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Autophagy inhibitors are currently being evaluated in clinical trials for the treatment of diverse cancers, largely due
to their ability to impede tumor cell survival and metabolic adaptation. More recently, there is growing interest in
whether and how modulating autophagy in the host stroma influences tumorigenesis. Fibroblasts play prominent
roles in cancer initiation and progression, including depositing type 1 collagen and other extracellular matrix (ECM)
components, thereby stiffening the surrounding tissue to enhance tumor cell proliferation and survival, as well as
secreting cytokines that modulate angiogenesis and the immune microenvironment. This constellation of pheno-
types, pathologically termed desmoplasia, heralds poor prognosis and reduces patient survival. Using mouse
mammary cancer models and syngeneic transplantation assays, we demonstrate that genetic ablation of stromal
fibroblast autophagy significantly impedes fundamental elements of the stromal desmoplastic response, including
collagen and proinflammatory cytokine secretion, extracellular matrix stiffening, and neoangiogenesis. As a result,
autophagy in stromal fibroblasts is required for mammary tumor growth in vivo, even when the cancer cells
themselves remain autophagy-competent . We propose the efficacy of autophagy inhibition is shaped by this ability

of host stromal fibroblast autophagy to support tumor desmoplasia.
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Macroautophagy, referred to here as autophagy, is a cellu-
lar degradation and recycling pathway that promotes tu-
mor cell survival and resistance to therapy (Amaravadi
etal. 2019); as aresult, autophagy inhibition using antima-
larials is in clinical trials for several cancers, including
breast. Emerging evidence suggests that inhibiting autoph-
agy in the host stroma negatively impacts tumor growth.
Notably, studies in Drosophila demonstrate that the sys-
temic induction of autophagy in host tissues promotes
the aggressive growth and invasion of RasV12scrib™'~ tu-
mors throughout the fly (Katheder et al. 2017). In mouse
models of pancreatic cancer, autophagy is required for pan-
creatic stellate cells, a key constituent of the tumor
stroma, to produce and secrete the nonessential amino

These authors contributed equally to this work.

Corresponding author: jayanta.debnath@ucsf.edu

Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.345629.120.

acid alanine, which is used for the growth and survival of
pancreatic tumor cells in adverse microenvironments
(Sousa et al. 2016). Furthermore, whole-body deletion of
Atg7 or Atg5 reduces the systemic levels of circulating ar-
ginine, which impairs the growth of certain tumors that
are arginine auxotrophs (Poillet-Perez et al. 2018). In these
models, degradation via autophagy in host stromal cells is
proposed to elaborate key metabolites, namely, amino ac-
ids, which can sustain the core metabolic functions of the
proliferating tumor compartment. In addition to host-—
tumor metabolite exchange, autophagy promotes the
cellular secretion of diverse proteins (Cadwell and Deb-
nath 2018; Monkkonen and Debnath 2018). However, it
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remains unclear whether and how these autophagy-regu-
lated secretory events exert non-cell-autonomous control
on the tumor microenvironment.

The fibroblasts residing within solid tumors, termed
cancer-associated fibroblasts (CAFs), represent principal
components of the stroma that modulate tumor cell pro-
liferation and behavior through diverse mechanisms, in-
cluding the synthesis of growth and angiogenic factors,
cytokines, extracellular matrix (ECM) components, and
proteases. In vitro coculture of tumor cells with CAFs,
or coinjection in vivo, is frequently sufficient to augment
tumor cell proliferation and invasiveness (LeBleu and Kal-
luri 2018). Moreover, many solid tumors exhibit striking
histological evidence of fibroblast activation, increased
tissue stiffness, and inflammation, phenotypes that are
collectively termed desmoplasia and herald poor progno-
sis in diverse human cancers (Schedin and Keely 2011;
LeBleu and Kalluri 2018).

Nevertheless, much remains to be learned about the
cellular mechanisms that generate and maintain this des-
moplastic fibrotic response. Intriguingly, autophagy is up-
regulated in fibroblasts in multiple models. In a breast
cancer model, tumor-dependent hypoxic stress increased
CAF autophagy to promote cancer cell survival (Marti-
nez-Outschoorn et al. 2010). Recent work in head and
neck cancer models correlated fibroblast autophagy with
poor patient outcome, which was associated with in-
creased cytokine secretion (New et al. 2017). These stud-
ies also found that treatment with autophagy inhibitors in
vivo enhanced cisplatin efficacy in immunocompromised
mice bearing xenografted tumors (New et al. 2017).

Based on these findings, we scrutinized whether
autophagy in host stromal fibroblasts contributes to des-
moplasia during tumor progression. We leveraged autoch-
thonous tumor models and syngeneic transplantation to
genetically ablate fibroblast autophagy, and interrogate
how polyoma middle T antigen-driven (PyMT) mammary
tumorigenesis is impacted in vivo. In all of these models,
loss of fibroblast autophagy reduced tumor progression.
Furthermore, we uncovered that autophagy in fibroblasts
promotes collagen secretion, which supports a stiff des-
moplastic stroma permissive for mammary tumor growth
in vivo.

Results

FSP-Cre-mediated autophagy deletion impairs polyoma
middle T-driven mammary tumorigenesis

As autophagy promotes proinflammatory cytokine (Nar-
ita2011; Deretic et al. 2013; Lock et al. 2014 and collagen
(Cinque et al. 2015; Forrester et al. 2019) secretion, we hy-
pothesized that autophagy may enable protumorigenic
functions of fibroblasts (Erez et al. 2010; LeBleu and Kalluri
2018). To scrutinize how genetic ablation of autophagy in
fibroblasts impacts mammary tumorigenesis in vivo, we
generated transgenic mice bearing conditional alleles in-
dependently targeting two essential Atgs (Atg12 or Atg5)
using Cre recombinase under the fibroblast-specific pro-
tein promoter (FSP-Cre) and PyMT antigen expression
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driven by the mouse mammary tumor virus promoter
(MMTV-PyMT) (Lin et al. 2003; Bhowmick et al. 2004,
Kuma et al. 2004; Malhotra et al. 2015). These mice
(Atg12f:Cret pyMT+ and Atgs" " PyMT+) carried a
lox-stop-lox RFP (red fluorescent protein) cassette at the
Rosa26 locus (Luche et al. 2007). Mice were born at Men-
delian ratios with no obvious viability defects. Sorting
the RFP+ fraction from digested mammary glands of
Atgs"Crer and Atg12M:Cr* mice confirmed effective re-
combination in vivo, which was restricted to a nonepithe-
lial (EpCAM™) subpopulation (Supplemental Fig. S1).

