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ABSTRACT

Clemastine is an antagonist of histamine H1 receptor may provide benefits in the treatment of osteo-
sarcoma (OS). In the current study, we used hyperthermia approach to sensitize OS cells to clemastine-
mediated cell death. Osteosarcoma U-2 OS and Saos-2 cells were treated with clemastine at 37°C, followed
by 42°C for 2 h, and released at 37°C for 6 h. The impact of clemastine and hyperthermia on OS cell survival
and autophagy-mediated cell death was investigated. Exposure of U-2 OS and Saos-2 cells to clemastine
and hyperthermia (42°C) inhibited dose-dependent clemastine-mediated cell survival by increasing cell
apoptosis. Hyperthermia and clemastine exposure modulated inflammatory and unfolded protein
response (UPR) signaling differentially in U-2 OS and Saos-2 cells. Exposure of U-2 OS and Saos-2 cells
to hyperthermia and clemastine inhibited AKT/mTOR and induced expression of the autophagy biomar-
kers LC3B Il and LC3-positive puncta formation. The inhibition of autophagy by 3-methyladenine blocked
hyperthermia and clemastine-mediated induction of LC3B II, LC3-positive puncta formation, and OS cell
apoptosis. These results indicate that clemastine and hyperthermia sensitize OS cell lines by inducing
increased autophagic cell death. Collectively, our data suggest that hyperthermia along with antihista-

ARTICLE HISTORY
Received 10 January 2024
Revised 30 April 2024
Accepted 1 May 2024

KEYWORDS
Osteosarcoma; clemastine;
hyperthermia; autophagy;
3-methyladenine; cell
survival

mine therapy may provide an improved approach for the treatment of OS.

Introduction

Osteosarcoma (OS), also known as osteogenic sarcoma, is
a cancerous tumor that begins in the bone. OS occurs mainly
in children, teens, and young adults. Every year, nearly 1,000
new cases of OS are diagnosed in the United States and nearly
50% of cases are found in children and teens (https://www.
cancer.org/cancer/types/OS.html). A worldwide incidence of
OS in 3.4 per million people per year has been reported.'
Initially, osteosarcoma (OS) is derived from primitive bone-
forming mesenchymal cells. OS tends to occur at the sites of
bone growth, particularly affecting regions around the knee.
The early signs of OS are usually detected by X-rays taken
during routine dental checkups. If the OS does not metastasize,
survival rates are about 70%, but if it spreads to other parts of
the body, the survival rate may be as low as 30%-50%. OS is
one of the cancers that can be treated with hyperthermia
(heating the lesion site at 42°C) in combination with other
therapies such as chemotherapy or radiation therapy. With
adjuvant chemotherapies, the survival rate of OS increases
from >50 to 65%.>

Hyperthermia is known to treat cancer tumors.* At a mild
temperature increase (37°C to 41°C), local vascular dilation and
perfusion increase to enhance oxygen supply to tumors and deep

tissue hyperemia that leads to tumor progression.* At hyperther-
mic conditions (at or above 42°C), there is an increased vascular
permeability, allowing the accumulation of protein and fluid in
the microenvironment that leads to increased interstitial fluid
pressure, resulting in vessel compression and reduction of vascu-
lar perfusion. Hyperthermia can induce mechanisms of vascular
injury that affect tumor growth and proliferation.” Under
hyperthermia conditions, several changes in tumors can occur
such as increased membrane fluidity which affects membrane
permeability, cytoskeleton changes, and intracellular signal
transduction,’ which leads to inhibition of tumor growth and
metastasis.”” Earlier studies indicated that certain drugs can also
induce hyperthermia and drug-induced hyperthermia may pro-
mote an inflammatory syndrome best described as heat stroke®
and lead to three of the most widely studied drug-induced
hyperthermic syndromes: malignant hyperthermia (MH), neuro-
leptic malignant syndrome (NMS), and serotonin syndrome (SS),
as reviewed recently.®

Various reports suggest that hyperthermia-mediated treat-
ment in combination with chemotherapy is effective on various
cancers. In one study,9 breast cancer cells (MCF-7) were mon-
itored by a metallic culture surface that could evaluate cellular
reactions over a range of temperature stimuli, which makes it
easier for the hyperthermia treatment to be accurately
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controlled. This would provide a suitable temperature for an
effective hyperthermia treatment.” Maduabuchi et al.'” ana-
lyzed the effect of hyperthermia at 43°C or 47°C for 1h on
pancreatic adenocarcinoma cells. The study indicated that
hyperthermic treatment (under defined environmental condi-
tions) affects pancreatic adenocarcinoma cell-to-cell contact
and oxygen status and increases endothelial sprouting by
HIF-1a and VEGF secretion which play a role in the inhibition
of pancreatic adenocarcinoma.'® In another study, it was
observed that the hyperthermia treatment could potentially
increase the clinical efficacy of gemcitabine (GEM)-based che-
motherapy on pancreatic cancer cells (PANC-1 and ASPC-
1).'"" The results from this study showed that pre-
conditioning the cells to hyperthermia (43°C for 60 min)
before treating with GEM treatment yielded a superior effect
as compared to other treatment regimens. This combination
therapy in comparison to GEM only showed better results by
decreasing cell viability and promoting cell apoptosis through
the induction of excessive ROS production."'

