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Abstract

Cancer stem cells/cancer-initiating cells (CICs) and their microenvironmental niche play a vital
role in malignant tumour recurrence and metastasis. Cancer-associated fibroblasts (CAFs) are

major components of the niche of breast cancer-initiating cells (BCICs), and their interactions may
profoundly affect breast cancer progression. Autophagy has been considered to be a critical
process for CIC maintenance, but whether it is involved in the cross-talk between CAFs and CICs
to affect tumourigenesis and pathological significance has not been determined. In this study, we
found that the presence of CAFs containing high levels of microtubule-associated protein 1 light
chain 3 (LC3II), a marker of autophagosomes, was associated with more aggressive luminal
human breast cancer. CAFs in human luminal breast cancer tissues with high autophagy activity
enriched BCICs with increased tumourigenicity. Mechanistically, autophagic CAFs released high-
mobility group box 1 (HMGB1), which activated its receptor, Toll-like receptor (TLR) 4,
expressed by luminal breast cancer cells, to enhance their stemness and tumourigenicity.
Furthermore, immunohistochemistry of 180 luminal breast cancers revealed that high LC3I1/TLR4
levels predicted an increased relapse rate and a poorer prognosis. Our findings demonstrate that
autophagic CAFs play a critical role in promoting the progression of luminal breast cancer through

"Correspondence to: Xiao-Hong Yao or Hsiang-Fu Kung or Xiu-Wu Bian, Institute of Pathology and Southwest Cancer Center,
Southwest Hospital, Third Military Medical University, Chongging 400038, PR China. yxh15@hotmail.com; hfkung@163.com;

bianxiuwu@263.net.
Author contributions statement

The authors contributed in the following way: X-LZ, YL: performed most of the experiments and wrote the manuscript; LL, SY:
performed the lentivirus and adenovirus infection; XL, JJ, YL, TJ: collected the clinical specimens; X-GH, Z-XY, QN: prepared the
reagents; W-JF: performed the western blotting; X-HY, Y-FP, D-YG: performed the immunohistochemical scoring; X-HY, X-WB:

performed data analysis; J-MW, XZ: edited and revised the manuscript; X-HY, H-FK, X-WB: designed the study, revised the
manuscript, and provided administrative management.

No conflicts of interest were declared.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 2

an HMGB1-TLR4 axis, and that both autophagy in CAFs and TLR4 on breast cancer cells
constitute potential therapeutic targets.

Keywords

autophagy; breast cancer-initiating cell (BCIC); cancer-associated fibroblast (CAF); high-mobility
group box 1 (HMGB1); Toll-like receptor 4 (TLR4)

Introduction

Luminal breast cancer represents two-thirds of all breast cancers. Despite adjuvant endocrine
therapy and chemotherapy for patients after surgery, both early and late relapses still occur.
Current anticancer therapy is aimed at cancer cells of unspecified t ypes, although solid
tumours represent an organized, heterogeneous cell population [1]. The complicated cell-
cell interactions that form the tumour microenvironment (or niche) involve a small
population of cells termed cancer stem cells or cancer-initiating cells (CICs) [2]. Both CICs
and their niche play major roles in cancer recurrence, metastasis, and drug resistance [3-5].
Thus, specifically targeting CICs and their microenvironment has been suggested as a new
strategy for anticancer therapy [6-8].

CICs have been identified as being critical for tumour initiation and drug resistance in breast
cancer [4,9]. Breast cancer-initiating cells (BCICs), characterized by expression of aldehyde
dehydrogenase (ALDH) [10], reside in a niche containing cancer-associated fibroblasts
(CAFs). CAFs are the predominant components of the breast cancer microenvironment, and
play roles in the occurrence and progression of breast cancer [11,12]. Co-culture with cancer
cells has revealed that CAFs support CIC enrichment in breast and lung cancer [13,14].
However, the mechanisms by which CAFs interact with CICs and the pathological
significance remain elusive.

Recently, autophagy has been reported to support the survival and maintenance of CICs in
breast [15,16], brain [17] and colon [18] cancer. In addition to cancer cells, CAFs, vascular
endothelial cells and other stromal cells also respond to perturbations in the tumour
microenvironment, probably because of the inadequate supply of blood and depletion of
nutrients. Recent research has revealed that, when deprived of oxygen, nutrients, and growth
factors, cells maintain their survival through autophagic degradation of misfolded proteins
and damaged organelles via regulation of autophagy-related gene (A7G) products.
Moreover, certain leaderless proteins need autophagic membranes for efficient envelopment
and exocytosis for unconventional secretion, named autosecretion [19-21]. CAFs from
breast cancer have autophagic activity [22]; however, it is unclear whether any cytokines
secreted by CAFs in the niche through autophagy-based unconventional secretion are
involved in the cross-talk between CICs and CAFs to promote tumourigenesis and self-
renewal of CICs.

In an effort to elucidate the interaction between CAFs and breast cancer cells, we identified
autophagy protein microtubule-associated protein 1 light chain 3 (LC3II; also known as
MAP1LC3B) in luminal human breast cancer. Evaluation of the expression and clinical
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relevance of LC3II revealed important contributions of autophagic CAFs to breast cancer
stemness and patient outcomes.