We monitored mammary tumor development in these
autochthonous models over 120 d. At the end point,
the autophagy-competent cohort (FSP-Cre negative;
Atg5Cre= pyMT+ and Atg12%C= . pyMT+) exhibited
larger tumors (Fig. 1A,B) relative to FSP-Cre;Atg5™";
PyMT+ mice at the end stage. The time to palpable tumor
formation was not altered in FSP-Cre;Atg5/ 101 mutants,
although the percentage of mice with palpable tumors
wasreduced at 85 d (Fig. 1C-E). Stromal autophagy ablation
in the Atgs" e pyMT+ and Atg12™/7:C** pyMT+ tumors
was confirmed by increased p62/sequestosome 1 protein
staining in the stroma compared with controls, with no ob-
vious changes in aSMA staining (Fig. 1F).

Autophagy deletion in stromal fibroblasts impairs
mammary tumorigenesis in syngeneic transplantation
models

Close inspection of Atg5” ", pyMT+ and Atg12f/fkCrer,
PyMT+ tumors revealed p62-positive cells within the tu-
mor compartment (Fig. 1F), which was likely due to
FSP-Cre-mediated autophagy deletion in nonfibroblast
cell types, such as CD45* cells (Bhowmick et al. 2004; Fi-
scher et al. 2015). Thus, we adopted transplantation assays
to more precisely scrutinize stromal fibroblast autophagy
in tumor progression. We first isolated primary mouse
mammary fibroblasts (MMFs) from conditional Atg12 or
Atg5 RFP+ mice (Atg12""" or Atg5"") or wild-type (WT)
RFP+ mice (RFP**49C™) To ablate autophagy, MMFs
were infected with adenovirus-driven Cre recombinase
(AdCre). Immunoblotting confirmed loss of lipidated
LC3 (LC3-II) and p62/SQSTM1 accumulation, confirming
AdCre rendered both Atg12"" and Atg5™"! MMFs autoph-
agy-deficient (Fig. 2A; Supplemental Fig. S2A). We verified
our isolation techniques by immunostaining MMFs for
aSMA and vimentin expression, along with the lack of ex-
pression of mammary epithelial cytokeratins CK8 and
CK14 (Supplemental Fig. S2B).

Because autophagy is required for the differentiation of
hepatic stellate cells into myofibroblasts in vitro and in
vivo (Thoen et al. 2011; Hernandez-Gea et al. 2012), we as-
sessed whether autophagy deficiency in mammary fibro-
blasts influenced fibroblast activation. In contrast to
stellate cells, ablation of autophagy in MMFs did not pre-
vent expression of established fibroblast differentiation
markers in vitro (Rudnick and Kuperwasser 2012) includ-
ing FAP, FSP1, aSMA, and fibronectin (FN1) (Fig. 2B); the
coordinate reduction in these activation markers was not
observed (Supplemental Fig. S2C). We also tested whether
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the TGF® signaling axis critical for CAF activation
(Ronnov-Jessen and Petersen 1993; Kojima et al. 2010)
was inhibited upon autophagy deletion. TGF*-mediated
fibroblast activation was not impaired upon genetic
autophagy deletion; baseline total SMAD2/3 levels and
SMAD2/3 phosphorylation upon TGFP treatment ap-
peared intact or increased in Atg5/12-deficient MMFs
(Fig. 2C; Supplemental Fig. S3A-C). Collectively, these
data indicate autophagy deletion does not broadly impair
MMEF differentiation or activation in vitro. To determine
how ablation of autophagy influenced cellular bioener-
getics in autophagy-deficient MMFs, we evaluated intra-
cellular ATP levels, which were decreased upon loss of
autophagy (Fig. 2D). Upon treatment with the mitochon-

Atg5"Ccre: PyMT+

bar, 50 um. (T) Region with tumor cells, (S)
stromal region enriched for fibroblasts.

drial ATP synthase inhibitor oligomycin, no differences in
autophagy-deficient MMFs relative to controls were ob-
served (Fig. 2D). Finally, Ki67 staining confirmed Atg5/
12-deficient MMFs displayed reduced proliferation in vi-
tro relative to controls (Fig. 2E), consistent with previous
studies (Liao et al. 2019).

Next, we tested whether fibroblast autophagy defi-
ciency influenced mammary tumorigenesis in transplan-
tation models. Given the largely concordant phenotypes
with Atg5/12 deletion in fibroblasts in vitro and in vivo,
we focused on Atg12-deficient MMFs to streamline our
in vivo studies. First, we coinjected autophagy-competent
(REP**44Cre)  or  autophagy-deficient (Atg12/fAdCre)
MMFs with autophagy-competent PyMT tumor cells
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into mammary glands of syngeneic C57Bl/6 recipient
mice. Mice implanted with a comixture of PyMT cells
and autophagy-deficient MMFs (Atg12//f:AdCre ¢omix)
had significantly reduced tumor volume at end stage com-
pared with the RFP*/*49¢™ comix or mice injected with
PyMT tumor cells only but no difference in tumor latency
(Fig. 3A—C). These results corroborated our findings from
the autochthonous FSP-Cre-driven autophagy deletion
models and suggested that reduced PyMT tumor burden
in FSP-Cre-driven autophagy deficiency is likely due to
the specific ablation of autophagy in fibroblasts.