Hyperthermia is used to treat OS.'>"> Along with che-
motherapy or radiation therapy, hyperthermia is used to treat
post-actinic bone tumors.'* Hyperthermia increases drug cyto-
toxicity in tumors because of the high fluidity of phospholipid
bilayers in tumor cells, which enhances drug permeability.”'*
Hyperthermia is an effective local-adjuvant therapy for carci-
nomas and sarcomas. A randomized phase III trial showed that
regional hyperthermia combined with neo-adjuvant che-
motherapy for soft tissue sarcomas had better local progres-
sion-free survival than chemotherapy alone.'” Several reports
have suggested that hyperthermia for OS achieved an effective
response, including the induction of apoptosis'® inhibition of
tumor proliferation,'” and DNA synthesis in vitro.'® Human
OS (U-2 OS) cells, when exposed to hyperthermia, increased
endoplasmic reticulum stress and production of reactive oxy-
gen species that lead to induced cell apoptosis.'® Earlier study
suggests that hyperthermia reduces OS cell migration by sup-
pression of autocrine motility factor (AMF).*° Regional
hyperthermia using an alternating magnetic field reduced the
pulmonary metastasis of OS in an in vivo study.”’ Moreover,
a recent review indicated that effective drug delivery systems
are using nanoparticles and mild hyperthermia in solid tumor
therapy.*

Clemastine fumarate is a selective histamine H1 receptor
antagonist.”> Clemastine, due to its anti-histamine activity, is
used to relieve allergies, runny nose, hay fever, sneezing, red/
itchy/tearing eyes, and swelling of hives (https://www.ncbi.
nlm.nih.gov/books/NBK548709/). Histamine receptors are
known to be involved in tumor progression in various
cancers.”* A recent study suggested that increased expression
of histamine receptor H1 is associated with both recurrence-
free survival and overall survival in liver cancer patients.*
High expression of histamine receptor H1 in SNU-368 hepa-
tocellular carcinoma (HCC) cells increased HCC cell cycle
progression, growth, and metastasis by suppression of cell
apoptosis, whereas inactivation of histamine receptor H1 by
terfenadine suppressed HCC tumor growth and metastasis.*

In the present study, we examined the sensitivity of clemas-
tine on OS U-2 OS and Saos-2 cells under normal and
hyperthermic conditions. Our data suggest that exposure of

OS cells to clemastine and hyperthermic conditions triggers
autophagic cell death/apoptosis.

Results
Hyperthermia affects clemastine-mediated OS cell survival

Treatment of OS is challenging and new approaches are
urgently needed.”® Here, we used a unique approach to sensi-
tize bone sarcomas such as OS cells to hyperthermia, in the
presence of the histamine H1 receptor antagonist clemastine.
As shown in Figure 1, OS cells U-2 OS and Saos-2 cells were
treated with clemastine at 37°C, followed by 42°C for 2 h for
hyperthermic conditions, and released at 37°C for 6 h. As
a control, cells were also incubated without hyperthermic con-
ditions at 37°C * clemastine (Figure 1). After the application of
hyperthermic conditions, cells were released for 6 h at 37°C
and analyzed for alterations in cellular and biochemical path-
ways to determine the comparative sensitivity of clemastine
exposure to OS cells under hyperthermic and normal
conditions.

To examine how hyperthermia affects clemastine-
mediated OS cell survival, we performed MTT assays, and
cell metabolic activities/cell survival were measured. Both
U-2 OS and Saos-2 cells treated with increasing concentra-
tions of clemastine (0.5 uM-40 uM) at 37°C for 72 h showed
a dose-dependent significant decrease in cell survival
(Figure 1la, b). Interestingly, when clemastine-treated cells
were exposed to 42°C for 2h followed by 37°C for 6h,
there was a further decrease in cell survival (~20-35%)
compared with 37°C exposed and clemastine-treated cells
(Figure la, b), suggesting that acute hyperthermia exposure
increases clemastine sensitivity in OS cells. We also quanti-
fied the live cell number after exposure to clemastine (6
uM) and hyperthermia by trypan blue cell viability assay.
Our data suggest that exposure to clemastine and
hyperthermia decreased cell viability (~26% in U-2 OS
and ~19% in Saos-2) when compared with clemastine-
treated cells exposed at 37°C (Supplementary Figure S1).
Next, we analyzed the impact of clemastine and hyperther-
mia on the cell colony formation ability of OS cells
(Figure 2c¢). U-2 OS and Saos-2 cells were treated with
clemastine (6 uM) for 72 h, exposed to hyperthermia for 2
h, and released at 37°C for 72h. Clemastine treatment
decreased colony formation by 47% and 40% at 37°C com-
pared with vehicle-treated U-2 OS and Saos-2 cells, respec-
tively (Figure 2c, left and right panels). Hyperthermia
exposure (42°C for 2h) decreased colony formation by
37.1% and 33.2% compared with 37°C exposure and vehi-
cle-treated U-2 OS and Saos-2 cells, respectively.
Clemastine treatments and hyperthermia exposure further
decreased cell colony formation by 66.6% and 64.63% com-
pared with 37°C exposure and vehicle-treated U-2 OS and
Saos-2 cells, respectively (Figure 2c, left and right panels).
Similarly, clemastine treatment decreased U-2 OS and Saos-
2 cell spheroid formation (~51.6% and ~55.9%) and clem-
astine + hyperthermia exposure further decreased U-2 OS
and Saos-2 cell spheroid formation (~94.9% and ~91.18%)
in vitro compared with 37°C exposure and vehicle-treated
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Figure 1. Schematic diagram of the experimental plan. The osteosarcoma cell
lines (U2- OS and Saos-2) were cultured at 37°C for 24 h and then exposed to
vehicle/clemastine at 37°C for 72 h. Another set of cells were exposed to
hyperthermia at 42°C for 2 h and returned to 37°C for a 6 h recovery phase. The
expression of multiple signaling pathway markers was analyzed after treatment.

U-2 OS and Saos-2 cells, respectively (Figure 2d, left and
right panels).

