S

S,

UNIVERSITA DI SIENA 1240 U

Uy

, s
Pyt

Hyaluronated liposomes containing H2S-releasing doxorubicin are effective
against P-glycoprotein-positive/doxorubicin-resistant osteosarcoma cells and
xenografts

This is the peer reviewed version of the following article:
Original:

Gazzano, E., Buondonno, I., Marengo, A., Rolando, B., Chegaev, K., Kopecka, J., et al. (2019). Hyaluronated
liposomes containing H2S-releasing doxorubicin are effective against P-glycoprotein-positive/doxorubicin-
resistant osteosarcoma cells and xenografts. CANCER LETTERS, 456, 29-39
[10.1016/j.canlet.2019.04.029].

Availability:

This version is availablehttp://hdl.handle.net/11365/1075130 since 2019-07-02T15:49:117

Published:
DOI:10.1016/j.canlet.2019.04.029
Terms of use:

Open Access

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. Works made available under a Creative Commons license can be used according to the terms and
conditions of said license.

For all terms of use and more information see the publisher's website.

(Article begins on next page)

13 May 2024



Hyaluronated liposomes containing H2S-releasing doxor ubicin ar e effective
against P-glycoprotein-positive/doxor ubicin-resistant osteosar coma cells
and xenogr afts

Elena Gazzanq, llaria Buondonngs, Alessandro MarengpBarbara RolandpKonstantin ChegaeyJoanna
Kopecka, Simona Saponaraviatteo Sorge Claudia Maria HattingerAlberto Gascg Roberta Fruttery) Mara
Brancaccie, Massimo SereaBarbara Stellg Elias Fattal Silvia Arpicca,2, Chiara Rigantis«,2

aDepartment of Oncology, University of Torino, Torino, Italy

sDepartment of Drug Science and Technology, University ohd,oTorino, Italy

cDepartment of Life Sciences, University of Siena, Siena, Italy

dDepartment of Molecular Biotechnology and Health Scienceielsity of Torino, Torino, Italy

¢IRCCS Istituto Ortopedico Rizzoli, Laboratory of Experimental @go Pharmacogenomics and Pharmacogenetics ReseanithBologna, Italy
fInstitut Galien Paris-Sud, CNRS, Université Paris-Sud, Universit&sfSaclay, Chatenay-Malabry, France

ABSTRACT

Doxorubicin (dox) is one of the first-line drugasteosarcoma treatment but its effectiveness igelihiy
the efflux pump P-glycoprotein (Pgp) and by theatres cardiotoxicity. We previously demonstratedtth
synthetic doxs conjugated with a H2S-releasing tyqifedox) were less cardiotoxic and more effecthan
dox against Pgp-overexpressing osteosarcoma ketisder to increase the active delivery to tumaisg
we produced hyaluronic acid (HA)-conjugated lipossmontaining Sdox (HA-Lsdox), exploiting the
abundance of the HA receptor CD44 in osteosarcoma.

HA-Lsdox showed favorable drug-release profile higgher toxicityin vitro andin vivothan dox or the
FDAapproved liposomal dox Caelyx® against Pgp-oxgressing osteosarcoma, displaying the same
cardiotoxicity profile of Caelyx®. Differently frordox, HA-Lsdox delivered the drug within the
endoplasmic reticulum (ER), inducing protein sutffgtion and ubiquitination, and activating a ERs$r
pro-apoptotic response mediated by CHOP. HA-Lsdsx sulfhydrated the nascent Pgp in the ER, reducin
its activity. We propose HA-Lsdox as an innovatiwel noteworthy to be tested in Pgp-overexpressing
patients, who are frequently less responsive tudsia treatments in which dox is one of the mogtortant
drugs.

1. Introduction

Pre- and post-operative chemotherapy is the useatitent for high grade osteosarcoma (tumor loedlia
the axial skeleton, metastatic at clinical onsesea in patients younger than 40 years). The mastly used
treatment in this setting is based on the surg&mloval of primary tumor combined with systemic-paad
post-operative chemotherapy based on doxorubicx)(dnethotrexate and cisplatin.

Chemotherapy is also an important component diré@ment for metastatic osteosarcoma [1-3]. De$ipis
aggressive multimodal approach, 35-40% of patieotsly respond to treatment and relapse.

