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Asbestos causes malignant transformation of primary human meso-
thelial cells (HM), leading to mesothelioma. The mechanisms of
asbestos carcinogenesis remain enigmatic, as exposure to asbestos
induces HM death. However, some asbestos-exposed HM escape cell
death, accumulate DNA damage, and may become transformed. We
previously demonstrated that, upon asbestos exposure, HM and re-
active macrophages releases the high mobility group box 1 (HMGB1)
protein that becomes detectable in the tissues near asbestos deposits
where HMGB1 triggers chronic inflammation. HMGB1 is also detect-
able in the sera of asbestos-exposed individuals and mice. Searching
for additional biomarkers, we found higher levels of the autophagy
marker ATG5 in sera from asbestos-exposed individuals compared to
unexposed controls. As we investigated the mechanisms underlying
this finding, we discovered that the release of HMGB1 upon asbestos
exposure promoted autophagy, allowing a higher fraction of HM to
survive asbestos exposure. HMGB1 silencing inhibited autophagy and
increased asbestos-induced HM death, thereby decreasing asbestos-
induced HM transformation. We demonstrate that autophagy was
induced by the cytoplasmic and extracellular fractions of HMIGB1 via
the engagement of the RAGE receptor and Beclin 1 pathway, while
nuclear HMGB1 did not participate in this process. We validated our
findings in a novel unique mesothelial conditional HMGB1-knockout
(HMGB1-cKO) mouse model. Compared to HMGB1 wild-type mice,
mesothelial cells from HMGB1-cKO mice showed significantly re-
duced autophagy and increased cell death. Autophagy inhibitors
chloroquine and desmethylclomipramine increased cell death and
reduced asbestos-driven foci formation. In summary, HMIGB1 re-
leased upon asbestos exposure induces autophagy, promoting HM
survival and malignant transformation.
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he mechanisms of asbestos carcinogenesis have puzzled re-

searchers since the discovery that these fibers caused meso-
thelioma (1). Asbestos is a generic name used to identify six types
of mineral fibers that have been used commercially for centuries:
crocidolite, chrysotile, amosite, anthophyllite, tremolite, and ac-
tinolite (2). Asbestos was freely traded before regulations were
implemented in the Western World in the 1980s that limited or
prohibited its use. Presently, only chrysotile asbestos is still mined
and used in large amounts in Asia and Africa (1, 3). Therefore,
millions of people have been exposed and are at increased risk of
developing mesothelioma and other asbestos-related malignancies
(1). In addition to asbestos, there are about 400 naturally occurring
mineral fibers in the environment (1, 2). Many of them are either
potential or proven human carcinogens; however, since these fibers
are not regulated, they can, and some have been, mined and used
(2). Among these naturally occurring fibers, the zeolite erionite,
considered the most potent carcinogenic fiber, is present in several
regions of the world including the United States (4, 5).
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Asbestos is carcinogenic to primary human mesothelial cells
(HM), the cells that give rise to mesothelioma (1). Asbestos
deposition in the pleura causes chronic inflammation and atyp-
ical mesothelial hyperplasia, which means that the single flat
layer of mesothelial cells that form the pleura and peritoneum
round up and often form multicell layers from which over time
mesothelioma may arise (1). When primary HM in tissue culture
are exposed to asbestos, they die of apoptosis (6) and necrosis (7,
8). We have demonstrated that crocidolite and chrysotile asbestos
and erionite (5, 7, 8) induce programmed cell necrosis (9) in HM.
Necrotic cells release of the proinflammatory protein high mobility
group box 1 (HMGBI) into the extracellular space (8), where
HMGBI initiates inflammation (10-12), triggers the inflamma-
some pathway (13) and sustains the chronic inflammatory process
characteristically found around asbestos fiber deposits in the tissues
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(8, 14). This process can self-propagate since asbestos is bio-
persistant and cannot be easily removed once it is lodged in the
tissues. Because of the chronic inflammation, mutagenic reactive
oxygen radicals, tumor necrosis factor alpha (TNFa), and other
cytokines are released and promote DNA damage that may ensue
in malignant transformation (8, 14, 15). Thus, asbestos-induced
inflammation precedes malignant transformation (16). Experimen-
tally, asbestos carcinogenesis can be studied in mice where it causes
similar pathological responses and causes mesothelioma over a
period of 6 to 18 mo (8, 17). In humans, asbestos carcinogenesis can
be studied in vitro by measuring the formation of tridimensional foci
in HM cultured with media containing TNFo and exposed to as-
bestos (7, 18).