Materials and methods

Human breast cancer specimens

Cell culture

Reagents

Human breast cancer specimens were obtained from 431 patients after surgical resection at
the First Affiliated Hospital of Third Military Medical University, Chongging, China from
2006 to 2007, with approval from the Institutional Ethics Committee. All patients provided
informed consent. The surgical specimens were formalin-fixed, sectioned, stained with
haematoxylin and eosin, and examined by microscopy. Patient information is summarized in
supplementary material, Table S1. The histological diagnosis was reached on the basis of the
World Health Organization classification s tandard a nd S t G allen ¢ onsensus p anel in 2013
[23]. An independent cohort of 641 patient specimens from The Cancer Genome Atlas
(TCGA) database (https://tcga-data.nci.nih.gov/tcga; TCGA BRCA exp HiSeqV2
PANCAN-2014-05-02) was utilized to analyse the relationship between ALDH 1 family
member Al (ALDH1AZL) and receptors for high-mobility group box 1 (HMGBL).

Human breast CAFs were harvested from freshly resected tumours of luminal breast cancer
patients who underwent surgery. The protocol for tissue collection was approved by the
Ethics Committee, and informed consent was obtained from all patients enrolled. The
primary cells used were passaged fewer than five times after recovery. Human breast cancer
cell lines (MCF-7 and T47D) were obtained from the American Type Culture Collection
(Manassas, VA, USA), and maintained in RPMI-1640 supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA, USA). Cells used were passaged for <3 months after
recovery.

Human recombinant HMGB1 was from Chimerigen Laboratories (CHI-HR-200; San Diego,
CA, USA). Lipopolysaccharide (LPS) was from Beyotime (S1732; Jiangsu, China).
Glycyrrhizic acid ammonium salt (GL) was from Sigma-Aldrich (#01250570; St Louis, MO,
USA). TAK-242 was from Cayman Chemical (243984-11-4; Ann Arbor, MI, USA).

Autophagy assay

For observation of autophagosomes, CAFs were transfected with Ad-mGFP-LC3
(hanbio20130521-Adpremade-002; HANBIO, Shanghai, China) in accordance with the
instruction manual. After culture in serum-free medium for 24 h, the accumulation and
distribution of CAFs containing mGFP-LC3 puncta were examined under confocal
microscopy 48 h after transfection. CAFs with mGFP-LC3 puncta were counted under 50
randomly selected separate x400 fields. The data presented are from one representative
experiment out of at least three independent repeats.
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Lentivirus and adenovirus infection

CAFs were infected with concentrated A7G5-knockdown (KD)—-eGFP lentivirus or empty
control lentivirus vectors (NBFW-lenti-3299; OBIO Company, Shanghai, China), and were
then selected and enriched by use of a FACSAria Il (BD Biosciences, San Jose, CA, USA).
Lipofectin 2000 (Invitrogen) was used for cell transfection.

Conditioned medium (CM) production

CAFs at ~80% confluency and breast cancer cells at ~70% confluency in flasks were washed
with phosphate-buffered saline (PBS), and then incubated for 48 h in serum-free RPMI-1640
(Invitrogen). CM was collected and filtered through a 0.22-pm filter (SLGP033RB; Merck
Millipore, Danvers, MA, USA) to remove cellular debris.

Sphere-forming assay

The sphere-forming assay was performed as described previously [24]. Cells were plated in
ultra-low-attachment plates (Corning, New York, NY, USA), and suspended in serum-free
Dulbecco’s modified Eagle’s medium-F12 (Invitrogen) with 20 ng/ml epidermal growth
factor, 10 ng/ml basic fibroblast growth factor, 5 pg/ml insulin, and 0.4% bovine serum
albumin (Sigma-Aldrich). After 14 days, spheres with diameters of 275 um were counted by
microscopy [25] (see supplementary material, Supplementary materials and methods).

Flow cytometry and fluorescence-activated cell sorting

ALDH activity in breast cancer cells was measured with an ALDEFLUOR assay kit
(#01700; Stem Cell Technologies, Durham, NC, USA). Cells were suspended in
ALDEFLUOR assay buffer containing the ALDH substrate BODIPY-aminoacetaldehyde.
As a control, the cells were treated with diethylaminobenzaldehyde, a specific ALDH
inhibitor. Single-cell suspensions of each breast cancer cell line were counted, and the cells
were sorted with a FACSAria Il (BD Biosciences) after incubation with anti-CD284 [Toll-
like receptor (TLR) 4]-allophycocyanin (130-096-236; Miltenyi Biotec, Bergisch Gladbach,
Germany).

Enzyme-linked immunosorbent assay (ELISA), western blotting, and quantitative reverse
transcription polymerase chain reaction (QRT-PCR)

Detailed procedures and materials are described in supplementary material, Supplementary
materials and methods. Western blotting was performed as described previously [26]. The
primer sequences for quantitative RT-PCR are listed in supplementary material, Table S2.

