplementary Fig. S12K). Furthermore, a
significantly greater number of tumorspheres and nuclear localization of p-catenin were
observed by HCI-032 PDX tumors (DLL1M9") co-cultured with CAFs following radiation
compared to HCI-013 PDX tumors (DLL1°) co-cultured with CAFs, suggesting that
HCI-032 PDX tumor cells with high DLL1 have more stem cell properties and upregulation
of Wnt signaling post radiation in presence of CAFs (Fig. 7B-E). Taken together, these data
strongly corroborate our mouse data and suggest CAFs play a crucial role in DIlI1-mediated
promotion of CSC function that contributes to radioresistance in luminal breast cancer.

Furthermore, Wnt reporter assay with stable PDX cell lines (HCI-013-7TGC and HCI-032-
7TGC) using the lentiviral based Wnt-reporter, 7TGC plasmid [46] confirmed that activation
of Whnit signaling based on increase in mCherry*/GFP* expression was increased in
HCI1-032-7TGC PDX tumor cells compared to HCI-013-7TGC PDX tumor cells when
co-cultured with CAFs post radiation (Fig. 7F and G). Pharmacological blocking of Notch
signaling using DAPT or anti-DLL1 antibody or inhibiting Wnt signaling using JW-74
significantly reduced tumorsphere number post radiation in HCI-032 PDX tumor cells
compared to untreated HCI-032 PDX tumors (Fig. 7H and I). More importantly, prevention
of Wnt ligand secretion by LGK-974 post radiation significantly decreased tumorsphere

Cancer Res. Author manuscript; available in PMC 2023 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nandi et al. Page 16
number of HCI-032 PDX tumor cells (Fig. 7H and 1) and Wnt target genes expression as
evidenced by gPCR (Fig. 7J), further reinforcing our /n vitro data. Taken together, our data
suggest that blocking Wnt signaling or DII1 mediated Notch signaling reverses the increase
in stemness during radioresistance (Fig. 7K).

Discussion

Breast cancer is a deadly form of cancer among women worldwide [49]. Consequently,
advances in the treatment of this cancer are of the highest priority. The efficacy of RT,

a major treatment modality for breast cancer, is severely attenuated by emergence of
radioresistance, but the underlying mechanism is not fully understood. Recent evidence
points to a strong correlation between Notch receptors and radioresistance in several cancers
[50, 51], including breast cancer [52]. Additional preclinical studies have also shown that
CSCs have a radiation-resistant phonotype, and that radiation treatment enriches for the
CSC population [53]. However, the functional impact of Notch signaling on CSCs during
radioresistance is not clear. Our present study reveals a central role for the Notch ligand
DII1 in promoting radioresistance. We found increased expression of DLL1 in NART patient
tumors, suggesting that radiation may augment DLL1* CSCs in these patients, thereby
potentially contributing to radioresistance. Furthermore, an increased abundance of FAP
and aSMA expressing CAFs in luminal ER*/PR* patient tumors post radiation indicated

a possible crosstalk between DLL1* CSC and CAFs to promote resistance to RT in breast
cancer patients. This high prognostic capability of DLL1 and CAFs is limited to NART
ER*/PR* patients, based on the current study. However, the number of ART patient tumor
samples were too low to reach statistical significance for DLL1, although the correlation
for myCAFs (aSMA™), but not activated FAP* CAFs holds true in this small number of
patient samples. In the future, larger sample size of ER*/PR™* patient samples in both NART
and ART settings need to be evaluated to determine if the number of DLL1 cells and CAFs
can be used as biomarker to identify patients at high-risk for radioresistance. Additional
studies assessing DLL1 expression prior to NART may also reveal if RT should be avoided
all together in patients with high basal levels of DLL1 expression or if concomitant
administration of DLL1-targeted therapeutics is warranted to improve prognosis.