This behavior is frequently associated with therexpression at diagnosis of the ATP binding casdgti/P-
glycoprotein (ABCB1/Pgp), which efflux dox [4,5]@is a negative prognostic factor in osteosarcoatia ipts
[6-9]. A second reason is the onset of dox-relatdiotoxicity that limits the cumulative dose bétdrug
administered [10]. The FDA-approved liposomal folation of dox, Caelyx®, that significantly reductiz
cardiotoxicity, was well-tolerated but it did noisglay an anti-tumor activity superior to dox irr@ma
[11,12], likely because it is no more effectiverifgox in Pgp-positive tumors [13,14].

Notwithstanding the multiple strategies adopted tirognosis of patients with osteosarcoma has not
significantly improved in the last years [3].

Recently, we synthesized a library of hydrogenidel{H2S)-releasing doxorubicins that did not ¢lany
cardiotoxic effect but still retained their effigainn vitro on U-20S and Saos-2 cells-derived variants
characterized by increasing levels of Pgp andteesie to dox [15,16]. The lead compouingl,compoundlO
in Chegaev [15], here termed Sdox, was also eWfeegainst dox-resistant prostate tumor xenogiafs
With the goals of improving the tumor-to-healthgsties delivery, and increasing Sdox stability and
solubility, the aim of the present work was to proel and validate Sdox liposomal formulations coafed
with hyaluronic acid (HA) moiety (HA-Lsdox). Of matthe HA-receptor CD44 is expressed in
osteosarcoma [18], where it promotes tumor growthraetastatic dissemination [1Z2]. CD44 silencing
improves the response to dox and cisplatin [28joaigh the molecular mechanisms are completely



unknown. The abundancy of CD44 in osteosarcoma snaka ideal target to increase the delivery of HA
Lsdox towards the tumor. The use of a liposomahfdation similar to Caelyx® is expected to reduce
cardiotoxicity. The use of Sdox instead of dox aigyo drug should guarantee good efficacy against do
resistant/Pgp-overexpressing osteosarcoma anddmliotoxicity. We exploited all these featuresdstithe
efficacy and safety of HA-Lsdox, and to investigtite molecular mechanisms of its anti-tumor effacts
preclinical models of dox-resistant osteosarcoma.

2. Material and methods

2.1. Materials and instruments

Sodium hyaluronate of MW 14,800 Da was purchaseuh frifecore Biomedical (Chaska, MN). All the
phospholipids were provided by Avanti Polar-Lipiistributed by Spectra 2000 (Rome, Italy).
Cholesterol, dox and all the other chemicals wétained from Sigma Chemicals Co. (St. Louis Mo).
Plasticware for cell cultures was from Falcon (BedDickinson, Franklin Lakes, NJ). Foetal bovineuge
(FBS) and culture medium were supplied by Invitrogéfe Technologies (Carlsbad, CA). The synthesis o
Sdox was performed as described in Chegaev [15]juQate between 1,2-dipalmitogh-glycero-
3-phosphoethanolamine (DPPE) and HA (HA-DPPE) wapared using the method described in Arpicco
[24]. Reverse phase-high pressure liquid chromapgr (RP-HPLC) analysis was performed as described
in Chegaev [15]. Differential scanning calorimeB5C) was performed using a Q200 DSC (TA
Instruments, New Castle, DE).

2.2. Preparation of liposomes

Lsdox was prepared using the thin lipid film-hydwatmethod mixing together chloroform solutionslei-
distearoilsn-glycero-3-phosphocoline (DSPC), cholesterol (CH@hJl 1,2-distearoydn-glycero-
3-phosphoethanolamine-N-[amino (polyethylene gly26I00] (MPEG2000-DSPE) in 75:19:6M ratio and
Sdox (11% ratio mol drug/mol lipid). The mixture svilnen evaporated by rotary evaporator and drieérun
vacuum overnight. The resulting lipid film was hgtird with a 20 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulforic acid (HEPES) buffer (pH 7.4), thepansion was vortex-mixed for 10 min and bath
sonicated. The formulations were then sequent@édtyuded (Extruder, Lipex, Vancouver, Canada) thhou
400 and then 200 nm polycarbonate membrane (C@xbanjng Incorporated, NY) at a set temperaturg of
°C above the phase transition temperature of e thixture. Liposomal preparations were purifieohf
non-encapsulated Sdox through chromatography ohasege CL-4B columns, eluting with HEPES buffer
at room temperature. Liposomes were stored at 4 °C.