Autophagy deficiency in fibroblasts disrupts collagen
architecture

To extend these results, we used an established technique
in which the mammary gland is cleared at 3 wk of age,
leaving behind a fat pad devoid of epithelium (Deome
et al. 1959). Stromal fibroblasts were implanted into
the mammary fat pad (MFP) and allowed to engraft for
3 wk (Kuperwasser et al. 2004). Upon introducing
Atg12fl/ikAdCre o Rpp*/+AdCte MIMFs into the cleared
MFPs of host mice (Fig. 4A), the primed MFPs showed
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mediated deletion of Atg12 or Atg5 and
autophagy deficiency (loss of LC3-II and ac-
cumulation of p62/SQSTM1). Tubulin is the
loading control.  (B)  Representative
immunofluorescence staining of fibroblast
activation ~ markers in  RFp*/*AdCre
AtngfUﬂ;Adcm, and Atgsfl/fI;AdCre MMFEs
grown on type 1 collagen. Scale bar, 100
pm. (C) Immunoblot of phospho- and total
SMAD2/3 levels in RFP**AdCr 4pd
Atg12:AdCre NIMPs grown on type 1 col-
lagen with and without recombinant
TGFP1. (D) Intracellular ATP concentrations

of autophagy-competent (RFP**44Cr) or
P -deficient (Atg12M/hAdCte angq ArgsfhAdCre)
% MMFs treated with 5 pM oligomycin (green

squares) or vehicle control (red circles) for
* 3 h. Concentrations normalized to final

cell count. Mean + SEM from three indepen-
dent experiments; RFP**49C% yehicle, n=5;
RFP+/+;AdCre’ oligomycin, n=8; Argl 2f1/f],-AdCrel
vehicle, n=10; Atg12™*"™" oligomycin, n=
10; Atgs"AdCre yehicle, n=9; ArgshAdcre
oligomycin, n=10. Two-way ANOVA,
Sidak’s multiple comparisons test. (E) Ki67
immunocytochemistry of control and Atg5/
10MEAdCe NIMIFs. Each data point represents
percentages from >75 cells. ANOVA.

comparable numbers of RFP+ MMFs, indicating fibroblast
engraftment in vivo was not impaired upon autophagy ab-
lation (Fig. 4B). Immunohistochemistry confirmed RFP-
positive MMFs in primed MFPs (Fig. 4C). Intriguingly,
both Masson’s trichrome and Picrosirius red staining of
the primed glands at 3 wk demonstrated aberrant collagen
architecture and significantly reduced collagen deposition
in the MFPs primed with autophagy-deficient MMFs (Fig.
4D,E). Trichrome staining of FSP-Cre;Atg12™" tumors
also showed reduced collagen deposition relative to con-
trols (Fig. 4F).

ECM stiffening and enhanced collagen deposition are
hallmarks of aggressive cancer and promote signaling as-
sociated with tumor growth and invasion (Schedin and
Keely 2011). Given the reduced collagen content in these
autophagy-deficient tissues, we tested whether the MFPs
primed with autophagy-deficient MMFs supported mam-
mary cancer growth in vivo. Three weeks following MMF
engraftment, autophagy-competent PyMT tumor cells
were implanted into the primed MFPs (Fig. 5A). Mice
primed with autophagy-deficient MMFs showed signifi-
cantly impaired PyMT tumor volume at end point and im-
proved survival compared with controls (Fig. 5B). In fact, a
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Figure 3. Autophagy deletion in stromal fi-
broblasts impairs PyMT tumorigenesis in
syngeneic cotransplantation models. (A)
Orthotopic injection of primary PyMT tumor
cells comixed with autophagy-competent
(REP*/+A44Cre| or _deficient (Atg12//hAdCre)
MMFs or injected alone (PyMT only) into
fourth inguinal mammary glands of 6- to 8-
wk-old C57B/6 females. Scatter plot showing
end point tumor volume (mm?) for comixed tu-
mors. Data from three independent experi-
ments. End point based on mice in the control
(RFP**44Ct comix| cohort requiring euthana-
sia. Mean + SEM from three independent exper-
iments. PyMT only n = 20; REP**449¢" comix,
n=29; Atg12"AdCre comix n=26. Nonpara-
metric ANOVA. (B) Summary of tumor data
from comix experiments. (C) Representative
low-power (scale bar, 1.5 mm) and high-power

subset of mice primed with autophagy-competent MMFs
had prominent tumor burden requiring euthanasia as ear-
ly as 50 d, whereas mice primed with autophagy-deficient
MMFs failed to reach end stage tumor burden by the
termination of the study (Fig. 5B). Consistent with the
in vitro fibroblast activation marker analysis, SMA and
FSP positivity was similar between tumors primed
with autophagy-competent versus autophagy-deficient
MMFs (Fig. 5D). These data further support that autoph-
agy deficiency in stromal fibroblasts suppresses mamma-
ry tumorigenesis, even when tumor cells are autophagy
competent.

Effects of fibroblast autophagy on cytokine secretion

Various reports demonstrate autophagy deficiency results
in impaired cytokine secretion (Narita 2011; Deretic et al.
2013; Lock et al. 2014; New et al. 2017), which may mod-
ulate the tumor microenvironment permissive for tumor
growth. Hence, we performed a mouse cytokine array
(Supplemental Tables S1, S2; Supplemental Fig. S4) to
broadly view cytokine signaling upon autophagy deletion
in fibroblasts. Similar to previous studies (Narita 2011;
Lock et al. 2014; New et al. 2017), secreted IL-6 was signif-
icantly reduced in the CM of both Atg5/12//44Cre MiMFs
compared with controls (Fig. 5E), while the steady-state
protein levels of IL-6 levels were unaltered, suggesting im-
paired secretion by autophagy-deficient fibroblasts (Fig.
5F; Supplemental Fig. S3). IL-6 acts as a pleiotropic cyto-
kine that instructs both inflammatory and profibrotic
phenotypes associated with a protumorigenic microenvi-
ronment, and promotes neoangiogenesis in solid tumors
(Bunt et al. 2007; Bromberg and Wang 2009; Fielding
et al. 2014). Remarkably, upon evaluating microvessel
density (MVD), we observed significantly reduced neoan-
giogenesis in the primed regions with Atg12f/fAdCre
MMFs (Fig. 5G). To further scrutinize the IL-6 pathway in
vivo, we evaluated serum IL-6 levels of FSP-Cre;Atg5/
121 and control Cre— mice, but found no significant dif-

(scale bar, 100 ym) H&E images of comix tu-
mors from data shown in A. (LN} Lymph node.

ferences between these cohorts (Supplemental Fig. S5A).
We also assayed for pSTAT3 (Y705), a downstream marker
of IL-6 activation, in the comix or prime tumors with
Atg12" MMFs. However, few pSTAT3-positive cells
were detected in either tumor or stromal cells, with no ob-
vious differences between Atg12™ MMFs versus controls
(Supplemental Fig. S5B). Overall, despite reduced neoan-
giogenesis in stroma derived from autophagy-deficient
MMFs, the lack of differences in pSTATS3 signaling or se-
rum IL-6 levels in vivo suggest that decreased IL-6 secre-
tion due to fibroblast autophagy inhibition is unlikely to
contribute to reduced tumorigenesis in these models.