Immunohistochemistry (IHC)

The procedure was conducted with the Dako REAL EnVision Detection System (Dako,
Glostrup, Denmark) in accordance with the manufacturer’s instructions. Formalin-fixed p
araffin-embedded hu man br east cancers were sectioned at 4 um. The primary antibodies
were anti-LC3II (anti-LC3II/MAP1 LC3lII, 1:200, NB100-2220; Novus Biologicals,
Littleton, CO, USA), anti-ATG5 (1:100, ab108327; Abcam, Cambridge, UK), anti-TLR4
(1:100, ab22048; Abcam), anti-ALDH1A1 (1:100, ab56777; Abcam), anti-ALDH 1 family
member A3 (ALDH1A3) (1:400, ab129815; Abcam), anti-oestrogen receptor, anti-

J Pathol. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 5

progesterone receptor, anti-human epidermal growth factor 2 (ready-to-use for IHC,
DKT-3022; MXB, Fuzhou, China), and anti-Ki67 (1:100, MAB-0672; MXB), and were
independently assessed by two pathologists according to the staining intensity and the
percentage of positive tumour cells, as previously described [27] (see supplementary
material, Supplementary materials and methods for details of scoring and double-labelling).

Immunofluorescence microscopy

Isolated CAFs were fixed i n 4 % paraformaldehyde and blocked with normal goat serum.
Rabbit polyclonal anti-fibroblast a ctivation p rotein (FAP) (1 pg/ml, ab28246; Abcam) and
mouse monoclonal anti-cytokeratin (1:25, M7019; Dako) were used as primary antibodies,
and were detected by CY3-conjugated goat anti-rabbit 1gG (1:50, BA1032; Boster Biotech,
Wuhan, China) and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse 1gG
(1:50, BA1101; Boster Biotech). Double immunofluorescence staining was used to detect
the coexpression of HMGB1 (1:700, ab18256; Abcam) and LC3I1 (1:90, M152-3; MBL,
Nagoya, Japan) in primary CAFs. After staining with primary antibodies by the use of CY3-
conjugated goat anti-rabbit 1gG (1:50, BA1032; Boster Biotech), the samples were incubated
with mouse monoclonal anti-LC3l1 for another 12 h and detected by FITC-conjugated goat
anti-mouse 1gG (1:50, BA1101; Boster Biotech). All samples were examined under a laser
confocal scanning microscope (LSM780NLO; Zeiss, Jena, Germany).

Tumour xenografts

Animal care was provided in accordance with the Guide for the Care and Use of Laboratory
Animals. Four-week-old female NOD-SCID mice (Laboratory Animal Centre, Third
Military Medical University, Chongging, China) were randomized into different groups for
mammary fat pad injection of tumour cells. After 40 days, tumour volume ( 7,,) was
calculated with the formula 7, = (L x W2)/2, where L = length and W= width [28]. To
study the interaction between CAFs and breast cancer cells, MCF-7 cells (5 x 106) mixed
with shCtrl-CAF3 or shATG5-CAF3 (10 x 106) at a ratio of 1:2 were injected into the right
side of the mammary fat pad (one injection/mouse) in a 1:1 mixture of PBS and Matrigel
(356234; BD Biosciences). To investigate the role of TLR4 in the interaction between CAFs
and breast cancer cells, isolated TLR4* MCF-7 cells (1 x 10°) and TLR4~™ MCF-7 cells (1 x
10°) were, respectively, mixed with or without shCtrl-CAF3 and shA7G5-CAF3 (2 x 10°)
(see Results), and were injected into the mammary fat pad.

Statistical analysis

All experiments were performed at least three times. Data are presented as the mean +
standard deviation or 95% confidence interval or as otherwise indicated. Individual group
means were compared by the use of a two-tailed Student’s #test or one-way ANOVA to
determine significance. Linear regression and the ~test were used to determine the
significance of TCGA data. Associations between variables were assessed with the chi-
square test or Kruskal-Wallis test. Kaplan—Meier analysis was used to estimate the overall
survival (OS) rate or the relapse-free survival (RFS) rate of patients. A Cox proportional
hazard regression model was used to determine the influence of various parameters on
patients’ survival in univariate and multivariable analyses. Analyses were performed with
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SPSS software version 10.0 (SPSS, Chicago, IL, USA). P< 0.05 was considered to be
statistically significant.

Autophagy activity in CAFs is associated with a poor prognosis of luminal breast cancer

patients

To determine the contribution of autophagy activity of CAFs to breast cancer progression,
the autophagosome marker LC3I1 was examined in 431 human breast cancer specimens. For
Kaplan—Meier analysis of correlation with LC3II level, 246 samples were designated as
LC311Ni9" or LC311'W (Figure 1A) (57 patients were removed from 303 luminal breast
cancer patients for being aged >75 years with <3 months of follow-up and clinical stage 4).
Patients with higher LC3II levels in CAFs showed significantly poorer OS and RFS (Figure
1B; supplementary material, Figure S1). However, LC3I1 levels in cancer cells were not
correlated with OS and RFS (supplementary material, Figure S2), although both tumour size
and grade were poor indicators of patient prognosis (P= 0.047 and P= 0.042, respectively;
supplementary material, Table S3). High expression of LC3I1l in CAFs was correlated with
high cancer relapse rates (Figure 1C, left panel) and lymph node metastasis (LNM) (Figure
1C, middle panel) (supplementary material, Table S4). Moreover, LC3I1l in CAFs was
expressed at higher levels in luminal breast cancer patients with shorter OS (Figure 1C, right
panel). High expression of BECNL1 in CAFs was also correlated with poor prognosis
(supplementary material, Figure S3 and Table S5). ALDH1* CICs in breast cancer have
recently been shown to be critical for cancer recurrence and metastasis [9-12].
ALDH1A1N9" and ALDH1A3M3N breast cancer cells were observed around LC311M3" CAFs
in luminal breast cancer (Figure 1D, E). High expression of LC3IIl in CAFs was correlated
with the levels of ALDH1A1 and ALDH1AZ3 in cancer cells (supplementary material, Table
S4). These results suggest that autophagy activity in CAFs may support BCICs and
contribute to the poor prognosis of luminal breast cancer.