To prepare HA-Lsdox, the same method of preparat@as used and the lipid film was hydrated using a
solution of HA-DPPE conjugate (3 molar ratio) in PES buffer.

2.3. Liposomes characterization

The mean particle size and polydispersity indexii@bthe liposomes were determined at 20 °C by &yit
Light Scattering using a Zetasizer (Nano-ZS, Mahiestruments, UK). Size measurements were
performed at a fixed angle of 173° after dilutidrttee liposome suspensions in MilliQ® water. Theface
charge of liposomes was evaluated by zeta potengakurements after dilution of the suspensiod§ imM
KCI. Phospholipid phosphorous was assessed in époBome preparation by phosphate assay after
destruction with perchloric acid [25]. The amouhencapsulated Sdox was determined by RPHPLC [14,15
Liposomal preparations were analyzed for physitailty in the storage conditions (4 °C) and fato®
release in FBS and HEPES buffer at 37 °C as preljoaported in Pedrini [26]. Briefly, to evalugdeox
release in FBS, the formulations were diluted 1#2ith FBS and incubated at 37 °C for various pesiofi
time; drug leakage was determined submitting 20®f liposomes to purification through chromatodrgp
on Sepharose CL-4B columns. Then, the drug and lipntent was measured in the collected liposomal
fractions and compared with initial values. For pamison, a drug leakage study was also performedERES
buffer at 37 °C.

For DSC analysis about 15 mg of hydrated samplggesision were introduced into a dllaluminium pan
and analyzed. DSC runs were conducted from 25 8D ttC at a rate of 5 °C/min under constant nitroge
stream (50 ml/min). The main transition tempera{Une) was determined as the onset temperatureeof th
highest peak.

2.4. Cells



Murine dox-resistant osteosarcoma K7M2 cells, hud@isensitive osteosarcoma U-20S were purchased
from ATCC (Manassas, VA).

The corresponding dox-resistant variant U-20S/DXS&0ected by culturing parental cells in a medium
with 580 ng/ml dox, was generated as reported ira§27], and continuously cultured in presence of

dox. Cells were maintained in DMEM supplementechwi®% v/v FBS, 1% v/v penicillin-streptomycin, 1%
v/v L-glutamine.

2.5. Immunoblotting

20 pg of protein extracts were subjected to 4-20% @radSDSPAGE and probed with the following
antibodies: anti-ABCB1/Pgp (Merck Millipore, Buriton, MA); anti-CD44 (Abcam, Cambridge, UK); anti—
CAATenhancer-binding proteify-(C/EBP$, Santa Cruz Biotechnology Inc., Santa Cruz, CAj}i-@/EBP
homologous protein/growth arrest and DNA damage(CFBOP/GADD153, Santa Cruz Biotechnology Inc.),
anti-Tribbles homolog 3 (TRB3, Proteintech, Chicatlg, anti-p53 up-regulated modulator of apoptosis
(PUMA, Cell Signaling Technology, Danvers, MA); aoaspase 12 (Abcam), anticaspase 7 (Abcam), anti-
caspase 3 (GeneTex, Hsinhu City, Taiwan), psttibulin (Santa Cruz Biotechnology Inc.), followés
peroxidaseconjugated secondary antibodies (BiotRadratories, Hercules, CA).

Microsomal fractions were prepared using the Erafplc Reticulum Isolation Kit (Sigma Chemicals. Co)
as per manufacturer's instructions. 1@0of microsomal proteins were probed with the &up antibody or
with an anti-calreticulin antibody (Affinity Biorggnts, Rockford, IL). To measure ubiquitinated Pgfbug

of microsomal proteins were immunoprecipitated vt anti-Pgp antibody, using 2% of PureProteome
Magnetic Beads (Millipore), then probed with anigwino/poly-ubiquitin antibody (Axxora, Lausanne,
Switzerland).