Because fibroblast autophagy inhibition impacted the
secretion of multiple cytokines in vitro (Supplemental
Fig. S4), we further scrutinized its effects on immune
cell recruitment in vivo. Immunostaining revealed simi-
lar numbers of CD45- and CDI11b-positive cells in
Atg12MkAdCre MIMF primed regions relative to controls
(Supplemental Fig. S6A,B). In contrast, F4/80-, CD3-, and
CD4-positive cells were all significantly decreased in
Atg12M/tAdCre MIMF primed regions compared with con-
trols (Supplemental Fig. S6A,B), suggesting that fibroblast
autophagy influences the recruitment of certain immune
cell populations in vivo.

Stromal fibroblast autophagy promotes
tissue stiffness

Due to the dramatic changes in collagen deposition ob-
served upon loss of fibroblast autophagy in the primed
MFPs (Fig. 4), we scrutinized whether differences in
ECM stiffness contributed to the ability of autophagy-de-
ficient MMFs to suppress tumor growth. Atomic force
microcopy (AFM) mechanical testing corroborated that
MFPs primed with autophagy-deficient MMFs exhibited
significantly reduced tissue stiffness compared with con-
trols (Fig. 6A). Furthermore, collagen gel contractility of
autophagy-competent and -deficient MMFs in vitro
showed that autophagy depletion reduces MMF

GENES & DEVELOPMENT 967
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contractility of collagen gels (Fig. 6B). Hence, autophagy
functionally promotes both tissue stiffness and fibroblast
contractility, two hallmarks of CAF function.

Autophagy in mouse mammary fibroblasts
is required for type 1 collagen secretion
and procollagen proteostasis

We hypothesized the reduced stiffness of the autophagy-
deficient primed MFPs may be due to impaired collagen
secretion, which has been described in other autophagy-
deficient cell types (Cinque et al. 2015; Forrester et al.
2019). Following culture with a long-acting stable deriva-
tive of ascorbic acid to stimulate collagen production, we
observed reduced acid-soluble collagen secretion by
autophagy-deficient MMFs in vitro compared with con-
trols (Fig. 6C). Acutely inhibiting autophagy in WT
MMFs with Spautin-1, a potent and selective autophagy
inhibitor, similarly impaired collagen secretion (Fig. 6D).
There was no change in transcript levels of type 1 collagen
or collagen-stabilizing lysyl oxidase genes Lox1 and LoxI2
(Supplemental Fig. S6C), suggesting the reduced extracel-
lular collagen observed in autophagy-deficient fibroblasts
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Figure 4. Mammary fat pads primed with
autophagy-deficient MMFs exhibit reduced
type 1 collagen deposition in vivo. (A) Prim-
ing experiment schematic. The right fourth
inguinal mammary gland of 3-wk-0ld C57B/
6 females cleared of mammary epithelium
and primed with autophagy-competent
_ ) (REP*/+4dCte| or _deficient (Arg12l/flAdCre)
e 7 MMFs. Tissues analyzed 3 wk after engraft-
ment. (B) FACS for percentage of RFP+
MMFs after engraftment. Mean+SEM.
RFP+/+;Ade/ n=5 mice; Atglzfl/fl;AdCrel
n =3 mice. Student’s t-test. (C) Representa-
tive IHC for RFP expression in autophagy-
competent (RFP**44C%|  or _deficient
(Atg12/f:AdCe) hrimed MFPs. Scale bar,
50 um. (D) Representative H&E-stained
(top), Masson’s trichrome-stained (middle),
and Picrosirius red-stained (bottom)
MFPs primed with autophagy-competent
(REP*/+44Cre) or deficient (Atgl2/AdCre)
MMFs. Scale bar, 50 um. (E) Quantification
of thresholded Picrosirius red intensity.
Mean=SEM. RFP**4dC* prime n=15
fields from three mice; Atg12M/hAdCre
prime, n=15 fields from three mice. Stu-
dent’s t-test. (F) Masson’s trichrome-
stained Atg12"" and FSP-Cre;Atg12™"
PyMT tumors.

Atg 1 2ﬂ/ﬂ,‘AdCre

was due to a collagen secretory defect. Recent work has un-
covered that impaired collagen secretion with autophagy
deficiency arises from intracellular defects in procollagen
degradation via the lysosome. Because a significant frac-
tion of procollagen synthesized in the endoplasmic reticu-
lum (ER) is inefficiently folded, it is normally degraded in
the lysosome via autophagy-dependent mechanisms.
Hence, the genetic loss of autophagy results in impaired
procollagen proteostasis, thereby impairing collagen
secretion due to the loss of ER quality control (Cinque
et al. 2015; Forrester et al. 2019). Accordingly, we scruti-
nized whether the autophagic machinery was required
for the lysosome clearance of type 1 procollagen (PC1) in
MMPFs using immunofluorescence staining (Forrester
et al. 2019). Indeed, autophagy-competent MMFs dis-
played procollagen translocation to the lysosome, which
was significantly enhanced upon treatment with the lyso-
somal acidification inhibitor bafilomycin A (Baf A}, result-
ing in increased colocation of type 1 procollagen (PC1)
with the lysosomal marker LAMP1 in Baf A-treated,
autophagy-competent MMFs (Fig. 7A,F; Supplemental
Fig. S7). In contrast, the lysosomal translocation of PC1
was significantly reduced in Atg5- or Atgl2-deficient
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Figure 5. Stromal fibroblast autophagy sup-
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posttest.