CAFs comprise the most dominant population within the breast cancer TME and can
contribute to drug resistance. However, functional analysis of this heterogeneous population
remains challenging. Our scRNA-seq data show that activated FAP* CAFs and aSMA™
myCAF populations are increased in DII1* tumors. Furthermore, conditional knockout

of DII1 in tumor cells reduces the number of FAP* and aSMA* CAF subpopulations,
suggesting that DII1 is responsible for quantitative and qualitative alterations in CAF
abundance. We also observed DII1* cells became more hypoxic post radiation in murine
primary breast tumors. Notably, disseminated DII1* cells were significantly higher in

the blood of irradiated mice after radiation, suggesting that hypoxic DII1* tumor cells
disseminate after radiation, potentially contributing to distal organ metastasis. Shedding
of tumor cells post radiation is well known in cancer [54] and DTCs can contribute to
metastasis at distal sites. Our data suggest that hypoxic DII1* tumor cells and excess DII1*
DTCs likely contribute to metastasis. Future studies involving other luminal breast cancer
models and human tumor cells will be needed to examine the causal role of DII1* tumor
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cells on metastasis post radiation. Additionally, other upcoming studies will determine if
therapeutic targeting of these cells will decrease radioresistance and metastatic disease.

IL-6 is involved in several cancer-associated fibroblasts and clinical studies have shown
that high serum IL-6 levels are indicative of poor prognosis and survival in breast and

other cancers [55]. IL-6 induces EMT by activating the JAK-STAT3-SNAIL pathway [56].
Although IL-6 secreted from CAFs can contribute to therapeutic resistance [57], the function
of breast tumor secreted IL-6 on CAFs remains unexplored. Mechanistically, we show

that DII1* tumor cells secrete IL-6 to promote recruitment of CAFs after radiation. CAFs
from irradiated tumors showed increased expression of Notch2and Noitch3 as well as
Notch target genes such as HesZand HeylL, suggesting that DII1 mediated Notch signaling
activation occurs after CAF recruitment to the TME post radiation. Our data demonstrated
that blockade of IL-6 and DII1-Notch signaling significantly reverts this process and makes
tumor sensitive to radiation suggesting that IL-6 from the tumor cells have a critical role

in DII1-dependent recruitment of CAFs and acquisition of radioresistance in breast cancer.
Mechanistically, we also show that DII1 driven radio resistance is reactive oxygen species
(ROS) dependent as viability of DII1M9" CSCs can be reduced by addition of exogenous
antioxidant enzyme, catalase. It has been reported that ROS plays a vital role in modulating
drug resistant CSCs [53, 58]. Our study indicates that high intracellular ROS production in
irradiated DII1* cancer cells along with CAFs may lead to radio resistance.

CAFs are associated with immune-suppression and resistance as well as promotion of

stem cell properties in multiple cancers, including breast [59]. CAFs secrete TGF-p1 and
osteopontin (OPN) to induce EMT and enhance CSC function [60-62]. In human breast
cancer, CD24-CD44" cells show CSC function and high tumorigenicity. This stem cell
phenotype is dependent on both canonical and noncanonical Wnt signaling [42]. Here, we
present data supporting a novel mechanism by which CAFs influence CSC function post
radiation. Specifically, we show that activation of DII1 mediated Notch signaling in CAFs
upregulates the secretion of Wnt ligands, thereby activating Wnt signaling in CSCs. Notably,
blocking Wnt secretion from CAFs using a clinically tested drug LGK-974 reverts this
phenotype, opening new possible avenues of treatment of patients with radioresistant breast
cancer.