In addition to its proinflammatory role, HMGB1 modulates
autophagy in cells under proautophagic stresses (19-22). Auto-
phagy occurs in two forms: constitutive (background) autophagy
and induced (reactive) autophagy (23-25). Constitutive auto-
phagy recycles cellular components from aged/damaged organ-
elles. Induced autophagy occurs in response to environmental
challenges and protects cells from apoptosis and necrosis. Upon
nutrition deprivation, the autophagy flux is initiated by mTOR
inhibition and subsequent activation of the mTOR-ULK-PI3K
pathway (26, 27). Specifically, mTOR inhibition leads to the as-
sembly of the Unc-51-like kinase (ULK) complex, which, in turn,
phosphorylates and activates the Beclin 1 of class III phosphati-
dylinositol 3-kinase (PI3K-IIT) complex (28). During this process,
several autophagy-related proteins (ATGs) are recruited to facil-
itate the lipidation of the microtubule-associated proteins 1A/1B
light chain 3B (LC3-I) to LC3-II and the insertion of LC3-II into
the membrane of autophagosome. In parallel, the p62/seques-
tosome-1 (p62) cargo adaptor protein delivers autophagic sub-
stances to the autophagosome for degradation. At the late stage of
autophagy, autophagosomes fuse with lysosomes to become the
autolysosome where the contents of autophagosome are digested
and recycled. The levels of LC3-II and p62 can be used to assess
autophagy and to distinguish autophagy induction (characterized
by an increase of LC3-1II and a decrease of p62) from the blockage
of the autophagy flux (characterized by increases of LC3-II and
p62) (29).

Here we investigated the possible role of autophagy in
asbestos carcinogenesis.

Results

Ashestos and Other Carcinogenic Fibers Induce Autophagy. We in-
vestigated serum samples from 30 healthy individuals with no
history of asbestos exposure and 29 individuals with histories of
occupational asbestos exposure (Materials and Methods). The
levels of the autophagy marker ATGS were significantly elevated
in sera of asbestos-exposed individuals compared to those of
unexposed individuals (Fig. 14). This finding prompted us to
investigate if asbestos was an autophagy inducer and to study the
possible underlying mechanisms.

We tested whether exposure to carcinogenic fibers would elicit
autophagic responses in primary HM. Immunoblotting of HM
exposed to carcinogenic fibers revealed markedly increased
conversions of LC3-I to LC3-I1, evidence of autophagy activation
(Fig. 1B). HM transduced with GFP-LC3 adenovirus were ex-
posed to different carcinogenic fibers. Autophagic puncta were
evident in the cytoplasm of HM exposed to fibers, while they
were low to undetectable in unexposed control HM (Fig. 1 C and
D). The prevalence of cells undergoing autophagy was quantified
by labeling autophagic vacuole-containing HM with a Cyto-ID
Green probe. Flow cytometry analyses showed a more than two-
fold increase of autophagy in cells exposed to asbestos compared
to unexposed HM (Fig. 1F), and a dose-dependent effect was
also observed (Fig. 1F).

We studied the effects of asbestos on the autophagy flux by
measuring the levels of LC3-II in the presence or absence of the
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autophagy blocker ammonium chloride (NH,Cl) (29). We found
additional increases of LC3-II levels in HM exposed to asbestos
in the presence of NH,Cl, compared to HM exposed to asbestos
without NH,Cl (SI Appendix, Fig. S14), evidence further sup-
porting that asbestos induced autophagy.

HM exposed to asbestos accumulated DNA damage as indi-
cated by the increase in YH2AX, while the noncarcinogenic glass
fibers did not (Fig. 1 G and H and SI Appendix, Fig. S1B). When
we measured asbestos toxicity in HM 48 h post asbestos exposure
using flow cytometry (SI Appendix, Fig. S24), Western blot (S
Appendix, Fig. S2B), and immunofluorescence (SI Appendix, Fig.
S2C), we detected a significant and consistent increase in cell
death through necrosis and apoptosis. The inductions of auto-
phagy, apoptosis, and necrosis in HM exposed to asbestos were
also visualized by immunofluorescences of LC3 (autophagy),
cleaved caspase 3, and receptor-interacting protein 1 (RIP1) (S7
Appendix, Fig. S34). HM exposed to glass fibers did not show any
increase in autophagy or cell death (SI Appendix, Fig. S3B).