2.6. Flow cytometry

1x106 cells were rinsed and fixed with 2% w/v parafaldehyde (PFA) for 2 min, washed three time$ wit
PBS and stained with the anti-CD44 antibody (Abc&on)1 h on ice, followed by an AlexaFluor 488-
conjugated secondary antibody (Millipore) for 30nmix105 cells were analyzed with EasyCyte Guava™
flow cytometer (Millipore), equipped with the In@ysoftware (Millipore). Control experiments

included incubation with non-immune isotype antijpod

2.7. Intracellular and subcellular doxorubicin agoulation

Dox content in whole cell lysates, in nuclear aridrasomal fractions - isolated with the Nuclearraxt kit
(Active Motif, La Hulpe, Belgium) and the EndoplasrReticulum Isolation Kit (Sigma Chemicals. Co),
respectively - was measured fluorimetrically [28].

Subcellular localization of Sdox was measured bgriéscence microscope as reported in Buondonno [16]
2.8. Cytotoxity, apoptosis and cell viability

The extracellular release of lactate dehydroge(laBEl), considered an index of cell damage and resro
was measured as reported in Riganti [28]. The atitizr of caspase 3, an index of apoptosis, wasuneds
fluorimetrically as detailed in Riganti [29]. Ceflability was

measured by the ATPlite Luminescence Assay SystarkinElmer, Waltham, MA), as per manufacturer's
instructions.

2.9. In vivo tumor growth

1x107 K7M2 cells, re-suspended in 100Matrigel, were subcutaneously implanted in 6-weék female
Balb/C mice. Tumor volume was monitored by caliped calculated according to the equation: (LxW2)/2,
where L=tumor length and W=tumor width. When tumeached the volume of 50 mm3, animals were
randomized and treated as reported in Fig. 2. Turalumes were monitored daily by caliper and angmal
were euthanized at day 21 after randomization mélazepam (0.2 ml/kg) and xylazine (16 mg/kg). Twsno
were collected and photographed, then homogenare®Dfs at 15 Hz, using a TissuelLyser Il devicea{@n,
Hilden, Germany) and clarified at 12,000xg for :\ndiOpg of proteins from tumor lysates were used for the
immunoblot analysis of CD44, Pgp and caspase 3¢@wrted above. In a cohort of mice, tumors before
randomization and at the end of the treatments excised, digested by mechanical dissociation vl by

1 h incubation in complete culture medium contagninmg/ml collagenase and 0.2 mg/ml hyaluronidase a
37 °C, then centrifuged at 12,000xg for 5 min, gudin fresh medium and tested for their chemoseitgi24

h after re-plating. The hematochemical parameterg wneasured on 0.5 ml of blood collected immeljiate
after mice sacrifice, using the respective kitgrfi®eckman Coulter Inc.(Miami, FL). Hearts were tixa 4%



v/v paraformaldehyde. The paraffin sections wesined with hematoxylin/eosin, with picrosirius samution

to detect fibrotic tissue [30] and with wheat gexgglutinin-Alexa Fluor™ 488 conjugate (Moleculaobes,
Eugene, OR) to evaluate cardiomyocyte area [14}i@e were examined with Leica Olympus provis AX70
microscope (Leica Microsystems GmbH, Wetzlar, Geiynd0 x ocular lens, 20-40 x objective, depending
on the assay) and Nikon Eclipse 80i-ViCO microsd@fiton Corporation, Tokyo, Japan; 10x ocular lefi,

X objective).

Animal care and experimental procedures were ajgprby the Bio-Ethical Committee of the Italian Mitmy

of Health (#122/2015-PR).

2.10. PCR arrays

Total RNA was extracted and reverse-transcribentuiSicript™ cDNA Synthesis Kit (Bio-Rad Laborat@je
The PCR arrays were performed opdlcDNA, using the Unfolded Protein Response PIuR R@ay (Bio-
Rad Laboratories), as per manufacturer's instmstiData analysis was performed with PrimePCR™ ysisl
Software (Bio-Rad Laboratories).

2.11. Protein sulfhydration

The sulfhydration of microsomal proteins (10§) or immunopurified Pgp (50g) was measured according
to Sen [31].