BCIC enrichment by autophagic CAFs in luminal breast cancer

To investigate the interaction between autophagic CAFs and breast cancer cells, primary
CAFs were isolated from human luminal breast cancer without presurgical therapy. Primary
CAFs were fibroblast-like and consistently expressed a-smooth muscle actin and FAP, but
not cytokeratin (supplementary material, Figure S4). We used serum-free media to induce
autophagy in CAFs obtained from three individuals (CAF1, CAF2, and CAF3), and found
that the levels of autophagy-related gene mRNAs, including those of A7G5, ATG12, and
ATG7, as well as BECN1, were different among CAFs, whereby CAF3 expressed the
highest levels of autophagy-related genes (Figure 2A).

The overexpression of GFP-LC3 [in which green fluorescent protein (GFP) is expressed as a
fusion protein at the N-terminus of LC3] is widely used to subjectively measure autophagy
[29]. We generated CAFs containing an mGFP-LC3 reporter, and counted GFP-positive
punctate structures to quantify relative levels of autophagy by fluorescence microscopy.
CAFs from CAF3 containing mGFP-LC3 cultured in serum-free medium showed the
highest number of green fluorescent spots (Figure 2B), suggesting that autophagy activity is
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different among CAFs. We then used supernatants from CAFs in serum-free medium as CM
(CM-CAFs) to culture a luminal breast cancer cell line, MCF-7. CM-CAF3 caused the
highest increase in mMRNA levels of the stem cell markers POU5F1 (also called OCT4),
SOX2, and NANOG (Figure 2C). There was also greater enrichment of ALDH* BCICs in
MCF-7 cells cultured with CM-CAF3 (Figure 2D); however, we found that only 0.03% or
0.07% CD44*/CD24~ MCF-7 cells were detected when they were cultured with full medium
or CM-CAF3, respectively (data not shown).

To investigate the role of autophagy in CAFs in regulating the stemness maintenance of
BCICs, we knocked down a key autophagy gene, A7G5, with short hairpin RNA (shRNA) in
CAFs (supplementary material, Figure S5). CM collected from A7G5-KD CAFs (CM-
shATG5-CAF3) showed reduced capacity to enrich ALDH* BCICs in the luminal breast
cancer cell lines MCF-7 and T47D (Figure 2E, F). The sphere-forming capabilities (Figure
2G) and levels of the stemness markers POU5F1, SOX2 and NANOG were also reduced in
MCF-7 and T47D cells cultured with CM-sh A7G5-CAF3 (Figure 2H). Furthermore, CAFs
with KD of ATG5 (shATG5-CAF3) significantly decreased the tumourigenicity of MCF-7
cells in NOD-SCID mice as compared with MCF-7 cells in the presence of control CAFs
(shCtrl-CAF3) (Figure 2I). These results indicate that factors released by autophagic CAFs
may increase the self-renewal of BCICs and the tumourigenicity of luminal breast cancer
cells.

Release of HMGB1 by autophagic CAFs

Some leaderless proteins, such as HMGBL, interleukin (IL)-18, and IL-1p, are released by
an autophagy-based unconventional secretion (autosecretion) process (Figure 3A) in
mammalian cells [19-21]. We therefore tested whether autophagic CAFs might release
leaderless proteins. Serum starvation promoted CAF3 to release HMGB1, but not IL-1p and
IL-18, as detected by ELISA (Figure 3B). As HMGBL is a nuclear protein and functions as a
proinflammatory cytokine when released into extracellular compartments [30], we
visualized its translocation in CAFs. After autophagy induction in CAFs, HMGB1 was
released from the nuclei into the extracellular compartment as shown by
immunofluorescence and ELISA (Figure 3C, D), presumably by exocytosis. Interestingly,
HMGB1 and LC3II were co-localized in autophagic CAFs (Figure 3E; supplementary
material, Figure S6), suggesting that autophagic vesicles and HMGBL1 are physically
associated. KD of A7G5in CAFs diminished HMGBL secretion, and instead caused its
retention intracellularly (Figure 3F, G). In human luminal breast cancer specimens with high
levels of LC3Il in CAFs, HMGBL levels in the nuclei and cytoplasm of tumour cells were
significantly d iminished (Figure 3 H, Case 1). However, in specimens with low levels of
LC3Il in CAFs, HMGB1 accumulated in the nuclei and cytoplasm of cancer cells (Figure
3H, Case 2), suggesting that the expression of LC3I1 in CAFs is inversely correlated with
HMGBL1 in cancer cells. These results suggest that HMGB1 is secreted by autophagic CAFs
into the tumour microenvironment to maintain the stemness of BCICs in luminal breast
cancer.
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Requirement of HMGB1 for self-renewal of BCICs