We also analyzed endogenous ATP production after clem-
astine + hyperthermia exposure in U-2 OS cells. Our data sug-
gest that clemastine treatment decreased ATP production
(32.9%) in U-2 OS at 37°C and that clemastine + hyperthermia
exposure further decreased ATP production (57.14%) in U-2
OS compared with 37°C exposure and vehicle-treated U-2 OS
cells (Figure 2e). In addition, we analyzed oxygen consumption
rate (OCR) after exposure of OS cells with clemastine and
clemastine + hyperthermia. Our data suggest that clemastine
+ hyperthermia exposure affects mitochondrial OCR in both
cell lines (Supplementary Figure S2). These results indicate that
clemastine + hyperthermia exposure affects mitochondrial
function in OS cells. We further analyzed the effect of
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clemastine (6 uM) and clemastine + hyperthermia on the
expression of anti-apoptotic and apoptotic markers by immu-
noblotting (Figure 2f). The immunoblotting data demon-
strated that clemastine + hyperthermia exposure increased
expression of cleaved-caspase 3 in U-2 OS and Saos-2 cells
significantly, and no significant cleaved-PARP expression was
observed when cells were exposed to clemastine + hyperther-
mia (Figure 2f and supplementary Figure S3). Clemastine +
hyperthermia also increased BAD expression in Saos-2 cells.
Clemastine or hyperthermia exposure also decreased the
expression of Survivin and Bcl-xL in both cell lines (not sig-
nificantly) compared to control cells exposed at 37°C
(Figure 2f). Collectively, our data suggest that clemastine +
hyperthermia exposure affects OS cell survival and cell
apoptosis.

Clemastine and hyperthermia exposure modulates
inflammatory and UPR signaling in OS cells

Since clemastine and hyperthermia reduced OS cell survival by
induction of cell apoptosis, we ask whether clemastine and
hyperthermia modulate the inflammatory response and ER-
related unfolded protein response (UPR) signaling. We ana-
lyzed the effect of clemastine (6 uM) and clemastine +
hyperthermia on the expression of inflammatory markers by
RT/qPCR and immunoblotting (Figure 3a,b). RT/qPCR data
suggest that clemastine exposure increased CAT (1.11-fold)
and SOD (1.38-fold) gene expression in U-2 OS cells compared
with vehicle-treated cells. However, the expressions of CAT,
SOD1, CXCL8, TNF«, TNFAIPS, and IL-6 gene expression
significantly decreased in U-2 OS cells when exposed to
hyperthermia alone or clemastine and hyperthermia compared
with vehicle-treated cells at 37°C (Figure 3a, upper panel). In
Saos-2 cells, clemastine exposure increased expression of SOD
(1.76-fold), TNFa (3.74-fold), and the TNFa response gene
TNFAIP8 (1.64-fold) compared with vehicle-treated cells.
Hyperthermia exposure increased the expression of CAT (1.74-
fold) and clemastine and hyperthermia exposure increased the
expression of CAT (2.2-fold) in Saos-2 cells. However, the
expression of SOD1, CXCL8, TNFa, and TNFAIP8 gene expres-
sion significantly decreased in Saos-2 cells when the cells were
exposed to hyperthermia alone or clemastine and hyperther-
mia compared with vehicle-treated cells at 37°C (Figure 3a,
lower panel). In addition, we also analyzed inflammatory pro-
tein expressions such as antioxidant-related superoxide dismu-
tase 1 (SOD1), and catalase (CAT) after exposure to clemastine
and hyperthermia in OS cells by immunoblotting. Our data
demonstrated that no change in SOD1 and CAT protein
expression was observed when OS cells were exposed to clem-
astine or hyperthermia as indicated (Figure 3b, upper & lower
panels).

Further, we analyzed the effects of clemastine or hyperther-
mia on the expression of five key UPR pathway biomarkers,
IREla, elF2a, ATF4, BIP, and ATF6. Exposure to clemastine
increased IRE-1a (2.55-fold) expression in U-2 OS and ATF4
(2.36-fold) in Saos-2 cells (Figure 3c). However, exposure to
clemastine or clemastine + hyperthermia showed no significant
change in expression of elF2a, ATF4, BIP, and ATG6 genes in
U-2 OS cells. Interestingly, in Saos-2 cells, clemastine
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Figure 2. Hyperthermia inhibits clemastine-mediated OS cell survival. A & B) U-2 OS and Saos-2 cells were plated in 96 well plates at a density of 3000 cells/well for 24
h and treated with 0.5-40 uM clemastine for 72 h. The hyperthermic treatment was performed in a 42°C incubator for 2 h and returned to a 37°C incubator for 6
h recovery phase. A cell viability MTT assay was performed as described in the materials and methods section. The experiment was repeated thrice. *p < .05, **p < .01,
***p < ,001 compared to the vehicle untreated cells. C) The cell colony formation assay. U-2 OS and Saos-2 cells (10,000 cells/well) were treated with clemastine or
clemastine + hyperthermia as indicated, and a cell colony formation assay was performed. The blue colonies were photographed and counted manually, and the
percentage of colony formation was plotted. **p < .01, ***p < .001 compared to the vehicle untreated cells. D) U-2 OS and Saos-2 cells (10,000 cells/well) were grown in
ultra-low attachment surface 24 well plate (Corning) for 24h and cells were treated with clemastine or clemastine + hyperthermia as indicated and cell spheroid
formation was monitored, and images were captured under a light microscope using 4X objective (left panels). The spheroids area (n=3) was calculated using ImageJ
software (https://imagej.nih.gov/ij/) and plotted (right panels). ***p < .001, **p <.01 *p<.05 compared to control cells. E) U-2 OS and Saos-2 cells were treated with 6
uM and 8 uM clemastine for 72 h. The hyperthermic treatment was performed in a 42°C incubator for 2 h and returned to a 37°C incubator for 6 h recovery phases. A cell
viability ATP assay was performed as described in the materials and methods section. The experiment was repeated thrice *p < .05, **p < .01, ***p < .001 compared to
the untreated/vehicle cells. F) U-2 OS and Saos-2 cells were treated with 6uM clemastine for 72 h and the hyperthermic treatment was performed in a 42°C incubator for
2 h and returned to 37°C incubator for 6 h. The expressions of cleaved caspase-3, pro-caspase-3, cleaved-PARP, BAD, survivin, Bcl-xL, and B-tubulin were analyzed by
immunoblotting.
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Figure 3. Clemastine and hyperthermia exposure regulates inflammatory and UPR signaling. A) U-2 OS and Saos-2 cells were treated with 6 uM clemastine for 72 h. The
hyperthermic treatment was performed as described in the methods section. The relative mRNA expression of CAT, SOD1, CXCL8 (IL-8), TNFAIPS, IL-6, and TNFa were
analyzed by RT/QPCR as described in the materials and methods section. *p<.05, **p<.01, ***p<.001 compared to vehicle treated OS cells. B) The effect of clemastine
and clemastine + hyperthermia on SOD and CAT protein expression in OS cells was analyzed by immunoblotting (upper and lower panels). C) U-2 OS and Saos-2 cells
were treated with 6 uM clemastine for 72 h. The hyperthermic treatment was performed as described in the methods section. The relative mRNA expression of indicated
UPR genes was analyzed by RT/QPCR as described in the materials and methods section. *p<.05, **p<.01, ***p<.001 compared to vehicle treated OS cells. D) U-2 OS and
Saos-2 cells were treated with 6 uM clemastine for 72 h. The clemastine and hyperthermic treatment was performed as indicated and as described in the methods
section. Cells were then lysed and 60 pg of cell lysates were immunoblotted with ATF6, BIP, pERK, pEIF2q, IRE-1a, and GAPDH antibodies.