2.12. Protein ubiquitination

The ubiquitination of microsomal proteins (10€) or immunopurified Pgp (50g) was measured with the
E3Lite Customizable Ubiquitin Ligase kit (Life-Sems Inc., Malvern, PA), as detailed in Buondonng][1
2.13. Pgp ATPase activity

The Pgp ATPase activity was measured in Pgp-riamionene vesicles as described in Kopecka [32].

2.14. Cell silencing

2x105 cells, seeded in 0.25 ml FBS/antibiotic-freedium, were transfected either with non-targeting
scrambled siRNA pools or siRNA pools targeting CHGRDDS53 (target sequences: NM_001290183.1;
NM_007837.4; ThermoScientific), as per manufactargrotocol. The efficacy of silencing was verifiey
immunoblotting 48 h after the transfection.

2.15. Statistical analysis

All data in the text and figures are provided asnset SD. The results were analyzed by a one-walysia

of variance (ANOVA) and Tukey's test. p < 0.05 wassidered significant.

3. Results

3.1. Liposomes formulation and characterization

Lsdox and HA-Lsdox were prepared by hydration o thrug-lipid film followed by extrusion through
polycarbonate filters to obtain homogenous smaillburellar vesicles. HA-Lsdox were prepared by addin
the HA-DPPE conjugate during the hydration phaskpaf film: in this way the phospholipidic chainas
incorporated into the liposome membrane, whileHAewas exposed towards the aqueous phase.
Liposomes dimensions ranged from 190 nm to 204 with a slight increase in the HA-conjugated
formulations. The PDI was low for all the formutais (< 0.13). The zeta potential value was negatnge
lower for HA-Lsdox compared to the Lsdox, due te tarboxylic negative residues of HA on the surfate
liposomes showed good and comparable Sdox entrafiEnency, indicating that the HA-DPPE conjugate
did not affect Sdox encapsulation (Table 1). Aleweeks of storage in HEPES buffer at 4 °C all the
formulations still conserved 85% of the initial Sdmntent; over this period no appreciable sizd@nd

zeta potential change, no precipitation or liposeaggregation were observed. Lsdox and HA-Lsdowsho
similar Sdox release profile in FBS and HEPES ldfe37 °C: 50% of the compound was released after
72 h in buffer and after 48 h in serum. Nor doxhesi other degradation products from encapsulatkxk S
were detected.

The thermal changes caused by the incorporatidadok in the phospholipid bilayer were investigabsgd
DSC (Supplementary Fig. S1; Table S1). The theramogsf pure DSPC showed the main transition peak at
Tonset 54.2 °C, while with Sdox the main transiticas lowered to Tonset 52.3 °C and the melting tzatpre
peaks were broader, either in the presence of mB&GRSPE and of HA-DPPE conjugate.
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Fig. 1. Hyaluronated liposomes containing H2S-releasing doxor ubicin effectively induce cell death in
doxor ubicin-resistant osteosar coma cells.

Human doxorubicin-sensitive U-20S, their resistauiline U-20S/DX580 and murine doxorubicin-resistan
K7M2 cells were incubated 6 h (panel c), 24 h (pgdee) or 96 h (panels f) in fresh medium (ctriynedium
containing 5uM doxorubicin (dox), liposomal doxorubicin Caelyx®2S-releasing doxorubicin (Sdox),
liposomal Sdox (Lsdox) or hyaluronated liposomabsdHA-Lsdox). a. Expression of ABCB1/Pgp in
untreated cells by immunoblotting. TRaubulin expression was used as control of equakpr loading. The
figure is representative of 1 out of 3 experimehtsSurface CD44 in untreated cells, measured afiqrve
cytometry in duplicates. Blank: cells incubated hwihot-immune isotypic antibody. Histograms are
representative of 1 out of 5 experiments. The peagge of CD44-positive cells