To examine whether HMGBL released by CAFs promotes the stemness of BCICs, MCF-7
and T47D cells were treated with exogenous HMGB1. To the best of our knowledge, the
physiological HMGBL level in human breast cancer specimens remains unknown.
Nevertheless, the concentration of HMGB1 used in the experiment shown in Figure 4A was
similar to that in the previous study using HMGBL as a cytokine for cellular functional
assays [31]. Quantitative RT-PCR showed that HMGB1, especially 1 pg/ml HMGB1,
significantly increased the mRNA levels of the stemness marker genes NANOG, SOX2and
POUSF1 in breast cancer cells (Figure 4A). Flow cytometry revealed significant increases in
the numbers of ALDH?* cells in MCF-7 and T47D cells cultured with 1 ug/ml HMGB1
(Figure 4B; supplementary material, Figure S7A). The sphere-forming capabilities of
MCF-7 and T47D cells were also increased after treatment with 1 pg/ml HMGBL1 (Figure
4C). We then used GL to attenuate HMGB activity in the medium of autophagic CAFs.
GL, a natural triterpene glycoconjugate derived from the root of liquorice (Glycyrrhiza
glabra L), binds to both HMG boxes of HMGBL to inhibit its activity, but may not be a
specific HMBGL1 inhibitor [30-34]. GL abolished the capacity of autophagic CAFs to
increase the proportion of ALDH™ cells (Figure 4D; supplementary material, Figure S7B)
and sphere formation by MCF-7 and T47D cells (Figure 4E). These results confirm the
ability of HMGB1 released by autophagic CAFs to promote the stemness of luminal breast
cancer cells.

Activation of TLR4 on luminal breast cancer cells by HMGB1

As HMGBL is a ligand for several receptors such as TLR4, TLR2, TLR9, and RAGE, we
analysed the relationship between receptor expression pattern and ALDH1AL in breast
cancer by using TCGA data. Pearson correlation analysis showed a significant correlation
(72 =0.586, P< 0.01) between the levels of ALDH1A1 and TLR4 in luminal breast cancer
specimens (Figure 5A). Isolated TLR4* MCF-7 cells expressed a high level of ALDH1A1
(Figure 5B), and treatment with HMGB1 enhanced the expression of stemness markers such
as POU5SF1, SOX2 and NANOG in TLR4* MCF-7 cells (Figure 5C). Treatment with LPS, a
canonical ligand of TLR4, also increased the proportion of ALDH* BCICs in luminal breast
cancer cells (supplementary material, Figure S8A, B), suggesting that TLR4 expressed by
luminal breast cancer cells is functional. TAK-242, a TLR4 antagonist [35], reduced the
proportion of ALDH* cells (Figure 5D; supplementary material, Figure S8C) and the
expression of the stemness markers POU5F1, SOX2 and NANOG (Figure 5E) in luminal
breast cancer cells cultured with CM-CAF3. To evaluate cross-talk between autophagic
CAFs and TLR4* BCICs, isolated TLR4* and TLR4~ MCF-7 cells were co-injected with
shCtrl-CAF3 or shA7G5-CAF3 into the mammary pads of NOD-SCID mice. CAFs with
intact ATG5 (shCtrl-CAF3) maintained the tumourigenicity of TLR4* MCF-7 cells but not
that of TLR4™ cells (Figure 5F). These results confirm the capacity of CAFs to enhance the
stemness of BCICs and tumourigenesis of luminal breast cancer cells through an HMGB1-
TLR4 axis.
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Correlation between LC3II/TLR4 levels in luminal human breast cancer and poor prognosis

of patients

We then examined patient specimens (7= 303) of luminal breast cancer for the clinical
relevance of LC3I1 in CAFs and TLR4 on cancer cells to tumour progression
(supplementary material, Table S6). For Kaplan—Meier analysis, 246 patients with luminal
breast cancer were designated as TLR4MI" or TLR4!°W (Figure 6A). High TLR4 levels in
cancer cells were associated with poorer OS and RFS (Figure 6B; A= 0.06 and = 0.025).
For combined analysis of LC3IIl and TLR4, we matched a high level of TLR4 in breast
cancer cells with a high level of LC3Il in CAFs (TLR4MIN/LC311Mh = 87) and a low level
of TLR4 in breast cancer cells with a low level of LC3I1 in CAFs (TLR4!W/LC311'oW, =
121) (supplementary material, Table S7) (95 patients were removed from 303 patients
because they did not meet the TLR49W/LC311'°W and TLR4NIN/LC311M9h criteria). Patients
with TLR4MIN/LC311N9" tymours had higher rates of relapse and LNM (supplementary
material, Table S7), and significantly poorer OS and RFS, than those with TLR4!oW/
LC311'%" tumours (Figure 6C) (28 patients were removed from 208 patients for being aged
>75 years with <3 months of follow-up and clinical stage 4). Cox proportional hazards
regression further demonstrated that combined expression of LC3Il and TLR4 in luminal
breast cancer provides a prognostic parameter for OS [hazard ratio (HR) 7.059, 95%
confidence interval (Cl) 1.126-44.245; P=0.037; supplementary material, TableS8) and
RFS (HR 2.735, 95% CI 1.111-6.734; P=0.029; supplementary material, Table S9) of
luminal breast cancer patients.