upregulated ATF4 (2.36-fold) expression, hyperthermia-
induced expression of BIP (2.18-fold) and ATF6 (2.43-fold)
while clemastine + hyperthermia increased expression of BIP
(2.52-fold) and ATF6 (1.86-fold) compared to 37°C vehicle-
exposed cells (Figure 3c, left panels). Moreover, immunoblot-
ting data suggest that clemastine + hyperthermia decreased
expression of IREla, pEIF2a, pERK, and BIP in both cell
lines compared with vehicle-treated cells at 37°C. ATF6 expres-
sion increased in U-2 OS cells, whereas its expression was
decreased in Saos-2 cells (Figure 3c, right panels). Our data
suggest that clemastine + hyperthermia modulate inflamma-
tory and UPR signaling differentially in U-2 OS and Saos-2
cells.

Combined exposure to clemastine and hyperthermia
inhibits AKT/mTOR and induces cellular autophagy in OS
cells

Since clemastine and hyperthermia sensitized OS cells to apop-
tosis and inhibited cell proliferation, we further analyzed the
effect of clemastine and hyperthermia on AKT/mTOR signal-
ing, since the AKT/mTOR signaling pathway is involved in cell
survival and proliferation and is activated in various human
cancers.”” U-2 OS and Saos-2 cells were exposed to clemastine
and hyperthermia alone or in combination and expression of
AKT/mTOR was analyzed by western blotting. Clemastine

treatment alone at 37°C did not show any effect on pS473-
AKT and pS2448-mTOR expression in both OS cell lines,
however, hyperthermia-induced pS473-AKT in U-2 OS cells
and suppressed pS473-AKT and pS2448-mTOR expression in
Saos-2 cells and clemastine + hyperthermia exposure downre-
gulated pS473-AKT and pS2448-mTOR in Saos-2 cells
(Figure 4a, upper and lower panels). This indicates that clem-
astine + hyperthermia inhibit AKT/mTOR signaling in OS
cells.

Since the activation of AKT/mTOR inhibits autophagy,*®
we further analyzed the effect of clemastine and hyperthermia
alone or in combination on the autophagy gene/protein mar-
kers. RT/qPCR data demonstrated that clemastine and
hyperthermia alone induced expression of p62 (7.46 fold and
3.98 fold), LC3B (1.53 fold and 1.49 fold), and BECLN (2.42
fold and 2.14 fold) in U-2 OS cells, respectively, whereas
clemastine in combination with hyperthermia induced expres-
sion of p62 (10.9 fold), LC3B (2.40 fold), and BECLN (3.65 fold)
in Saos-2 cells indicating that clemastine in combination with
hyperthermia induced autophagic related gene expression in
OS cells (Figure 4b, left and right panels). Inmunoblotting data
demonstrated that clemastine treatment at 37°C did not influ-
ence autophagic flux on OS cell lines since no significant
change in the expression of Sirtl, Beclinl, Rab7, Lampl, and
p62 and Lc3b was observed. However, hyperthermia alone or
in combination with clemastine increased the expression of
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Figure 4. Combined clemastine and hyperthermia exposure inhibits AKT/mTOR and induces cellular autophagy in OS cells. A) U-2 OS and Saos-2 cells were treated with 6 pM
clemastine for 72 h. The hyperthermic treatment was performed as described in the methods section. Cells were then lysed and 60 mg of cell lysates were immunoblotted with
pS473-AKT, AKT, pS2448-mTOR, mTOR, and GAPDH antibodies (upper and lower panels). B) U-2 OS and Saos-2 cells were treated with 6 uM clemastine for 72 h alone or further
exposed to the hyperthermic condition as described in the methods section. The relative mRNA expression of p62, ATG3, LC3B, BECLIN, and VPS-34 were analyzed by RT/qPCR as
described in the materials and methods section. *p<.05, **p<.01, ***p<.001 compared to the vehicle treated cells. C) U-2 OS and Saos-2 cells were treated with 6 uM clemastine
for 72 h. The hyperthermic treatment was performed as described in the methods section. Cells were then lysed and 60 pg of cell lysates were immunoblotted with autophagy
biomarkers such as Sirt1, Beclin1, Rab 7, Lamp1, p62, LC3B I/ll, and GAPDH. LC3B I/l and GAPDH band intensities were quantified by image J (https://imagej.nih.gov/ij/) and
plotted. Similarly, the lysates were also immunoblotted with anti-ubiquitin mouse antibody (D).

LC3b IT in OS cells (Figure 4c, left and right panels) suggesting
that clemastine in combination with hyperthermia may regu-
late autophagy in the initial stages. In addition, we analyzed the
effect of clemastine and hyperthermia on the cellular ubiquiti-
nation of proteins. Our data showed that clemastine alone
stimulates ubiquitination at 37°C; however, hyperthermia
alone or in combination with clemastine decreased cellular
ubiquitination of the proteins in both cell lines, which could
be due to the inactivation of ubiquitin activating enzyme E1
(Ub-E1) (Figure 4d, left and right panels). The data suggests
that clemastine and hyperthermia may regulate cellular autop-
hagy and sensitize OS cells for apoptosis.