To corroborate our findings from mouse and human clinical data, we used breast cancer
PDX models that accurately mimic the heterogeneity of the tumors of origin to decipher
the intricate radiation induced crosstalk between tumor cells and CAFs. Higher expression
of DLL1 protein in radioresistant PDX tumor cells, suggests DLL1 mediated Notch
signaling may promote radioresistance of breast tumor cells corroborating mouse tumor
data. Furthermore, nuclear translocation of B-catenin in tumor cells in response to Wnt
ligand secretion by CAFs suggests activated Wnt signaling in PDX tumor cells when co-
cultured with CAFs. In support, use of Wnt signaling inhibitors such as JW-74 or LGK-974
or inhibition of Notch signaling using GSI (DAPT) or anti-DLL1 blocking antibody reverts
the stem cell phenotype, strongly suggesting an indispensable role for the DII1 mediated
Notch pathway in promoting Wnt signaling in DII1* CSCs to drive radioresistance.
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In summary, our study sheds light on a novel crosstalk between DII1-Notch and Wnt
signaling between DII1* tumor cells and CAFs that promotes radioresistance (Fig. 7K),
which may be further exploited in the near future as an alternative therapeutic application
aimed to revert radioresistance in breast cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

DII1* breast cancer cells activate Notch signaling in cancer-associated fibroblasts
that increases Wnt ligand secretion and leads to f-catenin-driven radioresistance and
metastasis, opening new therapeutic avenues for breast cancer.
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between DLL1 (1) and ACTAZ (J) expression in +RT ER*/PR* (n=563) luminal breast
cancer patients. Data are presented as the mean £ SEM. FOV stands for field of view.
Unpaired student’s ftest was used to calculate p values. Scale bars, 100 uM.
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Figure2.
Single cell sequencing (scRNA-seq) data show increase in myCAF population in DII1*

luminal breast tumors. A, Schematic strategy of sScRNA-seq of CD45~ DII1* and DI1~
cells from Py-DII1* and Py-DII1~ tumors. B, UMAP embedding shows distribution of
total CD45™ cells from both DII1* and DII1™ breast tumors. C, Bar graph depicts percent
distribution of Py-DII1* and Py-DII1~ tumor cells within each cluster. D, Feature plot shows
higher expression of D//1in clusters 1, 3, 5 and 8. E, Dot plot shows the expression

of selected CAF markers in different CD45™ clusters. F, Feature plots show CAF sub
populations, based on ActaZ, FAF, Notch3and Lyé6c1 expression. G-J, IF and IHC images
and quantification of aSMA™ cells (G and H) and FAP* cells (I and J) in DIIL* and

DII1™ breast tumors. K-N, IF and IHC images and quantification of a SMA™ cells (K and
L) and FAP* cells (M and N) in DII1 over-expressing (OE) and control (vector) WTB
xenograft tumors [15]. Insets (I and M) showing zoomed-in image. The dots in scatter plot
represent the field of view (FOV), n=4 tumors/group. Data are presented as the mean +
SEM. Unpaired student’s #test was used to calculate p values. Scale bars, 100 pm.
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Figure 3.
Radiation increases DII1* CSCs and CAFs in DII1* luminal breast tumors. A total of

80,000 sorted DII1* and DII1~ tumor cells from Py-DII1MCN spontaneous tumors were
orthotopically injected into syngeneic C57BL/6 mice. TRT (6 Gy) was given when tumors
were established (indicated by black arrow) and tumors (n= 8 tumors/group for DII1*
tumors, data was combined from two independent experiments) and (n=6 tumors/group

for DII1™ tumors) were harvested ~6—7 weeks later. The experiment was repeated twice.
A-D, Tumor growth curve and whole tumor images, from DIIL* tumors (A and B) and

DII1™ tumors (C and D) after TRT. E, Fluorescence images showing a greater number
DII1MCh cells in +TRT DII1* whole lungs compared to -RT lung. (F and G), Whole

lung images post Bouin fixation (F) and quantification (G) showing a greater number of
metastatic nodules (indicated by black arrows) in +TRT DII1* lungs. Data is combined

from two independent experiments (n=7 mice/group). (H-J), Flowcytometry graphs showing
increased CSC (CD24-CD44*) population (H), DII1MCM* tumor cells (1) and double positive
DIIIMCh+ CSC (DIIIMChemy+CD24-CD44*) populations (J) in DII1* tumors after TRT.