Discussion

In the tumour microenvironment, autophagy in cancer cells and CAFs is activated by an
inadequate supply of blood and nutrients, and by anticancer treatment-induced stress. The
role of autophagy in cancer progression is complex, and is probably dependent on the
heterogeneity of tumours [36]. Recently, autophagy was shown to be required for CICs to
support the survival and maintenance of stem-like properties in breast, brain and colon
cancers [15-17,37]. In addition to cancer cells, CAFs acting as the main stromal components
in breast cancer also respond to perturbations of the tumour microenvironment. In this study,
we found that CAFs in human luminal breast cancer tissues containing a high level of LC3lIl,
a protein involved in autophagosome formation, were correlated with a poor prognosis of
patients. CAFs with different autophagic states induce different rates of progression in
luminal breast cancer. Furthermore, to study the effect of CAFs’ autophagy on breast cancer
progression /n vivo, we knocked down A7G5in CAFs, and transplanted both CAFs and
MCF-7 to the mammary pad of NOD-SCID mice. Usually, MCF-7 xenografts require
oestrogen pellets to establish tumours [38,39]. Here, we focused on how CAFs promote the
tumourigenicity of MCF-7 cells, and so did not use oestrogen pellets. Our research showed
that CAFs promoted the tumourigenicity of MCF-7 cells in mice, and that ATG5 depletion
in CAFs significantly decreased tumour growth, indicating that autophagic CAFs increase
the tumourigenicity of luminal breast cancer cells. However, the mechanisms of autophagy
occurring in CAFs are unclear.
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Certain leaderless proteins require autophagic membranes for efficient envelopment and
exocytosis as a pathway of unconventional secretion [19-21]. The role of autophagy in
protein secretion and trafficking is recognized as a function of the autophagic machinery to
expand the immediate sphere of influence from intracellular compartments to extracellular
environments. One of the major breakthroughs in this area is the recognition that a subset of
unconventionally secreted cytosolic proteins, such as HMGBL1, IL-18, and IL-1p [20,36,40],
lack leader peptides and therefore cannot enter the endoplasmic reticulum-to-Golgi secretory
pathway. However, it has been unclear whether mediators released by CAFs in the tumour
niche through autophagy-based unconventional secretion contribute to the self-renewal of
BCICs and tumourigenesis. Our findings r epresent a m ajor a dvance i n understanding
autophagy-based unconventional secretion of HMGB1 by CAFs to regulate the self-renewal
of BCICs in luminal breast cancers. HMGB1 has been reported to translocate from the
nucleus to the cytoplasm to take part in autophagosome formation during starvation [41],
oxidative stress, and cancer chemotherapy [42]. Our study reveals that LC3I1 co-localizing
with HMGBL elevates HMGB1 exocytosis in CAFs after autophagy induction.

HMGBL1 is a nuclear protein that binds to DNA for gene transcription. When released into
extracellular compartments, HMGBL1 acts as a proinflammatory cytokine by interacting with
cell membrane receptors, including TLR4 [41-45]. The effect of HMGBL on cancer
progression is complicated by its paradoxical dual activities [44,46-48]. In some cancers,
HMGBL is pro-tumourigenic, favouring tumour growth and invasion through its chemotactic
and growth factor activity [47]. However, HMGB1 may promote genome stability and
therefore inhibit tumour growth [48]. Our study demonstrates that HMGBL1 released by
autophagic CAFs activates TLR4 on luminal breast cancer cells to promote stemness and
tumourigenicity. Thus, in addition to its proinflammatory activity, HMGB1 released by
autophagic CAFs is critical for luminal breast cancer development and progression.

Breast cancer is heterogeneous, and luminal breast cancer (including luminal A and luminal
B) is the main subtype [49,50]. The success of personalized therapy has been demonstrated
by the development of anti-oestrogens for luminal breast cancers. However, despite advances
in therapeutic development, some patients with luminal breast cancer develop drug
resistance accompanied by cancer relapse. Recently, new therapeutic strategies have been
designed to target CICs and the tumour niche [51,52]. Our study reveals that TLR4" luminal
breast cancer cells express higher levels of ALDH1AL, and that only co-injection of the
TLR4* tumour cells and CAFs have the capacity to form tumours in mice, suggesting that
TLR4 is a marker of BCICs. Thus, autophagic CAFs in the breast cancer microenvironment
mediate the exocytosis of HMGB1, which activates its receptor TLR4 on luminal breast
cancer cells to facilitate the expansion of BCICs (Figure 6D). Thus, both autophagy in CAFs
and TLR4 on luminal breast cancer cells may serve as therapeutic targets and prognostic
markers in luminal breast cancer patients.
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Figurel.