Inactivation of autophagy impairs sensitization of cell
apoptosis modulated by combined exposure to clemastine
and hyperthermia in OS cells

To examine whether clemastine and hyperthermia trigger OS
cell apoptosis/death through autophagy, we further visualized
the induction of LC3B puncta in OS cell lines. For this, U-2 OS
and Saos-2 cells were transiently transfected with EGFP-LC3B
plasmid for 18 h and cells were exposed to clemastine followed
by hyperthermia treatment (Figure 5a,b).
Immunocytochemistry images and data suggest that exposure
to clemastine or hyperthermia-induced LC3B-puncta forma-
tion in both OS cell lines (Figure 5a,b). The combination of
clemastine and hyperthermia also stimulated LC3B-puncta
formation in both OS cell lines compared with cells transfected
with EGFP-LC3B plasmid at 37°C (Figure 5a,b, upper and

lower panels). To inhibit cellular autophagy we used 3-methy-
ladenine (3-MA), a class III PI3K inhibitor which is widely
used for autophagy inhibition.” To confirm that 3-MA inhi-
bits autophagy, OS cell lines were transfected with EGFP-LC3B
plasmid DNA, treated with 3-MA, and exposed to clemastine
and hyperthermia as indicated in Figure 5c,d. Pre-treatment
with 3-MA was unable to stimulate LC3B-puncta formation in
OS cell lines when they were exposed to clemastine and
hyperthermia alone or in combination (Figure 5c,d, upper
and lower panels) compared with 37°C vehicle-exposed cells.
To test whether clemastine and hyperthermia induce OS cell
apoptosis through autophagy, we further analyzed the expres-
sion of autophagy, apoptosis, and cell survival biomarker
expression in 3-MA pre-treated OS cells after exposure to
clemastine and hyperthermia alone or in combination.
Immunoblotting data suggest that pre-treatment with autop-
hagy inhibitor 3-MA, clemastine, and hyperthermia alone or in
combination were unable to lipidate LC3-B/I into LC3-B/II
which indicates the inactivation of cellular autophagy
(Figure 6a). No change in expression of Sirtl and RAB7 was
observed in both cell lines, whereas p62 expression increased in
U-2 OS cells and no change in expression of p62 was observed
in Saos-2 cells compared to 3-MA treated cells at 37°C
(Figure 6a, left and right panels). In addition, cleaved-caspase
3 expression was not detected, and cleaved-PARP expression
was decreased in OS cell lines when cells were pre-treated with
3-MA and exposed to clemastine and hyperthermia alone or in
combination (Figure 6b, left and right panels). We analyzed OS
cell survival activities by MTT assay after exposure to
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Figure 5. 3-MA inhibits LC3B-mediated puncta formation in OS cells after combined exposure to clemastine and hyperthermia. A & B) U-2 OS and Saos-2 cells (1x10A5)
were transfected with 1 pg of EGFP-LC3B plasmid DNA and cells were treated with vehicle/6 pM clemastine for 72 h, then 2 h hyperthermic treatment and 6 h recovery
phase. Cells were mounted on microscopic slides with a mounting medium containing nuclear DAPI stain. Imaging of the cells was carried out using a confocal
fluorescence microscope. The number of GFP-LC3B-related puncta formed in the cells (n=4) was counted and plotted *p<.05, **p<.01, ***p<.001 compared to the
vehicle-treated cells. C & D). U-2 OS and Saos-2 cells (1x10A5) were plated in 6 well plates for 24 h and transfected with 1 pg of EGFP-LC3B plasmid DNA. Cells were
treated with vehicle/6 uM clemastine for 12 h then treated with 2 mM 3-MA for 60 h and exposed to 2 h hyperthermic treatment and 6 h recovery phase. Cells were
mounted on microscopic slides with a mounting medium containing nuclear DAPI stain. Imaging of the cells was carried out using a confocal fluorescence microscope.
The number of GFP-LC3B-related puncta formed in the cells (n=4) was counted and plotted.
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clemastine and hyperthermia alone or in combination in 3-MA
pre-treated cells as indicated (Figure 6¢, upper and lower
panels). Exposure with 3-MA or a combination of clemastine
and hyperthermia did not show any significant effect on cell
survival when compared with 37°C exposed cells (Figure 6c,
upper and lower panels). However, pre-treatment with 3-MA
and exposure to clemastine did not affect mitochondrial OCR
but the combination of clemastine and hyperthermia affected
mitochondrial OCR in 3-MA pretreated OS cells
(Supplementary Figure S4). Finally, immunoblotting data sug-
gest that pre-treatment-with-3-MA, and exposure to clemas-
tine and hyperthermia in combination increased the
expression of cell survival factors. In U2-OS cells, pre-
treatment with 3-MA and exposure clemastine + hyperthermia
increased Survivin and Bcl-xL and apoptotic BAD expression
was not detected compared to 3-MA pre-treated and at 37°C
exposed cells (Figure 6d, left panels). In the Saos-2 cells, pre-
treatment with 3-MA and hyperthermia increased Survivin
expression compared to 3-MA pre-treated and at 37°C exposed
cells. However, pre-treatment with 3-MA and clemastine +
hyperthermia exposure decreased Survivin and Bcl-xL proteins
but did not increase BAD expression (Figure 6d, right panels).
Collectively, our data suggest that clemastine in combination
with hyperthermia enhanced cell apoptosis/death in OS cells by
regulation of cellular autophagy.