K, Flowcytometry analysis showing an increased CD1407/PDGFRa* CAF population in
+TRT DII1* tumors. Data is combined from two independent experiments. (L-N), IF
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images (L) and scatter plots (M and N) showing increased a SMA* CAFs and DII1* tumor
cells in DIIL* primary tumors after TRT. (O-R), IHC images and quantification (O and

P) showing increased abundance of FAP* CAFs, and Flowcytometry data showing FAP*
CD90* CAF (CD45 FAP*CD90") subpopulation (Q) and FAP* aSMA expressing myCAF
subpopulation (CD45"FAP*aSMAY) (R) in +TRT DII1* tumors than -RT tumors. Data was
combined from two independent experiments. Each dot in the scatter plot (H-K and Q-R)
represents an individual tumor. The dots in the scatter plot (M, N and P) represent the field
of views (FOVs) from n=4 tumors/group. Data are presented as the mean £ SEM. Two-way
ANOVA with Bonferroni post-test (A, C) and unpaired student’s ftest (G-K, M-N, P-R)
were used to calculate p values. *p < 0.05, ***p < 0.001, ****p < 0.0001. Scale bars, 100
um (L and O) and 4 mm (E and F).
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Figure 4.
Genetic and pharmacological blocking of DII1 reveals indispensable role of DII1 in tumor

progression, lung metastasis and infiltration of aSMA* myCAFs in luminal tumors post

radiation. (A and B), Tumor growth curve (A); and representative whole tumor images (B)
showing increased tumor progression in Py-DIIIWT tumors after TRT (n=6 tumors/group).

C, A representative whole mount lung image (left panel) and scatter plot (right panel)
showing a greater number of metastatic nodules (black arrows) in Py-DIIZWT lungs upon
TRT. (D and E), Tumor growth curve (D); and representative whole tumor images (E)
showing slower tumor progression Py-DII1°KO tumors after TRT (n=6 tumors/group). A
total of 70,000 sorted tumor cells from Py-DII1WT/eKO mjce were orthotopically injected
into the mammary fat pad (MFP) of C57/BL6 mice. Black arrow indicates day of TRT.
F, A representative whole mount lung image (left panel) and scatter plot (right panel)
showing no difference in metastatic nodules (black arrows) in Py-DII1°KC mice with and
without TRT. G, Flowcytometry analysis depicting an increase in the number of cancer
stem cells (CSCs) in Py-DII1WT primary tumors after TRT compared to -RT. (H and 1),
Tumor progression curve (H); and representative whole tumor images (1) showing tumor
growth was slower in +TRT Py-DII1WT mice injected with anti-DII1-blocking antibody
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(18 mg/kg) compared with those treated with anti-1gG control antibody (n=4 tumors for
IgG and n=4 tumors for DII1 blocking antibody). A total of 40,000 sorted primary tumor
cells from Py-DII1WT were injected into the MFP of C57BL/6 mice. Drug was given every
alternate day. Black arrow indicates day of TRT. Blue arrow indicates starting time of
treatments. J, A representative whole mount lung image (left panel) and scatter plot (right
panel) showing reduced metastatic nodules (black arrows) in anti- DII1 blocking antibody
treated lung. K, Flowcytometry analysis showing decreased numbers of CSCs in anti-DII1-
blocking antibody treated +TRT Py-DI1WT primary tumors (n=4 tumors/ group). (L-O)
Representative IF images and quantification (L and M), and IHC images and quantification
(M and N) showing increased a SMA* and FAP* cells, in Py-DIITWT primary tumors upon
TRT. P, Representative IF images and Q, quantification showing decreased aSMA™ cells in
+TRT Py-DII1°KO primary tumors. (R-T), Representative IF images (R) and quantification
showing decreased aSMA™ cells (S) and decreased FAP* cells (based on H-score) (T) in
+TRT Py-DII1WT primary tumors upon anti DIl1-blocking antibody treatment compared

to 1gG treated tumors. The dots in scatter plot represent the field of views (FOVs), n=4
tumors/group. This experiment was performed twice. Data are presented as the mean *
SEM. Two-way ANOVA with Bonferroni post-test (A, D, H) and unpaired student’s #test
(C,F G,J-K,M, O, Q, Sand T) were used to calculate p values. ** p<0.01, ***p < 0.001
and **** p<0.0001. Scale bars, 4mm (C, F and J) and 100 pm (L, N, P and R).
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Figure5.