HMGB1 Mediates Asbestos-Induced Autophagy In Vitro. When HM
were exposed to asbestos, the levels of both cytoplasmic HMGB1
(81 Appendix, Fig. S4 A and B) and extracellular HMGB1 (SI
Appendix, Fig. S4C) increased significantly, consistent with pre-
vious observations (8). We hypothesized that cytoplasmic and/or
extracellular HMGB1 might activate autophagy, which, in turn,
might protect a fraction of HM from asbestos toxicity. Therefore,
we silenced HMGB1 and measured autophagy in asbestos-
exposed HM. Flow cytometry analysis of Cyto-ID Green labeled
cells revealed that asbestos-induced autophagy was significantly
reduced in HMGBI1-silenced HM compared to nonsilenced HM
(Fig. 24 and SI Appendix, Fig. S4D). At the same time, an increase
of cell death occurred either by apoptosis (cleaved PARP1) or by
necrosis (cleaved RIP1) in HMGBI1-silenced HM (Fig. 2B). Thus,
HMGBI silencing decreased autophagy and sensitized cells to
asbestos toxicity.

HMGB1 Is Required for Asbestos-Induced Autophagy in Mice. To
validate our in vitro results with HM, we engineered a meso-
thelial conditional HMGB1 knockout (HMGB1-cKO) mouse
model (SI Appendix, Fig. S5A). We found that asbestos-induced
autophagy was significantly reduced in primary mouse meso-
thelial cells from HMGB1-cKO mice, compared to mesothelial
cells from HMGBI1 wild-type (HMGB1 WT) mice. Conversely,
apoptosis and necrosis significantly increased in cells derived from
HMGBI1-cKO mice compared to control cells from HMGB1 WT
mice (Fig. 2 C and D and SI Appendix, Fig. S5B).

We tested these results in vivo (Materials and Methods and SI
Appendix, Fig. S5C). Ten HMGB1-cKO (Hm;bl‘/t Wi ERT2-Cre/+y
mice and 10 HMGB1 WT (Wt1ERT2=C™*) mice were pre-
treated with tamoxifen to induce Cre-mediated recombination,
resulting in the deletion of the HMGBI loci in the mesothelial
cells of adult mice. Three weeks later, these mice were injected
intraperitoneally with crocidolite asbestos at 0.5 mg/wk for 10
wk, for a total dose of 5 mg crocidolite—a standard dose in-
ducing mesothelioma in WT mice (17). A week after the final
asbestos injection, these mice were euthanized, and necropsies
were performed. Histology of the peritoneum and peritoneal
organs revealed areas of asbestos deposition accompanied by
chronic inflammation and mesothelial hyperplasia. Within these
areas, ATGS5 was highly expressed by the mesothelial cells, and
to lesser extents, by foreign body giant cells and macrophages
surrounding asbestos fibers in WT mice. In contrast, ATGS ex-
pression was minimal to none in the mesothelial cells and mac-
rophages of HMGB1-cKO mice (Fig. 2E and SI Appendix, Fig.
S5D). Accordingly, in the same biopsy samples, p62 staining was
low in WT mice [low p62 levels are found in cells undergoing
autophagy (30)]; instead, p62 was highly expressed in mesothelial
cells of HMGB1-cKO mice (Fig. 2F). Moreover, the TUNEL

Xue et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007622117/-/DCSupplemental