Discussion

Osteosarcoma (OS) is a rare bone cancer malignancy (0.2% of
all cancers).”® The survival rate is very poor in patients when
bone cancer tumors recur and metastasize to other organs. OS
is a heterogeneous cancer in both its origins and
manifestations.”’ Several factors are associated with OS devel-
opment such as age, gender, race, and genomic alterations. For
early diagnosis of OS, several noninvasive methods are used.
For example, determination of alkaline phosphatase levels in
serum, X-ray imaging, NMR imaging, computed tomography
(CT) scanning, positron emission tomography (PET), biopsy,
and microscopic examination are all used for OS diagnosis.”"
OS is a metastatic disease and, based on the location, is classi-
fied as pulmonary metastatic or extrapulmonary metastatic OS
disease which is usually lethal.”* Metastatic OS is associated
with poorer prognoses with a 13% survival rate at 5y with
about 80% of cases of lung metastasis involved.”* If the OS does
not metastasize, survival rates are about 70% but if it spreads to
other parts of your body, the survival rate may be as low as
30%-50%.

Hyperthermia is used as an effective local-adjuvant therapy
for OS and hyperthermia in combination with other therapies
such as chemotherapy or radiation therapy is known to
increase the survival rate of OS patients (>50 to 65%).>> In
the current study, we used clemastine and hyperthermia to
sensitize OS cells for apoptosis. Clemastine is an antagonist
of the histamine HI receptor,”® and histamine receptors are
known to be involved in tumor progression in various
cancers.”* However, the role of clemastine in OS is still
unknown. Our data suggest that treatment of OS cell lines (U2-
OS and Saos-2) resulted in a dose-dependent inhibition of cell
survival and the effect of clemastine was further enhanced

when clemastine-treated cells were exposed to hyperthermic
conditions (42°C for 2h). Cell colony formation assay and
spheroid formation assay suggested that a combination of
clemastine and hyperthermia suppressed OS cell growth and
also reduced ATP production, and mitochondrial oxygen con-
sumption rate (OCR) suggesting that the effect of clemastine is
greater when cells are exposed to acute hyperthermia.
Similarly, an earlier study suggested that elevated expression
of histamine receptor H1 in HCC cells increased HCC cell
growth and metastasis, whereas inactivation of histamine
receptor H1 by terfenadine inhibited HCC tumor growth and
metastasis.”” Interestingly, our data further showed that clem-
astine induced CAT, SODI, and TNFa expression at 37°C.
However, hyperthermia and clemastine exposure suppressed
inflammatory signaling in OS cells. Clemastine induced
expression of IRE-1a gene expression in U-2 OS and ATF4
gene expression in Saos-2 at 37°C. No major changes in the
expression of UPR biomarkers were observed in U-2 OS cells
when cells were exposed to hyperthermia and clemastine.
However, in Saos-2 cells, the expression of BIP and ATF6
was upregulated, suggesting that under hyperthermic condi-
tions, clemastine modulates ER stress-related UPR signaling in
OS cells. To further investigate the molecular mechanism of
how clemastine and hyperthermic conditions affect cell prolif-
eration and survival, we examined the expression of AKT/
mTOR status in OS cells. Activation of the PI3K-AKT-mTOR
pathway is known to enhance cell survival in various cancers
including prostate cancer,>” liver cancer>® breast cancer,”” and
08S.%® Interestingly, our data showed that exposure to clemas-
tine alone did not suppress AKT/mTOR signaling. However,
under hyperthermic conditions, clemastine reduced phosphor-
ylation of $2448-mTOR and phosphorylation of $473-AKT
suggesting that hyperthermic conditions and clemastine inac-
tivate AKT/mTOR signaling in OS cells.

Inhibition of the PI3K/AKT/TOR pathway is known to
induce autophagy in cancer cells.”>™*' Autophagy is a cellular
catabolic process involved in the elimination of unfolded pro-
teins, and damaged cell organelles, through lysosomal
degradation.*? Autophagy also regulates cell proliferation, dif-
ferentiation, survival, and apoptosis, to maintain cellular
homeostasis.** Cellular autophagy is induced during nutrient
depletion and participates in several cellular and developmen-
tal processes, including cell growth as well as programmed cell
death/apoptosis.**** Several PI3K inhibitors, including
LY294002, wortmannin, and 3-Methyladenine (an inhibitor
of class III phosphoinositide 3-kinase) induce autophagy by
inhibiting the PI3K/AKT/TOR pathway.*™*” Our data suggest
that hyperthermic conditions inactivate AKT/mTOR and
induce cellular autophagy in OS cells by inhibiting cellular
ubiquitination since hyperthermic conditions inactivate
ubiquitination.*® Hyperthermic conditions not only induced
autophagy in OS cells but also triggered cell apoptosis as shown
by increased expression of cleaved Caspase 3 and BAD expres-
sion. We further provided evidence that the inactivation of
autophagy by 3-methyladenine inhibits hyperthermia and
clemastine-mediated induction of LC3B II, LC3-positive
puncta formation, and OS cell apoptosis. Inactivation of autop-
hagy by 3-methyladenine did not affect OS cell survival when
cells were exposed to clemastine and hyperthermia suggesting
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Figure 6. Inactivation of autophagy by 3-MA impairs sensitization of cell apoptosis after combined exposure to clemastine and hyperthermia in OS cells. A & B) U-2 OS
and Saos-2 cells were treated with 6 uM clemastine and/or 2 mM 3-methyladenine for 72 h. The hyperthermic treatment was performed in a 42°C incubator for 2 h and
then returned to 37°C for a 6 h recovery phase. Cells were then lysed and 60 ug of cell lysates were immunoblotted with Sirt1, p62, LC3B I/Il, Rab7, pro-caspase 3,
cleaved caspase 3, cleaved-PARP and GAPDH, and B-tubulin antibodies. C) U-2 OS and Saos-2 cells were treated with 6 uM clemastine and/or 3-methyladenine (2 mM)
for 72 h. The hyperthermic treatment was performed in a 42°C incubator for 2 h and then returned to 37°C for 6 h recovery phase. Cell viability MTT assay was also
performed as described in materials and methods. *p<.05, **p<.01, ***p<.001 compared to the untreated/vehicle treated cells. D) U-2 OS and Saos-2 cells were treated
with 6 pM clemastine and/or 2 mM 3-methyladenine for 72 h. The hyperthermic treatment was performed in 42°C incubator for 2 h and then returned to 37°C for a 6
h recovery phase. Cells were then lysed, and 60 pg of cell lysates were immunoblotted with survivin, Bcl-xL, BAD, and B-tubulin antibodies. E) Schematic diagram
represents the role of hyperthermia and clemastine in increasing autophagy-mediated cell death.

that clemastine and hyperthermia sensitized OS cell lines
through autophagic cell death (Figure 6e).