DII1 recruits CAFs to the TME in an IL-6 dependent manner during radioresistance
and pharmacological blocking of DII1 and IL-6 antibody sensitizes DII1* tumor cells to
radiotherapy. A, Volcano plot from bulk mRNA-seq depicts enriched peaks for several
upregulated genes in +TRT sorted DII1* tumor cells upon TRT. B, Gene set enrichment
analysis (GSEA) demonstrates an enriched IL-6-JAK-STAT3 pathway signature in DII1*
tumor cells post radiation (TRT). NES, normalized enrichment score and FDR, false
discovery rate. (C and D), FACS plots (C) and ELISA (D) show higher IL-6 protein
levels in DII1* tumor cells. E, Western blot showing activation of STAT-3 and p-STAT-3
in sorted CAFs from DII1* tumors after TRT (Data representative of minimum of two
independent experiments). Please see Supplementary Fig. S13 for whole blots. F, Bar graphs
demonstrate the total number of migrated CD140*/PDGFRa* CAFs sorted from +TRT
Py-DII1* tumors (Data representative of minimum of two independent experiments with two
technical duplicates). G, A total number of 80,000 sorted live Py-DII1* tumor cells were
transplanted in C57/B6 mice. Schematic model represents /n vivo treatment of DII1* tumors
with or without IgG control and anti-DII1 antibody (18 mg/kg) and anti-1L-6 antibody (20
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mg/kg) after a single dose of 6 Gy of TRT. H, Tumor growth curves of DII1* tumors from
indicated treatments (n=6 tumors for 1gG, n=8 tumors for DII1Ab and combination group
and n=10 tumors for IL-6 group). The black arrow indicates the day when TRT was given,
and the blue arrow indicates the day when treatments started. |, Representative IF images,
J, whole lung images and K, quantification show DII1MC"+ and metastatic nodules (black
arrows show nodules) in whole lungs (n=4 lungs/group). L, Scatter plot shows reduced CSC
population in anti-DII1 antibody or I1L-6 treated tumors compared to 1gG treated tumors. (M
and N), Quantification and IF of a SMA staining and O, quantification of FAP staining in
+TRT DII1L* tumors upon indicated /n vivo treatments. The dots in scatter plot represents
field of views (FOVs), n=4 tumors/group. Data are presented as the mean £ SEM. Two-way
ANOVA with Bonferroni post-test (H), One-way ANOVA with TUKEY post-test (F, K-M
and O) were used to calculate p values. *p<0.05, ** p<0.01; **** p<0.0001. Scale bars, 4
mm (I and J) and 100 pm (N).
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Figure 6.

KD1 KD2

KD1 KD2

DII1-dependent CAFs drive Wnt signaling to promote stemness of DII1* mouse tumor
cells post radiation. A, Schematic diagram shows the experimental plan of co-culture

of CD140*/ PDGFRa* CAFs. B, Line graphs and C, representing images showing the
number of tumorsphere formed by either Py-DIIIWT or Py-DII1¢KO sorted primary tumor
cells co-cultured with sorted WT CAFs post RT. D, Line graph shows increased number

of tumorsphere formed by DII1-OE WTB cells when co-cultured with sorted WT CAFs
post RT. E, gPCR show expression of Wnt signaling downstream target genes (Ccnd/,
Axin2, Lgr5and Ascl2) in the indicated group. -RT Py-DIIIWT primary tumor cells

was considered as a fold change of one. gPCR values were normalized to Gapadh (Data
representative of minimum of two independent experiments with technical duplicates). F,
Phase contrast and IF images (insets) and G, quantification shows dramatic decrease in the
number of tumorspheres derived from CAF co-cultured Py-DIIWT primary tumor cells after
RT in presence of JW-74 (10 um, pan inhibitor of canonical Wnt signaling) DAPT (200
ng/ml) (Notch inhibitor) or anti-DII1-blocking antibody (200 ng/ml) compared to untreated
cells. H, Scatter plots show p-catenin expression in the indicated group. I, Scatter plot

Cancer Res. Author manuscript; available in PMC 2023 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nandi et al.