The correlation between LC3II in CAFs and prognosis of luminal breast cancer patients. (A)
Representative immunohistochemistry of LC3II in CAFs of luminal breast cancer. LC3lI
localizes to the cytoplasm (brown colour). Scale bar: 100 um. (B) OS and RFS rates in
patients divided into LC311'®W and LC3I11M9" expression in CAFs. (C) Relapse, LNM and
survival status of patients with LC311M9" expression in CAFs. (D) Representative double-
staining of LC3I1 (red) and ALDH1A1 (blue) in luminal breast cancer specimens (left panel)
and quantification (right panel; 7= 303). (E) Representative double-staining of LC3II (red)
and ALDH1A3 (blue) in luminal breast cancer specimens (left panel) and quantification (/7=
303) (right panel).

J Pathol. Author manuscript; available in PMC 2021 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al. Page 15

A mGFP-LC3-primary CAFs
2100 w12
$ 80 CAF1 CAF2 CAF3 <10 *
< 60 ,
< 20 )
4 Q
E =
.g 10 &
© 0]
£ o £
ATGS5 ATG7 ATG12 BECN1 CAF1 CAF2 CAF3
C .
CIFull medium E1CM-CAF1 9
e | GMECARZ | CNECARD Full medium  CM-CAF1  CM-CAF2  CM-CAF3 10
3255 —_— 3 8 E
[}
€ 12 g 5
I
£ > g0 E ==
g ° * 283909
x 0 ALDH positive cells (%) o TN
POUSF1 SOX2 NANOG E X g <
5 OO0 O
E L
CM-shCtr-  CM-ShATGS- 3 CM-shCtrl-  CM-shATG5- .
CAF3 CAF3 < CAF3 CAF3 =15
2 212
2 % 9
o
? A ? 2 6
@ I @ 5 3
=] b
< <0
5 D> , 5 D
< < < <
iti SN " Rl s
ALDH positive cells (%) (MCF-7) C}" 0(;( ALDH positive cells (%) (T47D) C}‘\’ 0@
g & P
O oY Sl
¢ MCF-7 T47D : - 470 !
:\c; 50 . 50 & POUSF1 s s s S - E 1000
5 40 40 0.410.83 050  0.22 0.87 0.51 é’ 750
‘g 30 = 39 ey SOX2 Bl S B = - - 5 0
5 20 20 0.52 1.59 0.72 0.38 1.42 0.62 g 250
° o o vaoo NN BeEeE 2
S o 0 0.120.75 042  0.23 0.89 0.52 =
@ oo oo ACTB Sesa o)
T IS S S
&t <0 O S X KR RS
N 5 » NIRRT
W SR < @,r}‘ B < \&,e“ P
O oY O oY
Figure 2.

Autophagic CAFs enhance the stemness of luminal breast cancer cells. (A) Quantitative RT-
PCR of autophagy gene mRNAs in primary CAFs (CAF1, CAF2, and CAF3) isolated from
luminal breast cancers in serum-free medium for 24 h. (B) Primary CAFs transfected with
mGFP-LC3 were cultured in serum-free medium for 24 h. Confocal microscopy was used to
assess autophagy, as shown by green spots (left panel). Sixty cells were randomly chosen for
counting of the number of MGFP-LC3 fluorescent spots per CAF (right panel). Scale bar:
50 um. (C) The mRNA levels of the stem cell marker genes POUSF, SOX2and NANOG in
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MCF-7 luminal breast cancer cells cultured with full medium and supernatants from CAF1,
CAF2 and CAF3 in serum-free medium (CM-CAF). (D) ALDH* cells examined by flow
cytometry in MCF-7 cells in full medium and CM-CAFs. (E, F) ALDH activity in MCF-7
and T47D cells cultured in CM from shCtrl-CAF3 (CM-shCtrl-CAF3) and shA7G5-CAF3
(CM-sh ATG5-CAF3). (G) Sphere-forming capabilities of MCF-7 and T47D cells cultured in
CM-shCtrlI-CAF3 or CM-shATG5-CAF3. (H) Western blots of POU5F1, SOX2 and
NANOG in MCF-7 and T47D cells cultured in full medium, CM-shCtrl-CAF3, and CM-
shAT7G5-CAF3. (1) Co-injection of MCF-7 cells with shCtrl-CAF3 or shATG5-CAF3 into
the mammary pads of NOD-SCID mice. Tumours were collected 4 weeks after implantation.
Dot plots show tumour volumes (7= 5 mice in each group). *P< 0.05; **P< 0.01.
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Figure 3.