Downloaded at UNIVERSITA DI FERRARA on October 21, 2020

A = 100+ B kDa
£
~ *kkk
2 go GAPDH | = e ans exs e ane |-37
(2]
T 6o Ol [T —p—p——— 15
@ LC3-ll NP S——
40 LC3-IVGAPDH 1.00 1.89 1.61 1.72 1.64 1.60
o M S a2 @ S S
W @ & B
ke ST S &
£ 201 (\Q\ 00\ 2 @
& eSS
2 ) Qo O
[ & ¢
[0} 0
C control chrysotile crocidolite D 60 .
i
Q
2 o 40-
£ o
‘g o]
1] (®]
) _ 5 . . - -
¢  erionite Oregon erionite Karlik  erionite Karain o 204
= [
a o
L =
0- T T T
\ N 2@ £ N .
& e°\§ b&‘\\ S & ‘0\(\
o Q o8 ot ‘l‘ Ny
oS Ch @
o ¢ ¢ & ®
RO U
Ny @ N
5 z < 1)
E A control crocidolite
604
Q LoM = autophagic| 1oM= autophagic| - *k
T ] vacuoles ] vacuoles S'JJ $
800K = 136 800K = 51.0 g _g I
] ] E S 2 401
600K = 600K = = > T
] ] e e
] . 2ok
sonx 4 s 2 © o
© 5 = 201
X< K © O
2001 1 2001 1 O 5
] ] xX©
o 0
Bt e~ T S ol R G i 0- T
N x@
Cyto-ID Green Q\@ 6(}\\&
& &
o
&
F kDa G H glass fibers
a-tubulin | S - | -50 kDa 5o
B-tubulin| " S . . - o - | -50 B-tubulin | s s —— 50
LC3-I
LC3II - |15 yH2AX| ———— | 15 YH2AX | e - | 15
LC3-la-tubulin 100 2.14 364 658 yH2AX/Btubulin - 100 097 276 293 323 266 264 yH2AX/B-ubulin  1.00 098 108 084
3 & - 3
\ 3 FCIR R SR SN > B g as
& 'LQQ‘ o Q)QQ 0&« q\@fa S S S +{z§\ Fo & @ A
S @ @ ¢ & & Mo o &
R A @ & &
& £ £ S S
& & © & ¢ 4

Fig. 1. Asbestos promotes autophagy in primary HM. (A) Serum levels of the autophagic marker ATG5 from 30 unexposed individuals and 29 asbestos-
exposed individuals. ATG5 levels were significantly elevated in asbestos-exposed individuals (45.11 + 12.14 ng/mL) compared to the unexposed group (28.29 +
9.4 ng/mL) (ANOVA, ****P < 0.0001). (B) Representative Western blot showed increased LC3 lipidation (conversion of LC3-I, upper band, to LC3-I, lower band)
48 h after exposure to 4 pg/cm? of the indicated carcinogenic fibers, compared to unexposed control cells. The densitometry ratios of LC3-Il (an autophagy
marker) over GAPDH were reported relative to the control. (C and D) HM were transduced with GFP-LC3 adenovirus, followed by exposure to the indicated
carcinogenic fibers. Autophagy puncta were visualized by fluorescence microscopy (C), and the percentages of LC3 vacuolated cells per field were quantified
(ANOVA, *P < 0.05) (D). (Scale bar in C, 10 pm.) (E) Asbestos-induced autophagy was measured with Cyto-ID Green staining (fluorescent cationic amphiphilic
tracer [CAT]) by flow cytometry. HM undergoing autophagy (indicated by autophagic vacuoles) were quantified in the graph on the right (two-tailed un-
paired t test, **P < 0.01). (F) Crocidolite-induced autophagy in HM correlated with fiber density: autophagy (LC3-1) became detectable after exposure to
concentrations of 2 pg/cm? of crocidolite and increased up to 8 pg/cm?. (G) Representative Western blot measuring levels of yH2AX (a marker of DNA damage/
repair). HM exposed to 4 pg/cm? of the indicated carcinogenic fibers for 48 h showing increased yH2AX levels compared to unexposed HM or to HM exposed
to noncarcinogenic glass fibers. (H) HM exposed to noncarcinogenic glass fibers at 24, 48, and 72 h: no changes in YH2AX were observed at any time point.
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Fig. 2. Loss of HMGB1 reduces asbestos-induced autophagy and promotes cell death upon crocidolite asbestos exposure. (A) Flow cytometry with Cyto-ID
Green labeling of HM 48 h post exposure to 4 pg/cm? of crocidolite. In the overlay dot plots with the corresponding histograms (upper top graph), blue
represents autophagy in unexposed control and red represents autophagy after crocidolite exposure. The difference between blue and red was reported as
“autophagy induction.” Silencing of HMGB1 led to a significant decrease of asbestos-induced autophagy (bottom graph) (two-tailed unpaired t test, **P <
0.01). (B) Western blot showing that HMGB1 silencing (siHMGB1) led to the reduction of LC3-Il (autophagy) in HM exposed to crocidolite while markers for
apoptotic and necrotic pathways increased, as shown by the higher levels of cleaved PARP1 (apoptosis) and cleaved RIP1 (necrosis). (C) Flow cytometry of
Cyto-ID-labeled primary murine mesothelial cells exposed to crocidolite. Asbestos-induced autophagy was significantly reduced in mesothelial cells isolated
from HMGB1-cKO mice compared to cells from HMGB1 WT mice (two-tailed unpaired t test, *P < 0.05). In the overlay dot plots with the corresponding
histograms as in A, blue represents autophagy in unexposed control cells and red represents autophagy in HM exposed to crocidolite. The difference between
blue and red was reported as “autophagy induction.” (D) Representative Western blot of primary mesothelial cells from HMGB1-cKO mice showing decreased
LC3-Il and elevated cleaved PARP1 and cleaved RIP1 compared to cells from HMGB1 WT upon crocidolite exposure. (E) Representative H&E (hematoxylin and
eosin) and ATGS5 staining of peritoneal/diaphragm biopsies from mice exposed to crocidolite. Note the prominent chronic inflammation and foreign body
giant-cell formation near fiber deposits in all of the microphotographs. HMGB1 WT mice displayed prominent ATG5 staining in hyperplastic mesothelial cells
(arrow), while HMGB1-cKO mice did not. See also S/ Appendix, Fig. S5D. (Scale bar, 50 um.) (F) Compared to biopsies from HMGB1 WT, HMGB1-cKO mice
mesothelial cells showed increased apoptosis (TUNEL, brown staining) and necrosis (p-RIP, brown staining) and reduced autophagy (increased p62, an
autophagy marker, brown staining). (Scale bar, 50 pm.)
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and p-RIP staining, which indicate apoptosis (31) and necrosis
(32), respectively, were low in mesothelial cells of WT mice and
elevated in HMGB1-cKO mice (Fig. 2F). These findings were
consistent with our in vitro results and suggested that the in-
duction of autophagy by HMGBI1 protected mesothelial cells
from asbestos-induced cell death.