as means = SD is: 46 £ 11% (U-20S cells); 76 = BRR2OS/DX580 cells); 69 + 7% (K7M2 cells). *p < 0:05
Ue20S/DX580 and K7M2 cells vs. U-20S cells. c.dn#llular doxorubicin accumulation, measured by a
fluorimetric assay in duplicates. Data are meaB®#n=4 independent experiments). °p < 0.001: Dixcel
vs. parental Ue20S cells; #p < 0.001: Sdox/Lsdoxlt48ox vs. dox/Caelyx®; 8§p < 0.002: HA-Lsdox vs
Sdox;0p < 0.001: HA-Lsdox vs Lsdox. d. Extracellular e of LDH measured spectrophotometrically in
triplicates. Data are means + SD (n = 4 indepenegmeriments). *p < 0.01: treated vs. respectivieaated
(ctrl) cells; °p < 0.001: DX-cells vs. parental @3 cells; #p < 0.001: Sdox/Lsdox/HA-Lsdox vs.
dox/Caelyx®; §p < 0.001: HA-Lsdox vs Sda¥y < 0.001: HALsdox vs. Lsdox. e. Activation of casp 3
measured fluorimetrically in triplicates. Data aneans = SD (n = 4 independent experiments). *p04.:0.
treated vs. respective untreated (ctrl) cells; °@.601: U20S/DX580 cells vs. parental U-20S ceifs;<
0.001: Sdox/Lsdox/HA-Lsdox vs. dox/Caelyx®; §p 9@L: HALsdox vs Sdoxdp < 0.005: HA-Lsdox vs
Lsdox. f. Percentage of viable cells, measured blgeamiluminescence-based assay in quadruplicasta. D



are means = SD (n = 6 independent experimentsy. O1: treated vs. respective untreated (ctriscéb <
0.001: U-20S/DX580 cells vs. parental U-20S cétfs< 0.05: Sdox/Lsdox/HA-Lsdox vs. dox/Caelyx®; §p
< 0.001: HA-Lsdox vs. Sdoxp < 0.005: HA-Lsdox vs. Lsdox.

3.2. Hyaluronated liposomes containing H2S-releasing adokicin are effective against doxorubicin-
resistant osteosarcoma in vitro and in vivo

U-20S and U-20S/DX580 human osteosarcoma cell lmesenting low and high Pgp expression,
respectively, and murine Pgp-expressing K7M2 (E&).had also detectable levels of the HA recepit4
(Fig. 1b). CD44 levels were higher in Pgp-expregsiells. As expected dox and Caelyx® had lower
intracellular accumulation (Fig. 1c). Since it ismamon to have a different kinetic of drug uptakel an
cytotoxicity between free dox and liposomal forntigias [14,26], because of the slower release offdmm
the liposomes, we used either short term assagh @sithe release of the LDH and the activatiotespase

3 after 24 h) and long term assays (such as thesureaf cell viability after 72 h), to have an iapth
characterization of Sdox, Lsdox and HALsdox toyicDox and Caelyx® induced lower cell damage (Fig.
1d), apoptosis (Fig. 1e) and higher viability (Fld) in U-20S/DX580 and K7M2 cells. By contrast,d®¢d
either as free drug or Lsdox was retained withip-Bgerexpressing Ue20S/DX580 and K7M2 cells (F&, 1
at a sufficient amount to induce a significant dgenand apoptosis, and to reduce viability (Fig.fldFhese
effects were significantly increased using HA-LsdBig. 1c—f). Neither Sdox nor its liposomal forratibns
increased the efficacy of dox or Caelyx® in doxsstive U-20S cells. In line with the absent effigag vitro,
neither dox nor Caelyx® reduced the growth of K7fdors (Fig. 2a and b), chosen as a prototypical
example of CD44 and Pgp-overexpressing osteosar@igna?c), nor induced intratumor apoptosis (R2g).

A progressive decrease in the rate of tumor grquettalleled by a progressive increase in the aobiwadf
intratumor caspase 3 was elicited by Sdox formufesti following this rank order: Sdox < Lsdox < HAdox
(Fig. 2a—c). These agents also progressively redtheeintratumor expression of Pgp, contrarily ¢x énd
Caelyx® (Fig. 2c).

To verify that the chemoresistant phenotype of KiMBors was maintained during the whole treatnesiis
obtained from excised tumors — collected beforeaitet the treatments — were assessed for theatluéar
retention of dox, Caelyx®, Sdox, Lsdox and HA-Lsdard for reduction of cell viability induced byaba
agent. As shown in the Supplementary Fig. S2a, Kdetased from tumors at both time points accumulate
Sdox, Lsdox and HA-Lsdox at higher amounts than dod Caelyx®, behaving like parental K7M2.
Consistently, dox and Caelyx® did not reduce tlabiity of cells derived from the tumors, while Sgdasdox
and in particular HA-Lsdox did so (Supplementary.FS32b).