MMFs; furthermore, these phenotypes were not signifi-
cantly enhanced upon Baf A treatment (Fig. 7B-D; Supple-
mental Fig. S7) in autophagy-deficient cells. These data
corroborate that autophagy in mammary fibroblasts sup-
ports the lysosomal turnover of procollagen, which con-
tributes to efficient intracellular type 1 procollagen
proteostasis in vitro as well as extracellular secretion of
type 1 collagen, both in vitro and in vivo. Overall, these re-
sults delineate that autophagy in stromal fibroblasts pro-
motes the efficient secretion type 1 collagen, which
contributes to the stiff desmoplastic stroma permissive
for mammary tumor growth.

Discussion

Previous reports have shown up-regulation of autophagy
in the tumor microenvironment and fibroblasts (Marti-
nez-Outschoorn et al. 2010; Karsli-Uzunbas et al. 2014;
Katheder et al. 2017; New et al. 2017) and implicated
autophagy in key molecular signaling events involved in
protumorigenic paracrine signaling (Narita 2011; Deretic
et al. 2013; Lock et al. 2014). To directly interrogate the
role of stromal fibroblast autophagy in tumorigenesis,
we leveraged genetic loss-of-function approaches to inhib-
it fibroblast autophagy during PyMT mammary cancer
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progression. Specifically, we used three different in vivo
models: FSP-Cre-mediated deletion of fibroblasts during
autochthonous tumor development, cotransplantation
of tumor cells with autophagy-deficient or -competent fi-
broblasts, and MMF priming and tumor cell transplanta-
tion. In all these models, our results demonstrate that
tumor progression was slowed in the context of autoph-
agy-deficient MMFs. At study end points, tumor volume
was also significantly reduced with loss of autophagy in
MMFs. The overall consistency between the Atg12"/"
and Atg5""" models in vivo and in vitro supports that phe-
notypes are due to a general loss of autophagy rather than
the individual functions of these proteins. Nevertheless,
we do observe certain phenotypic differences between
Atg5 and Atgl2 ablation in our studies, which may poten-
tially arise from noncanonical functions of ATG5 or
ATGI12 that do not overlap completely (Galluzzi and
Green 2019). Importantly, in all of these models, autoph-
agy in stromal fibroblasts is required for efficient mamma-
ry tumor growth in vivo, even when the cancer cells
themselves remain autophagy-competent.

Autophagy deficiency does not globally impair fibro-
genic differentiation in mammary stromal fibroblasts.
Multiple fibroblast activation markers are intact upon ge-
netic loss of autophagy. Furthermore, examination of the
TGF® signaling axis in autophagy-deficient MMFs shows
that phospho-SMAD2/3 levels are not reduced, both at
baseline and upon exogenous TGFP stimulation in vitro.
Rather than broadly impeding fibroblast activation, we
propose that autophagy loss elicits specific functional de-
fects in stromal fibroblasts. First, consistent with the re-
quirements for autophagy in energy metabolism, MMFs
lacking Atg5 or Atg12 display reduced ATP levels. These
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L]
50 uM Spautin

from two independent experiments. Vehicle, n=7;
Spautin, n=7. Student’s t-test.

reduced ATP levels may contribute to the collagen con-
traction defect we observed in autophagy-deficient
MMFs. More importantly, due to impaired type 1 procol-
lagen proteostasis, autophagy-deficient MMFs exhibit
profoundly abrogated collagen secretion in vivo, evi-
denced by reduced Masson’s trichrome and Picrosirius
red staining in primed autophagy-deficient mammary fat
pads. AFM studies corroborate these defects in collagen
deposition elicit significantly reduced matrix stiffness in
the stroma generated from autophagy-deficient fibro-
blasts. Thus, autophagy deficiency in fibroblasts impedes
two cardinal features of desmoplastic fibrotic response
that promotes tumor growth: increased ECM deposition
and tissue stiffness in vivo. In vitro quantification of se-
creted collagen similarly reveals reduced secretion of
soluble collagen in autophagy-deficient MMFs (Forrester
et al. 2019).

MMFs lacking autophagy also displayed reduced IL-6
cytokine secretion in vitro consistent with previous re-
ports (Lock et al. 2014; New et al. 2017). However, serum
IL-6 levels were intact in adult FSP-Cre;Atg5/1 2 mice
compared with controls. In addition, fibroblast autoph-
agy deficiency did not dramatically inhibit pSTAT3, a
marker of IL-6 activation, in either PyMT tumor cells
or the associated stroma. Overall, these results argue
against impaired IL-6 secretion as a principal contributor
to reduced tumorigenesis in the setting of fibroblast
autophagy deficiency. Intriguingly, our comixing studies
broach the idea that stromal fibroblast autophagy defi-
ciency may actually have tumor-suppressive effects;
comixing with autophagy-deficient MMFs significantly
reduces tumor volume compared with comixing with ei-
ther autophagy-competent cells or transplantation of
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Figure 7. Autophagy-deficient MMFs display impaired lysosomal degradation of type 1 procollagen. Immunofluorescence staining for
intracellular type 1 procollagen (PC1; green) and lysosomes (LAMPI; red) in REP*/#49Ct (A) Arg10f/fiAdCre (B and ArgsM/hAdCre ()
MMFs treated with vehicle (DMSO) or 50 nM bafilomycin A lysosome acidification inhibitor for 12 h. (Top panels) Merged IF images.
(Bottom panels) Intracellular colocalized PC1 and LAMPI (colocalized puncta in black). Boxed areas correspond to enlarged images show-
ing colocalization in Supplemental Figure S7. (D) Quantification of percentage of LAMPI colocalized with collagen with DMSO or 50 nM
Baf Al for 12 h in RFP*/*#49€% red squares), Atg12™/HA49Cre (blue triangles), and Atg5™49¢ (purple circles) MMFs. Unpaired Student’s t-
test. Quantification based on 60x high-power confocal thresholded images. Scale bar, 10 nm.

PyMT tumor cells only. Further defining these potential
tumor suppressive effects remain an important area for
future study.