Cytoplasmic HMGB1 Modulates Autophagy in HM Exposed to Asbestos.
To identify the source of HMGBI that modulated autophagy, we
designed and subcloned into adenoviral vectors two HMGB1
chimeras—Nu-HMGB1 and Cyto-HMGBI1—to specifically in-
duce HMGBI expression to the nucleus or the cytoplasm, re-
spectively (Fig. 34). An adenovirus expressing recombinant full-
length WT human HMGBI1 (r-HMGB1) that localized in both the
nucleus and the cytoplasm was used as control. HMGB1-KO
mouse cells were transduced with the corresponding adenovirus
constructs, and the HMGBI intracellular localizations were veri-
fied by immunofluorescence (Fig. 3B). The r-HMGBI1 and two
chimeras were used in a rescue experiment with HM, where HM
were first silenced of HMGBI1 by small interfering RNA and then
transduced with one of the three constructs. HMGBI silencing
reduced LC3-II levels (autophagy) in HM exposed to asbestos.
This reduction was reproducibly reversed upon adenoviral trans-
duction of either the -HMGBI or the Cyto-HMGBI chimeras,
but not of Nu-HMGBI (Fig. 3C). Moreover, when HM were
transduced with either one of the three constructs without silencing
HMGBI, we observed a similar trend: upon asbestos exposure,
r-HMGBI1 and Cyto-HMGBI transduced HM showed higher LC3-
IT levels compared to Nu-HMGBI transduced HM (SI Appendix,
Fig. S64). In summary, our results indicate that cytoplasmic
HMGBI1 modulated asbestos-induced autophagy. Since cytoplasmic
HMGBI is released extracellularly, we investigated whether extra-
cellular HMGB1 may further modulate autophagy via plasma
membrane receptors (20).