In conclusion, we demonstrated that clemastine, an antago-
nist of histamine H1 receptor, under hyperthermia (42°C)



10 (&) S.0BUETAL

conditions triggers cell death more efficiently than at 37°C.
Hyperthermia-induced autophagy, and the combination of
clemastine plus hyperthermia modulated cellular autophagic
cell apoptosis. Therefore, our data suggest that hyperthermia
along with chemotherapy may represent an improved
approach to the treatment of OS.

Materials and methods
Cell culture and reagents preparation

The OS cell lines U-2 OS cells (Cat #HHTB-96) and Saos-2 cells
(Cat #HTB-85) were purchased from the American Type
Culture Collection (ATCC Manassas, Virginia, USA).
According to the recommendation of the supplier, the OS
cells U-2 OS and Saos-2 were cultured in McCoy 5A medium
(Fisher Scientific Cat #16600108) modified with L-glutamine
and supplemented with 10% fetal bovine serum and 15% fetal
bovine serum (FBS, Access Biologicals, Vista, CA), respec-
tively. Cells were cultured in a 100 mm cell culture dish in
a humidified incubator at 37°C supplied with 5% CO,. When
cells reached 70-80% confluence they were used for experi-
ments. Clemastine was purchased from Tocris Biosciences (Cat
#1453100) and dissolved in DMSO. Autophagy inhibitor,
3-methyladenine (3-MA), was purchased from Thermo
Scientific chemicals (Cat #AC379795000) and dissolved in
DMSO.

MTT assay

U-2 OS and Saos-2 cells (3 x 10 cells/well) were seeded into 96
well plates and treated with vehicle or increasing concentra-
tions (0.5 uM to 40 uM) of clemastine and/or 3-MA (2 mM) in
a humidified incubator at 37°C for 72 h. Both cell lines contain-
ing various drug concentrations were then exposed to
hyperthermic treatment by culturing in a 42°C incubator for
2h and transferred back to a 37°C incubator to undergo the
recovery phase for 6 h. After exposure, cells were then incu-
bated with 5 pl/well of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) reagent (stock 5mg/ml in
PBS) for 30 min at 37°C in a cell culture incubator. Cells were
then carefully washed with PBS, and formazan crystals were
dissolved in 100 ul DMSO. Measurement of cell survival was
carried out by reading the plates at 570 nm using a Fluostar
Omega plate reader (BMG Lab tech, Cary, NC). The experi-
ments were performed in triplicates.

Cell colony formation assay

U-2 OS and Saos-2 cells (10,000/well) were seeded into 6-well
plates in triplicates for 24 h then exposed with vehicles or
clemastine (10 uM) in a humidified incubator at 37°C for 72
h. Both cell lines were then exposed to hyperthermic treatment
by exposing the OS cells to a 42°C incubator for 2h and
transferred back to a 37°C incubator to undergo the recovery
phase for 72 h. Cells were washed with PBS, fixed with cold
methanol, and stained with 0.5% crystal violet for 30 min. Cells
were washed with distilled water and allowed to dry. Blue
colonies were photographed, counted manually, and plotted.

ATP assay

Cell viability was measured by ATP assay using the Cell-Titer
Glo assay kit (Promega Corporation, USA). U-2 OS cells were
seeded on 96-well plates and then treated with clemastine and
cultured in a humidified incubator at 37°C for 72 h. Then, the
cells (aside from a control set) were exposed to hyperthermic
treatment by incubating in a 42°C incubator for 2 h and trans-
ferred back to the 37°C incubator to recover overnight. The
Cell-Titer Glo buffer and Cell-Titer Glo substrate were thawed
in a 37°C water bath, and 100 pl was added to each well in the
96-well plates. Plates were wrapped in foil to avoid light pene-
tration and then kept on a shaker for 20 min to stabilize
luminescence signals. The luminescence was then recorded,
and the results were analyzed.

Seahorse bioanalyzer

The Cell Mito-Stress Assay was used to characterize the effect
of clemastine + hyperthermia on mitochondrial oxygen con-
sumption rate (OCR). OS cells were exposed to clemastine +
hyperthermia as indicated, and cells (2 x 10* cells/well) were
seeded in XFp plates with XF media and supplements as
described in the manufacturer’s instructions for the XF Cell
Mito-Stress assay. Oxygen consumption rate (OCR) was mea-
sured using a Seahorse XFp analyzer. For OS cells, 1 uM
Oligomycin, 0.5 uM FCCP, and 0.5 uM Rotenone/antimycin
A were simultaneously applied to measure OCR in the cells.
The results were analyzed using Wave software (Seahorse/
Agilent).

Spheroid formation assay

U-2 OS and Saos-2 cells (10,000/well) were seeded into 24 well
ultra-low attachment surface plates for 24 h and exposed to
vehicles or clemastine (10 uM) for 72h. Cells were then
exposed to hyperthermic treatment by incubating the cells at
42°C for 2h and transferred back to a 37°C incubator to
undergo the recovery phase for 48 h. U-2 OS and Saos-2 cell
spheroid formation were monitored, and images were captured
under a light microscope using a 4X objective. The spheroid
area (n = 3) was calculated using Image] software (https://ima
gej.nih.gov/ij/) and plotted.