While previous studies have demonstrated various met-
abolic advantages afforded by autophagy in the host
stroma, our results uncover a role for host stromal fibro-
blast autophagy in supporting the tumor-promoting des-
moplastic response, including, most notably, type 1
collagen deposition and tissue stiffness. Furthermore, we
reveal that fibroblast autophagy regulates neoangiogene-
sis and the recruitment of innate and adaptive immune
cells. In future work, it will be important to scrutinize
whether and how these changes in the vascular and im-
mune microenvironment contribute to tumor progression
and desmoplasia. By specifically demonstrating that
genetic loss of stromal fibroblast autophagy impedes
mammary tumor progression, our results provide funda-

mental insight regarding the potentially beneficial im-
pacts of autophagy inhibition in cancer therapy.

Materials and methods

Cell culture

Primary MMFs were grown on tissue culture plastic Petri dishes
(Fisher) coated with 5 ng/cm? type 1 rat tail collagen (BD Bioscienc-
es) diluted in 0.02 M acetic acid. MMFs were isolated from 6- to
10-wk-old female C57B/6 Atgs™LIsSI-RFP**, Atg12"M.1s]-RFP**,
or Is-RFP*"* mouse mammary glands as previously described
(Proia and Kuperwasser 2006). Mammary glands were minced
and digested with 125 U/mL hyaluronidase and 1.5 mg/mL colla-
genase (Sigma-Aldrich) in MMF medium (DMEM with 10% calf
serum, 1% penicillin/streptomycin, 1% gentamicin) for ~20 min
with vigorous shaking at 37°C. Collagenase was inactivated by 1
BM EDTA; the mixture was centrifuged at 1000 rpm for 5 min,
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resuspended in MMF medium, and seeded onto collagen-coated
6-cm plates. Fibroblasts from these organoids were maintained
for up to three passages. Primary PyMT tumor cells were isolated
from female MMTV-PyMT C57Bl/6 mice at 4-5 mo of age and di-
gested as above. Cells were cultured in mammary epithelial cell
medium (DMEM/F12 with 10% fetal bovine serum, 1% penicil-
lin/streptomycin, 1% gentamicin, 20 ng/mL EGF, 0.5 ng/mL hy-
drocortisone, and 10 pg/mL insulin) on tissue culture-treated 10-
cm plates (Falcon) for up to 3 d after isolation before use in vivo.

Adenoviral MMF infection

Adenovirus expressing CMV-driven Cre-recombinase with GFP
(Ad5CMVCre-eGFP) ~4 x 10'° to 5 x 10'° PFU/mL was purchased
from the University of Iowa Viral Vector Core Facility. MMFs
were trypsinized, counted, and infected in suspension overnight
in serum-free MMF medium (SF-MMF media, 0.5% calf serum,
1% penicillin/streptomycin, 1% gentamicin) at MOI 480 and
then returned to complete MMF media. After 7 d to allow for
autophagy gene ablation, cells were confirmed to be RFP-positive
by epifluorescence imaging; lysates were prepared to confirm ge-
netic ATG deletion.

Animal models

The generation of Atg12™" mice has been described (Malhotra

etal. 2015). Atg5™" mice were obtained from Noboru Mizushima
(Kuma et al. 2004). R26-Isl-tdRFP mice were obtained from Hans
Joerg Fehling (Luche et al. 2007), bred to Atg12"" and Atg5™"
mice, and backcrossed for more than five generations to C57B/6
mice. FSP-Cre (FvB) and MMTV-PyMT (C57/B6) mice were pro-
vided by Zena Werb (UCSF). FSP-Cre mice were bred to the
Atg12" and Atgs™" strains and then bred to MMTV-PyMT
males to obtain Atg12"Is]-RFP*/*;PyMT+;FSP-Cre+ and
Atg5"".1sI-RFP**;PyMT+;FSP-Cre+ mice. All mice were main-
tained according to UCSF IACUC standards. For tumor studies,
mice were monitored for mammary tumor development, and
blind measurements were obtained using calipers.

In vivo MFP priming assays

C57Bl/6 mice (22 d old) were purchased from Jackson Laborato-
ries (strain no. 000664). A modified version of the protocol de-
scribed by Kuperwasser et al. (2004) was used. Mice were
anesthetized, and the rudimentary epithelium was cleared from
the right inguinal mammary gland. At time of clearing, 5x 10°
MMFs, in a mixture of 25% Matrigel (BD Biosciences) in MMF
media, were injected into the epithelium-devoid fat pad. Three
weeks later, 1.6x 10° primary PyMT cells were diluted in a mix-
ture of 25% Matrigel and injected into the fibroblast primed right
inguinal cleared mammary gland.

In vivo comixing assays

C57Bl/6 mice (6-8 wk old) were purchased from Jackson Labora-
tories (strain no. 000664). A mixture of MMFs with primary
PyMT tumor cells at a cell ratio of 3:1, or PyMT cells only,
were diluted in 25 % Matrigel in MMF media and injected into in-
tact fourth inguinal right and left mammary glands.

Fluorescence-activated cell sorting of FSP-Cre mammary glands

Isolated mammary glands were minced and digested as above.
Red blood cells were lysed with red blood cell lysis buffer
(Sigma-Aldrich) by manufacturer’s instructions. Samples were
treated with 100 pg/mL DNase (Sigma-Aldrich) for 2 min at

972 GENES & DEVELOPMENT

37°C and filtered using 30-um filters. Cells were counted, resus-
pended up to 107 cells/mL per 90 uL FACS buffer (PBS+5%
CS), and treated with FcR blocking reagent (1:10; Miltenyi Biotec
130-092-575) for 30 min on ice. Cell suspensions were transferred
to polypropylene FACS tubes (BD Biosciences) and either left un-
stained, stained with isotype control (1:50; Biolegend 400511), or
stained with CD326-APC (EpCAM, 1:50; Biolegend 118214) for
30 min on ice. Cells were washed with 1 mL of FACS buffer
and sorted using a Beckman Coulter MoFlo XDP at the UCSF Par-
nassus Flow Cytometry Core.