Extracellular HMGB1 Regulates Autophagy through the RAGE-mTOR-ULK
Pathway and Beclin 1 Phosphorylation. Immunoblotting revealed that
asbestos exposure promoted the phosphorylation of 5’ adenosine
monophosphate-activated protein kinase (AMPK) and the de-
phosphorylation of mTOR and p70S6K, which leads to the ULK
phosphorylation and autophagy induction. These results suggested
that the mTOR-ULK pathway was involved in asbestos-induced
autophagy (Fig. 44). In contrast, when HMGBI was silenced, ac-
tivation of the mTOR-ULK pathway was markedly reduced
(Fig. 4B). However, the mTOR-ULK-mediated autophagy could
not be completely inhibited, possibly due to the incomplete silencing
of HMGBI (50% reduction shown by Western blot, Fig. 2B). Since
mTOR is a downstream effector of RAGE, an HMGBI receptor
present on the plasma membrane, we hypothesized that extracel-
lular HMGB1 might modulate asbestos-induced autophagy through
the RAGE-mTOR-ULK pathway. By blocking the HMGBI-
RAGE interaction using either RAGE or HMGBI1 monoclonal
antibodies, we reduced asbestos-induced autophagy (Fig. 4C).
However, the autophagy induction by asbestos was not completely
abolished by inhibiting RAGE-HMGBI interaction, which we at-
tributed to the proautophagic activity of cytoplasmic HMGBI.
Accordingly, when we treated asbestos-exposed HM with BoxA, an
HMGBI antagonist that inhibits multiple cytoplasmic and extra-
cellular HMGBI functions and that reduces HMGBI release
(33-37), we completely suppressed asbestos-induced autophagy
(Fig. 4D). Since both cytoplasmic HMGBI1-mediated and extra-
cellular HMGB1-mediated autophagy converged on the phos-
phorylation of Beclin 1 in the Beclin 1/PI3K-III complex (21, 38),
we tested these pathways. When HM were exposed to asbestos,
phosphorylated (p)-Beclin 1 was up-regulated; in contrast, when
HMGBI1 was silenced, p-Beclin 1 was significantly reduced, con-
sistent with our predictions (Fig. 4 E and F).
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Fig. 3. Cytoplasmic HMGB1 mediates asbestos-induced autophagy. (A)
Schematic representation of the three HMGB1 constructs. R-HMGB1:
recombinant human HMGB1. Nu-HMGB1: HMGB1 modified by insertion of
the nuclear localization signal (NLS) from the SV40 virus. Cyto-HMGB1:
HMGB1 bearing the nuclear export signal (NES) of HIV. (B) Immunofluores-
cence staining of the HMGB1-KO cell line transduced with one of the three
designated HMGB1 constructs via adenovirus. R-HMGB1 was present in both
nucleus and cytoplasm, whereas Nu-HMGB1 could be seen only inside the
nucleus and Cyto-HMGB1 only inside in the cytoplasm. (Scale bar, 50 pm.) (C)
HM were silenced with siHMGB1 for 48 h followed by transduction of the
indicated HMGB1 constructs for an additional 24 h before crocidolite ex-
posure. Silencing of HMGB1 led to a reduction in crocidolite-induced auto-
phagy (LC3-Il), which was rescued by transducing with either r-HMGB1 or
Cyt-HMGB1, but not Nu-HMGB1 (Left). Rescue experiments were repeated
three times on different HM, and the averages of autophagy induction after
crocidolite exposure were quantified (Right). The middle lines of each bar
represent the mean values.

Inhibition of Autophagy Sensitizes HM to Ashestos Toxicity and
Interferes with Cell Transformation. Chloroquine (CQ) blocks the
autophagic flux (39, 40). We treated HM with increasing concen-
trations (5, 10, 20, and 40 pM) of CQ for 24 h, followed by ex-
posure to asbestos for 48 h. Pretreatment with CQ significantly
increased asbestos-induced cell death in a dose-dependent manner
(Fig. 54). Tricyclic antidepressant like clomipramine and its active
metabolite desmethylclomipramine (DCMI) inhibit the formation
of autolysosomes by blocking the autophagic flux (41, 42). When
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we compared the effects of DCMI to CQ, we found that, similar to
CQ, DCMI significantly increased asbestos-induced HM cytotox-
icity (Fig. 5B). Treatment with CQ or DCMI alone was not toxic to
HM except at the highest doses (SI Appendix, Fig. S6B).

We evaluated autophagy, apoptosis, and necrosis by flow
cytometry in HM exposed to asbestos and treated with CQ or
DCMI (43). Using the Cyto-ID Green probe, we measured the
accumulation of autophagic vacuoles (44). When HM were treated
with either CQ or DCMI and exposed to asbestos, we observed a
significant increase in the accumulation of autophagic vacuoles
because these drugs blocked the fusion of autophagosomes and
lysosomes (Fig. 5C). As an autophagy inducer, asbestos increased
the number of autophagic vacuoles, and when autophagy inhibitors
(CQ or DCMI) were added together with asbestos, we observed
further increases of autophagic vacuoles, evidence that the auto-
phagic flux had been arrested. In parallel, we observed a signifi-
cantly higher percentage of cell death (mostly by necrosis) in HM
exposed to asbestos and treated with CQ or DCMI, compared to
control HM treated only with asbestos (Fig. 5C). As both CQ and
DCMI blocked the autophagic flux, they led to increased LC3-II
and p62 levels (Fig. 5SD). The additional increases of LC3-II levels
in HM exposed to crocidolite asbestos and treated with CQ or
DCMI compared to HM treated only with crocidolite were con-
sistent with the increase seen in HM treated with asbestos and
NH,CI (SI Appendix, Fig. S1A4). In parallel, we observed increased
expressions of cleaved PARP1 (apoptosis) and cleaved RIP1
(necrosis) (Fig. 5D).