Western blotting

U-2 OS and Saos-2 cells were cultured on a 100 mm dish and
treated with vehicle and/or clemastine for 72 h then exposed
to hyperthermic treatment by culturing in a 42°C incubator
for 2h and returned to a 37°C incubator for 6h recovery
phase. The OS cells were washed with cold PBS and lysed in
cell lysis buffer (Cell Signaling Technology, Danvers, MA)
containing a protease inhibitor cocktail (Roche, Indianapolis,
IN). The cell lysates were prepared by centrifugation at
8000 rpm for 15 min, and the supernatants were collected
and used for protein quantification. To determine the protein
concentrations, a Bio-Rad protein assay reagent (Bio-Rad,
Hercules, CA) was used. For immunoblotting, 60 pg of
protein lysates were separated by using NuPAGE 4-12% Bis-


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/

Tris-SDS gels (Invitrogen). The proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA). After transferring for 1% h, the membranes
were washed with 1X Tris-buffered saline with 0.1% Tween
20 (TBS-T) and blocked in 1X blocking buffer (Sigma-
Aldrich, St. Louis, MO) for 15 min before incubating them
with primary antibodies (1:1000 dilution) as instructed in
manufacturer’s protocol on a shaker overnight at —4°C. The
following antibodies were obtained from Cell Signaling
Technology (Danvers, MA): anti-cleaved caspase 3 (Cat
#9664S), anti-caspase 3 (Cat #9662S), anti-parp (Cat
#9542P) anti-cleaved parp (Cat # 9541S), anti-B-tubulin
(Cat #2128S), anti-SOD1 (Cat #2770S), anti-CAT
(#12980T), anti-BIP (Cat #3177P), anti-pERK (Cat #5683P),
anti-p-elf2a (Cat #3398P), anti-Irela (Cat #3294S), anti-
GAPDH (Cat #2118S), anti-pS473-AKT (Cat #3787S), anti-
AKT (Cat # 92728), anti-pS2448-mTOR (Cat #2971S), anti-
mTOR (Cat # 2983S), anti-SIRT1 (Cat #2028S), anti-Beclinl
(Cat #3738S), anti-RAB7 (9367S), anti-LAMP1 (Cat #9091S),
anti-p62 (Cat #5114S), anti-LC3B I/II (Cat #43566S), anti-
BAD (Cat #9292S), anti-BCL-xL (Cat #2764S), anti-Survivin
(Cat #2808S), and anti-p-actin (Cat #4970S). We also pur-
chased anti-ATF6 (SC-22799) and anti-ubiquitin (Cat #sc
-53,309), from Santa Cruz Biotechnology (Dallas, TX). After
incubating overnight, the western blots were washed for 5
min three times with TBS-T and incubated for 1% h with the
appropriate anti-rabbit or anti-mouse secondary antibody
(dilution ratio of 1:10000). This was performed at room
temperature, and the anti-mouse/anti-rabbit secondary anti-
body was purchased from Jackson ImmunoResearch, PA.
ECL solution (ThermoScientific, Cat #34580) was used to
develop the immunoblots which were then visualized using
the Azure instrument (C-500 Bio-system). Immunoblots
were repeated three times, and one set of data was presented.
Band intensities were quantified by Image J (https://image;.
nih.gov/ij/) and plotted.

RT/qPCR

U-2 OS and Saos-2 cells were cultured in six-well plates and
treated with vehicle and/or clemastine for 72 h then exposed to
hyperthermic treatment by culturing in a 42°C incubator for 2
h before being returned to a 37°C incubator for 6 h recovery
phase. The OS cells were washed with cold PBS, and total RNA
was isolated using TRIZOL reagent (Invitrogen, Carlsbad, CA).
RNA (1pg) was reverse transcribed using a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems,
Carlsbad, CA), and cDNA was mixed with Power SYBR
Green PCR master mix (Applied Biosystems) with forward
and reverse specific primers as indicated (Supplementary
Table S1). GAPDH forward and reverse primers were used as
an internal control. The PCR mixtures were run on
a QuantStudio-3 PCR System (Applied Biosystems) using rela-
tive quantitation according to the manufacturer’s protocols.

MOLECULAR & CELLULAR ONCOLOGY 1"

Transient transfection and LC3 puncta assessment

U-2 OS and Saos-2 (1 x 10> cells) were grown on coverslips
in 6-well plates for 24 h and transfected with 1 ug of EGFP-
LC3B plasmid DNA and cells were treated with vehicle
and/or clemastine for 60 h then exposed to hyperthermic
treatment by culturing in 42°C incubator for 2 h before
being returned to 37°C incubator for 6 h recovery phase. In
another experiment, U-2 OS and Saos-2 (1 x 10° cells) were
grown on coverslips in 6-well plates for 24h and co-
transfected with 1ug of EGFP-LC3B plasmid DNA and
cells were treated with vehicle or clemastine for 1h then
treated with 2mM 3-MA for 60h and exposed to
hyperthermic treatment by culturing in 42°C incubator
for 2 h before being returned to 37°C incubator for 6 h
recovery phase. Cells were washed with PBS and fixed with
4% paraformaldehyde for 15 min. Cells were washed twice
with PBS and mounted with Vectashield mounting medium
(Vector Lab.) containing nuclear DAPI stain. Cells were
imaged using a ZEISS LSM 800 Confocal microscope fluor-
escent microscope. The number of GFP-LC3B-related
puncta formed in the cells (n=4) was counted.

Statistical analysis

Results from independent triplicate experiments are presented
as mean * SEM. Differences between groups were analyzed
using a two-tailed Student’s t-test. Statistical significance
between means was determined by Graph Pad Prism 9 software
(GraphPad Software Inc., La Jolla, CA). A p-value of <0.05 was
considered statistically significant.

Highlights

(1) Hyperthermia sensitizes osteosarcoma cells to clemas-
tine-mediated cell apoptosis.

(2) Clemastine and hyperthermia modulate inflammatory
and unfolded protein response (UPR) signaling in
osteosarcoma cells.

(3) Exposure to clemastine and hyperthermia inhibits
AKT/mTOR signaling and induces autophagy
biomarkers.

(4) Clemastine and hyperthermia exposure sensitizes
osteosarcoma cells for autophagic cell death.
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Binding Immunoglobin protein

RNA-like Endoplasmic reticulum Kinase
Phosphorylated Eukaryotic Initiation factor 2
alpha
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