Immunoblotting

Cells were lysed in RIPA buffer (Invitrogen) with protease inhib-
itor cocktail (Sigma-Aldrich), 10 mM NaF, 10 mM p-glycerophos-
phate, 0.5 mM PMSF, and 10 nM calyculin A. Lysates were
cleared by centrifugation at 12,000 rpm for 10 min at 4°C and
stored at —80°C. Protein concentration was determined by BCA
assay (Pierce). Twenty micrograms of protein was boiled in sam-
ple buffer, resolved by SDS-PAGE, and transferred to PVDF mem-
brane at 4°C. Membranes were blocked for 1 h in 5% milk in PBS
with 0.1% Tween 20 (PBST), incubated with primary antibody in
5% milk/PBST overnight at 4°C, washed, incubated for 1 h at
room temperature with HRP-conjugated donkey secondary anti-
bodies (Jackson ImmunoResearch) at 1:5000 in 5% milk/PBST,
washed, and developed with Luminol signal reagent (Fisher). Pri-
mary antibodies used for immunoblotting were as follows:
ATGI2 (1:500; Cell Signaling 2011), ATG5 (1:2000; Novus Bio-
logicals NB110-53818), p62 (1:1000; Progen Biotechnik GP62-
CJ, GAPDH (1:10,000; EMD Millipore CB1001), tubulin (1:1000;
Cell Signaling 2144), IL-6 (1:1000; Abcam 6672), phosphorylated
Smad?2/3 (1:500; Cell Signaling 8828), Smad2 (1:1000; Cell Signal-
ing 5339), and MAP1LC3 (1:2000; EMD Millipore ABC232). Den-
sitometry was performed with Image]J/Fiji software.

Immunohistochemistry

Mammary glands and tumors were fixed in 10% neutral-buffered
formalin and paraffin embedded. Sections (5-8 um) were deparaf-
finized and rehydrated through xylene and decreasing percentag-
es of ethanol. Sodium citrate antigen retrieval solution at pH 6.0
(Dako) was used for antigen retrieval, except for F4/80 staining,
which required 20 pg/mL Proteinase K (Invitrogen) for 5 min. En-
dogenous peroxidases were blocked by incubation in 3% H,O, for
20 min, washed, and blocked for 2 h at room temperature in 1%
BSA supplemented with 10% goat serum. Primary antibody
staining was performed overnight at 4°C. Biotinylated secondary
antibodies (1:400; Vector Laboratories) and the Elite ABC peroxi-
dase kit with DAB substrate or Nova Red substrate kit (Vector
Laboratories) were used for detection. Primary antibodies used
for immunohistochemistry were as follows: phosphorylated his-
tone H3 (pH 3; 1:100; Cell Signaling 9701), p62 (1:200; Progen Bio-
technik GP62-C), aSMA (1:200; Vector Laboratories VP-S281),
CK14 (1:1000; Covance PRB-155P), CD45 (1:250; EMD Millipore
05-1416), F4/80 (1:300; AbD Serotec MCA497GA, REP (1:500;
Rockland Immunochemicals 600-401-379), Mecca32 (1:25;
Developmental Studies Hybridoma Bank, University of Iowa),
CD3 (1:500; DAKO A0452), CD11b (1: 500; Novus Biologicals
110-89474SS), CD4 (TE antigen retrieval; 1: 100; Abcam
183685), and pSTAT3 Tyr705 (1:100; Cell Signaling 91318S).

Immunofluorescence

For dual immunofluorescence, sections were deparaffinized, re-
hydrated, antigen retrieved, and blocked as above. The second



primary antibody was added sequentially before secondary anti-
body (Alexa) incubation, wash, Hoescht counterstain, and
mounting with Prolong Gold (Life Technologies). Primary anti-
bodies used included aSMA (1:200; Vector Laboratories VP-
$281) and S100A4 (1:50; Abcam 27957). For immunocytochemis-
try, 15,000 fibroblasts were seeded onto 5 ng/cm? collagen I-coat-
ed eight-well chamber slides, fixed in ice-cold methanol for
20 min, air-dried for 5 min, and stored at —80°C. Upon thawing,
slides were washed in PBS, permeabilized with 0.1% Triton
X-100, blocked, incubated in primary antibody overnight at
4°C, and detected with Alexa Fluor secondary antibodies. Epi-
fluorescence images were obtained by Axiovert 200 microscope
(Carl Zeiss) with a 20x objective and Spot RT camera (Diagnostic
Instruments). Primary antibodies used were as follows: aSMA
(1:200; Vector Laboratories VP-S281), vimentin (1:100; Novus Bi-
ologicals NB100-74564), CK8 (Troma-I; 1:500; Developmental
Studies Hybridoma Bank, University of Iowa), CK14 (1:500; Cova-
nce PRB-155P), S1I00A4 (FSP1; 1:50; Abcam 27957), FAP (1:50;
Sigma-Aldrich SAB4500839), and fibronectin (1:200; Abcam
2413). Fibroblast activation markers were quantified by measur-
ing average intensity/cell in thresholded images in Image]/Fiji.

ATP

The CellTiter-Glo assay (Promega) was used according to the
manufacturer’s instructions under nutrient-rich conditions. Oli-
gomyecin (5 uM; Cell Signaling Technologies 9996) was added to
some samples, and luminescence evaluated by a Molecular De-
vices Name SpectraMax M2 plate reader.

Collagen contraction assay

Type I rat tail collagen (BD Biosciences) was diluted to 3 mg/mL,
neutralized with 0.1 M NaOH, and brought to 10 mL with 10x
PBS and dH, 0. Infected MMFs were trypsinized and resuspended
at 1.2 x 10° cells/mL in SE-MMF media (above). A ratio of 200 uL
of diluted, neutralized collagen was used per 100 nL of MMF cell
suspension for each technical replicate; 300 uL of diluted, neu-
tralized collagen/MMF mixture was seeded into one well of a
24-well plate. Collagen cell lattices were polymerized for 2 h at
37°C. Next, 1 mL of SF-MMF media was added to each well,
and the sides of the collagen gel were released by micropipette.
The axes of the gel ellipse were measured at “time O h” by Leica
dissecting scope and camera. The plates were incubated for 4 h at
37°C, and the axes remeasured to calculate percentage reduction
in ellipse area.