Since CQ and DCMI, by inhibiting autophagy, promoted cell
death in HM damaged by asbestos, they should also reduce
asbestos-mediated transformation. We tested this hypothesis
in vitro using a tridimensional foci formation assay (7, 18). We
treated HM with CQ or DCMI for 24 h and exposed them to
crocidolite asbestos. The number of foci was significantly reduced
in HM pretreated with CQ or DCMI compared to untreated HM
exposed to asbestos (Fig. SE). Therefore, by using autophagy
inhibitors CQ and DCMI, we reduced asbestos-induced HM
transformation.

Discussion

The mechanisms of asbestos carcinogenesis have puzzled researchers
for decades (1, 45, 46). Asbestos carcinogenesis has been linked to the
release of mutagenic oxygen radicals (47, 48) and to the secretion of
cytokines and growth factors that promote chronic inflammation,
leukocyte invasion, and DNA damage (49). We have demonstrated
that, upon asbestos exposure, HMGBI secreted by HM and reactive
macrophages promotes malignant transformation (7, 8, 14). How-
ever, the molecular process responsible for HMGB1’s pro-oncogenic
activity remains unclear (50).

Here we report that asbestos exposure induces autophagy,
which in turn promotes survival of asbestos-damaged HM. We
linked autophagy to asbestos-induced HMGBI1 translocation
from the nucleus to the cytoplasm and to the extracellular space.
We found that both cytoplasmic and extracellular HMGB1—but
not nuclear HMGB1—mediated asbestos-induced autophagy
through the RAGE-mTOR-ULK and p-Beclin 1 pathways. Cy-
toplasmic HMGB1 can activate p-Beclin 1 by displacing Bcl-2
(21). We found that extracellular HMGBI contributes to p-Beclin 1
activation and autophagy via binding to the cell-surface receptor
RAGE, which, in turn, initiates a downstream pathway that
culminates in increased levels of p-Beclin 1 (Fig. 4F). When we
silenced HMGBI in HM, autophagy was inhibited, while the
fraction of HM undergoing apoptosis and necrosis increased.
Moreover, by blocking autophagy using either CQ or DCMI, we
significantly reduced the survival of damaged HM after asbestos
exposure, and consequently, suppressed asbestos-driven cell
transformation.

We developed a unique mesothelial HMGB1-cKO mouse model
in which we validated the role of HMGB1-mediated autophagy.
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Compared to WT mice, primary mesothelial cells from HMGBI1-
¢KO mice in tissue culture demonstrated a limited ability to mount
an effective autophagic response, rendering them more susceptible
to asbestos-induced cell death. Asbestos injected into the peritoneal
cavity induced atypical mesothelial hyperplasia in both HMGB1
WT and HMGB1-cKO mice. However, in WT mice, in areas of
asbestos deposits, the mesothelial cells expressed high levels of
ATGS and low levels of p62, evidence of autophagy. In contrast, in
HMGBI1-cKO mice, mesothelial cells expressed no to low levels of
ATGS, and p62 expression was high. Accordingly, mesothelial cell
death was much more prominent in HMGB1-cKO mice compared
to HMGB1 WT control mice.

Our results bring together previous observations from our labo-
ratory and from other researchers that have linked asbestos exposure
and mesothelioma development to HMGBI release, inflammasome
activation, and chronic inflammation (7, 8, 12, 50-52). On one hand,
HMGBI triggers chronic inflammation, which in turn leads to the
release of mutagenic reactive oxygen radicals (12). On the other
hand, and in parallel, the cytoplasmic and extracellular HMGB1
induce autophagy, which allows asbestos-exposed HM that have
sustained DNA damage to survive. These DNA-damaged HM are
primed to malignancy that is manifested as foci formation in
tissue culture.