Page 33

demonstrating number of tumorsphere in the indicated group. LGK-974 (10 pm) was used.
(Data representative of minimum of two independent experiments with technical duplicates).
J, Bar graph represents gPCR analysis of decreased Wnt target gens (Ccndl, AxinZ, Lgr5
and Ascl2) post RT in DIILWT primary tumor cell/CAF co-cultures upon treatment with
LGK-974 (10 um) compared to without LGK-974 treated group. K, Wnt reporter analysis
(Ieft) and scatter plot (right) show activation of Wnt signaling (based on increase in GFP*/
mCherry* expression) in the indicated group. MCherry expression was used to normalize
infectivity of the cells. L, gPCR shows stable knockdown of Noich3in CAFs. QPCR values
were normalized to Gapdh. M, Representative tumorsphere images and B-catenin IF images
(insets), (N and O), quantification showing tumorsphere number and p-catenin expression
in the indicated group. All tumorsphere experiments were repeated twice using technical
duplicates. Data are presented as the mean = SEM. FOV stands for field of view. Two-way
ANOVA with Bonferroni post-test adjustment (B and D), One-way ANOVA with TUKEY
post test (G, H, I, L, N and O) and unpaired student’s ¢test (E, J and K) were used to
calculate p-values. *p<0.05, **p < 0.01, ***p < 0.001. NS- not significant. Scale bars, 500
pum (C) and (F and M; phase contrast) and 100um (F and M; insets).
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Figure7.

Phgarmacological targeting of Notch signaling or Wnt signaling abrogates crosstalk between
CAFs and DLL1M9" patient derived xenograft (PDX) tumor cells. HCI-013 (radiosensitive)
and HCI-032 (radioresistant) luminal non-TNBC ER*/PR* PDXs, derived from ER* breast
cancer patients were used. A, Western blot showing DLL1 protein expression in the
indicated PDX before and after RT. Please see Supplementary Fig. S13 for whole blots.

(B and C), Representative tumorsphere images and quantification, (D and E), representative
IF images and quantification showing number of tumorsphere and B-CATENIN expression
in the indicated groups. F and G, Wnt reporter analysis showing increase in activation

of Wnt signaling (increase in mCherry* GFP* expression) in HCI-032-7TGC PDX cells.
H, Quantification shows decrease tumorsphere count of HCI-032 tumor cells (co-culture
with sorted human CAFs) after treatment with JW74 (10 uM), LGK-974 (10 um), DAPT,
Notch inhibitor (200 ng/ml) or anti-DII1-blocking antibody (500 pg/mL). I, Phase contrast
images show tumorsphere images in the indicated group. All tumorsphere experiments were
repeated two times using technical duplicates. J, qPCR analysis of Wnt target genes from

/
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indicated groups. gPCR data was normalized to Gapdh. This experiment was repeated two
times using technical duplicates. K, Working model showing radiation induced increases

in DII1* CSC number resulting in IL-6 dependent recruitment of CAFs to the TME.
Subsequent DII1-driven Notch signaling in recruited CAFs induces secretion of Wnt ligands,
which activates Wnt signaling in DII1* CSCs to enhance radioresistance in breast cancer.
Blocking DII1 and IL-6 or inhibiting Wnt signaling greatly reduces radioresistance in
preclinical mouse models. Moreover, genetic ablation of Notch2 and Notch3 receptors in
CAFs abrogates Wnt signaling dependent CSC function. Data are presented as the mean +
SEM. Unpaired student’s ftest was used to calculate p values. **p < 0.01; **** p<0.0001.
NS=not significant. Scale bars, 500 um (B and I) and 100um (D).
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