Secreted collagen

The Sircol soluble collagen assay (Biocolor) was used following
the manufacturer’s instructions with overnight incubation.
MMFs grown on fibronectin-coated plates were treated with
20 uM L-ascorbic acid 2-phosphate (LAA2P; Cayman Chemical)
for 24 h, and deposited collagen was acid-extracted and bound
to Sircol dye. For Spautin treatment, MMFs were treated at
50 uM Spautin-1 (Sigma-Aldrich) for 24 h. Absorbance was mea-
sured at 555 nm, and concentration was calculated by standard
curve and normalized for DNA content based on 260-nm
absorbance.

ELISAs and cytokine arrays

IL-6 (Abcam 100712) and TGFp1 (Abcam 119557) mouse-specific
ELISAs and mouse-specific cytokine arrays (mouse cytokine ar-
ray C2000, Ray Biotech AAM-CYT-2000) were performed follow-
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ing the manufacturer’s instructions. CM used for ELISAs or
cytokine array was collected by seeding infected MMFs at equal
density on collagen-coated plates in full media. The next day, me-
dia was changed to SE-MMF medium. After 24-h conditioning,
CM was collected, filtered through a 0.2-um filter, and stored at
—80°C. Cells were counted for normalization, lysed, and immu-
noblotted to confirm autophagy deletion. Recombinant mouse
TGFP (R&D Systems) was added at 10 ng/mL to MMFs plated
on collagen for 30 min in SF media (above) before cell lysis (see
Immunoblotting). For serum IL-6, blood was drawn from the infe-
rior vena cava of mice aged 8-12 wk and coagulated for 30 min at
room temperature, and serum was collected by spinning at 2000
rcf for 10 min at room temperature. IL6 was measured by ELISA
(mouse quantikine ELISA, R&D Biosystems M600B).

Picrosirius red staining

FFPE sections were stained with Picrosirius red (Direct Red 80,
Sigma-Aldrich) and counterstained with Weigert’s hematoxylin
(Sigma-Aldrich). Imaging was done using polarizers oriented par-
allel and orthogonal to each other. Collagen was quantified using
a set threshold in Image] and measuring more than four regions
per primed MFP.

H&E and Masson’s trichrome staining

These stains were performed by the University of California at
San Francisco Mouse Pathology Core and scanned with an Aperio
ScanScope XT slide scanner (Aperio Technologies) at 40x.

Atomic force microscopy of primed MFPs

MFPs were OCT-embedded and flash-frozen in liquid nitrogen.
Sections were cut at 30 um on Fisher Superfrost Plus gold slides.
Immediately prior to AFM, sections were thawed at room temper-
ature, rinsed of OCT in RTPBS, and covered in HEPES-buffered
PBS with protease inhibitor cocktail (Roche) and 1 ng/mL propi-
dium iodide (Invitrogen). Slides were magnet-anchored to a
Nikon TE2000-U inverted fluorescent microscope equipped
with an Asylum Research MFP-3D atomic force microscope as
previously described (Lopez et al. 2011). All samples were mea-
sured in liquid media in contact mode using Novascan cantile-
vers (2.5-um radius beaded silica glass tip, k=0.06 N/m),
calibrated by the thermal tune method. Force measurements
were collected over a 90-um x90-um grid at a resolution of
16 um x 16 um at a trigger force of 4 nN. The force data were con-
verted to elastic modulus using the Hertz Model program (tissue
samples assumed to be incompressible and a Poisson’s ratio of 0.5
was used to calculate Young's elastic modulus) in IgorPro v6.22,
supplied by Asylum Research.

Bafilomycin treatment and immunocytochemistry for type 1 procollagen

Fifty thousand cells were plated on glass coverslips coated with
fibronectin 1 (Corning) at 50 pg/mL in PBS for 1 h at 37°C, rinsed
with PBS, and treated ~24 h later. Bafilomycin or DMSO (Sigma)
was added to MMF media for 12 h. Cells were fixed in 4% PFA in
dPBS for 20 min at 4°C, permeabilized in 0.5% Triton X in PBS for
5 min at 4°C, autofluorescence-quenched in 100 mM PBS-glycine
wash, and blocked in PBS with 10% goat serum and 1% BSA.
Cells were stained using anti-LAMP1 (1:2000; BD Pharmingen
1D4B) and type 1 procollagen (PC1; 1:100; LF42) overnight at
4°C, and Alexa Fluor secondary antibodies were used (1:1000
and 1:500, respectively). Hoechst (Invitrogen) was used at 0.002
mg/mL in dPBS for 12 min at room temperature, and slides
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were mounted in VectaShield mounting media (Vector Laborato-
ries). Slides were imaged at 60x with a confocal DeltaVision Elite
(General Electric). The number of PC1 particles colocalized with
LAMPI was analyzed using thresholded images in Fiji. Each data
point represents one 60x image with more than two cells. Similar
staining protocols were used for Ki67 immunocytochemistry
(1:200; Abcam 15580).

Quantitative RT-PCR

RNA was extracted by RNeasy kit (Qiagen), reverse-transcribed,
and PCR-amplified using the StepOnePlus system (Applied Bio-
systems). Primers used were as follows: collal (forward, GCTC
CTCTTAGGGGCCACT; reverse, CCACGTCTCACCATTGG
GG), lox (forward, GCCGACCAAGATATTCCTGGG,; reverse,
GCAGGTCATAGTGGCTAAACT), loxI2 (forward, GGTGGAG
GTGTACTATGATGG; reverse, CTTGCCGTAGGAGGAG
CT), tgffl (forward, CTCCCGTGGCTTCTAGTGC; reverse,
GCCTTAGTTTGGACAGGATCTG), and rpl7 to normalize
gene expression (forward, ACCGCACTGAGATTCGGATG,; re-
verse, GAACCTTACGAACCTTTGGGC).

Statistical analyses

GraphPad Prism software (v6.0) was used for graphs and statistics.
To generate P-values for Gaussian distributed data groups of three
of more, a one- or two-way ordinary ANOVA was used with
Tukey’s posttest or Sidak’s multiple comparisons test, respective-
ly. For pairwise comparisons of Gaussian distributed data, a Stu-
dent’s t-test was used. For nonparametric distributed data groups
of three or more, a nonparametric ANOVA and Dunn’s multiple
comparisons test was used. For pairwise comparisons of nonpara-
metric distributed data, a Mann-Whitney test was used. For stat-
istical comparisons, the variance between groups was similar.
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