Our findings have potential clinical relevance. First, the de-
tection of the autophagy marker ATGS in the serum samples of
asbestos-exposed individuals is intriguing. In previous studies, we
demonstrated that asbestos-exposed individuals had higher levels
of serum HMGBI (8, 53), findings likely related to the induction
of autophagy reported here. Thus, ATGS levels may be used,
alone or in combination with HMGBI, as biomarkers for as-
bestos exposure. This hypothesis needs to be validated in larger
studies designed to address this question. Second, both CQ and
DCMI are Food and Drug Administration-approved drugs: CQ
is an immunosuppressant and antiparasitic drug that has been
used to treat autoimmune diseases, malaria, and experimentally
in patients with COVID-19 (54). DCMI is a widely used tricyclic
antidepressant (42). By inhibiting autophagy, both CQ and
DCMI suppressed asbestos-induced foci formation in DNA-
damaged HM. These findings suggest the possibility of repur-
posing CQ and DCMI as preventive drugs to interfere with as-
bestos carcinogenesis. This approach might be useful for carriers
of BAPI and other genetic mutations that are more susceptible
to asbestos carcinogenesis and mesothelioma (1, 55-57).

In summary, our study has elucidated the mechanism (auto-
phagy), mediators (cytoplasmic/extracellular HMGBI), and re-
lated pathways that modulate asbestos-mediated carcinogenesis.
Autophagic serum markers and increased serum levels of
HMGBI can be detected in asbestos-exposed individuals well
before they develop malignancies. The inhibition of autophagy
reduces asbestos-driven transformation in tissue culture. To-
gether, our findings pave the way to validate possible biomarkers
of asbestos exposure and to test in vivo the hypothesis that, by
inhibiting autophagy, we may be able to reduce the incidence of
asbestos-induced mesothelioma. Indeed, the long latency of 30
to 50 years between the initial asbestos exposure and the de-
velopment of mesothelioma would provide ample time for
medical intervention.

Materials and Methods

For detailed materials and methods, please refer to S/ Appendix.

Human Samples. Serum samples from 29 workers with a history of four or
more years of continuous exposure to asbestos fibers and from 30 unexposed
controls were obtained from a serum collection described in detail in previous
publications (58, 59). Donors were in good health at the time of blood col-
lection, as assessed by a review of their medical records. Sera, in small ali-
quots, were stored at —80 °C until the time of the analyses, and repeated
freeze-thaw cycles were avoided. Anonymously collected sera were coded
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with indications of age and gender. For comparative analyses, sera from
asbestos-exposed and unexposed workers were selected from participants
with a similar median age (asbestos-exposed: 65 + 8; unexposed: 54 +
12 years + SD). All sera were from males. Informed written consents were
obtained from all participants/patients. The County Ethics Committee of the
University of Ferrara approved the study.

ATG5 Levels. Serum ATG5 levels were measured in human serum samples
obtained from workers with histories of exposure to asbestos fibers
(asbestos-exposed, n = 29) and from healthy participants (unexposed, n = 30)
(58, 59). Serum concentrations of ATG5 were determined by using com-
mercially available enzyme-linked immunosorbent assay (ELISA) kits (My
BioSource; MS7209535 for ATG5) following the manufacturer’s instructions
as previously published (60, 61). To detect ATG5 in mice, we used immu-
nohistochemistry (62) rather than ELISA because all commercially available
kits for ATG5 were not sensitive enough in mice.

Cell Cultures. In our laboratory, we regularly establish primary HM from
pleural fluids of de-identified donors who underwent thoracentesis due to
congestive heart failure as described (7, 8, 15). These cells can be grown in
culture for four to five passages before reaching senescence.

HMGB1-cKO Mice. Mesothelial HMGB1-cKO mice were generated based on
Hmgb1-floxed mice constructed by Tadatsugu Taniguchi, University of
Tokyo, Tokyo, Japan (63). Details are reported in S/ Appendix, SI Materials
and Methods. HMGB1-cKO primary mouse mesothelial cells were isolated
from the peritoneum of HMGB1-cKO mice.

Treatments. Asbestos fibers were handled and disposed of in compliance with
our institution’s regulations and as previously described (7, 8). The fiber
density for the in vitro experiment was at 4 pg/cm? based on titration results
and previous publication (47); for foci formation, however, we used 5 pg/cm?
in accordance with our previous publications (7, 18). Cells were exposed to
carcinogenic fibers for 48 h unless otherwise specified. CQ and DCMI were
used in vitro at 10 uM.

Animals. Procedures involving animals and their care were in accordance with
our institution’s Institutional Animal Care and Use Committee guidelines.
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