HMGBL is secreted by autophagic CAFs in luminal breast cancer. (A) The route of
autosecretion. (B) ELISAs for IL-1, IL-18 and HMGBL in the supernatants from CAF3
(2.3 x 10°/2 ml) cultured with serum-free medium (starvation) for 48 h. (C)
Immunofluorescence of HMGB1 in CAF3 cultured with serum-free medium (starvation) for
0, 24 and 48 h. Purple: HMGBL1. Blue: nucleus. Scale bar: 50 um. (D) ELISA for HMGB1
in the supernatants from CAF3 (2.3 x 10%/2 ml) with serum-free medium (starvation) for 0,
24 and 48 h (n=6). (E) Co-localization of HMGBL1 (red) with LC3I1 (green) in CAF3
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cultured with serum-free medium. Nuclei are stained blue. White arrows: co-localization of
HMGB1 with LC3II (yellow). Scale bar: 10 um. (F) Western blot of ATG5 and HMGBL1 in
shATG5-CAF3 and shCtrl-CAF3 cultured with serum-free medium for 48 h. (G) ELISA of
HMGBI in the supernatants from CAF3-shCtrl and CAF3-shA7G5 (2.1 x 105/2 ml) with
serum-free medium for 48 h (7= 6). (H) IHC of HMGB1 and LC3II in representative serial
sections of luminal breast cancer specimens (left panel). Areas surrounded by the red lines
represent breast cancer cells. Scale bar: 100 um. Associations between scores of HMGB1
and LC3I1 assessed by linear regression and the ~test in 87 specimens (right panel). **P <
0.01. DAPI, 4’ 6-diamidino-2-phenylindole.
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Figure 4.

HMGB1 maintains stemness. (A) The mRNA levels of the stem cell marker genes POU5F1,
SOX2and NANOG in MCF-7 (left panel) and T47D (right panel) cells treated with the
indicated concentrations of HMGBL1. (B and C) Flow cytometry for ALDH activity (B) and
sphere formation (C) by MCF-7 and T47D cells treated with or without 1 ug/ml HMGB1.
(D and E) ALDH activity (D) and sphere formation (E) by MCF-7 and T47D cells with or
without 20 pg/ml GL in CM-CAF3. *P< 0.05.
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Figureb.

TLR4 in cancer cells mediates the cross-talk between autophagic CAFs and BCICs. (A)
Correlation between ALDHI and HMGBL receptor (7LR4, TLR2, TLR9and RAGE)
MRNA levels in luminal breast cancer (7= 641, TCGA). Statistical significance was
determined by linear regression and the ~test. (B) 7LR4and ALDH1A1 mRNA levels in
TLR4* and TLR4™ MCF-7 cells. (C) The levels of POU5F1, SOX2 and NANOG in TLR4*
cells with or without 1 pg/ml HMGB1. (D) ALDH* MCF-7 and T47D cells in CM-CAF3
with or without 30 nM TAK-242. (E) Western blots of POU5F1, SOX2 and NANOG in
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MCF-7 and T47D cells in CM-CAF3 with or without TAK-242 (30 nM). (F) Tumour
volumes in mice with mammary pad injection of TLR4* and TLR4~ MCF-7 cells with or
without CAF3 transfected with shCtrl or shA7G5 measured 2 weeks after implantation (/=5
mice per group). **P<0.01.

J Pathol. Author manuscript; available in PMC 2021 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

A
@ o
© TLR4hgh -
© - &
[&] o
g7 P
3] X
[0
S
® 5
£ 5 Yoo
€ S20, X
] S LA
- ¥.. 7
B
100 - “"‘ll-ilmu‘
__ 80 )
< 60 4 1
(7)) 1
O 404 p=0.06 |

20{== TLR4™ (n = 130)
~'= TLR4"h (n = 116)

0 12 24 36 48 60 72 84 96108
Months after surgery

0

C
100-%
80 '
60-
404 p = 0.0099**

204 == TLR4'% LC3IIov (n = 109)
~i= TLR4heh LC3IINeh (n = 71)

0S (%)

RFS (%)

Page 22

TLR4"ow

Ll e
*

Ny
801 Nm-“*“uuum-lmauw
604

404 p=0.025*

204 == TLR4™ (n=130)
== TLR4"eh (n = 116)

0 12 24 36 48 60 72 84 96108

Months after surgery

100 'M
“-L [T,
“

801 S

0

§ 404 p = 0.0083*

204 == TLR4/ov LC3Ilov (n = 109)
~= TLR4ion LC3IINsh (n = 71)

0 T T T T T T T I 1 ] T T T ] T T T 1
0 12 24 36 48 60 72 84 96108 0 12 24 36 48 60 72 84 96108
Months after surgery Months after surgery
D
7
Autophagosome ° {
\1 / ""':'I“S‘tjemness
‘,@ maintenance
\ Too l
A © ’
N Poor prognosis
CAES;
fof pre-auto'§hagoso | structure
Figure 6.

Levels of LC3II in CAFs and TLR4 on cancer cells are associated with poor prognosis of
luminal breast cancer patients. (A) Representative IHC staining of TLR4 in cancer cells.
Scale bar: 100 um. (B) Kaplan—-Meier estimation of OS and RFS rates in TLR4M3" and
TLR4!°W groups of luminal breast cancers. (C) Patients were divided into LC311g"/
TLR4NgN and LC311'9W/TLR4!W groups by combining the levels of LC3II in CAFs and
TLR4 in cancer cells. (D) Schematic representation of the cross-talk between CAFs and
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BCICs in luminal breast cancer. Autophagic CAFs secrete HMGBL to activate TLR4 on
BCICs to maintain stemness.
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