Dox, Caelyx®, Sdox and the liposomal formulationd dot display signs of liver and kidney toxicity,
according to the hematochemical parameters ofrdaed animals. As expected, dox increased CPK,-CPK
MB and cTNT, indexes of cardiotoxicity, while Cax® did not.

Notably, Sdox, Lsdox and HA-Lsdox had a cardiotitiprofile superimposable to Caelyx® (Supplemeyntar
Table S2). In our experimental conditions, dox miid alter cardiac tissue morphology, did not elititosis
(Supplementary Fig. S3a), did not induce significehanges in cardiomyocyte cross sectional area
(Supplementary Fig. S3b). Caelyx®, Sdox and itedgmal formulations did not alter these paramedsrs
well (Supplementary Fig. S3).

Table 1
Characteristics of liposomes containing Sdox (means + SD; n = 3).

Formulation Mean particle size (nm = SD) Polydispersity Index Zeta potential (mV * SD) Entrapment efficiency (%)

Lsdox 190 = 3 0.112 —-7.51 £ 0.8 92.8
HA-Lsdox 204 = 2 0.121 —-158 =+ 1.3 91.3

* Ratio between drug/lipid molar ratio after purification and drug/lipid molar ratio after extrusion.
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Fig. 2. Hyaluronated liposomes containing H2S-releasing doxor ubicin reduce the growth of

osteosarcoma refractory to doxorubicin and Cadyx®.

K7M2 cells were subcutaneously implanted in 6-wekk female Balb/C mice. When tumor reached the
volume of 50 mm3, animals were randomized in thieiong groups (n=8/group) and treated as it fokoat
day 3, 9, 15 after randomization: 1) control grotnrgated with 200ul sterile physiological solution,
intravenously (i.v.); 2) dox group, treated with030 sterile physiological solution containing 5 mg/égx,
i.v.; 3) Caelyx® group, treated with 2Q0 sterile solution of Caelyx®, equivalent to 5 mg/#ox, i.v.; 4)
Sdox group, treated with 2Q0 sterile physiological solution containing 5 mg/&dox, i.v.; 5) Lsdox group,
treated with 20Qul sterile solution of Lsdox, equivalent to 5 mg/&dox, i.v.; 6) HA-Lsdox group, treated
with 200ul sterile solution of HA-Lsdox, equivalent to 5 rkg/Sdox, i.v. a. Tumor growth was monitored
daily by caliper measurement. Data are presentaettass } SD. #p < 0.05: Sdox/Lsdox/HA-Lsdox vs. ctrl/
dox/Caelyx®; 8p < 0.001: HA-Lsdox vs. Sddy < 0.005: HA-Lsdox vs. Lsdox (days: 15-21). b.tegeaphs
of representative tumors of each group. c. Immudtatlysis of the indicated proteins in tumor honmzges.
The p-tubulin expression was used as control of equatepr loading. The figure reports the results oteéi
in 3 animals/group of treatment.



3.3. Hyaluronated liposomes containing H2S-relegigloxorubicin localized within endoplasmic retiaqulu
where they impair the ERAD/ERQC system

Dox has a typical intranuclear localization [29,abserved in the parental U-20S cells with low Rgels
(Fig. 3a), but the intranuclear accumulation wasrditically reduced in Pgp-overexpressing U-20S/0X58
and K7M2 cells (Fig. 3a). Caelyx® followed the satm@nd. By contrast, Sdox and its liposomal forriales
showed a very low accumulation within the nucldtig.(3a), while must of dox — in particular if dedred as
HA-LSdox - was recovered within the microsomal fiaas (Fig. 3b; Supplementary Fig. S4).

A targeted expression profile of endoplasmic réticuassociated degradation/endoplasmic reticuluaityu
control (ERAD/ERQC)-related genes — that play &iaaii role in the folding and export of nascenttpias
from the ER [33,34] — revealed that — contrarilydtix and Caelyx® — Sdox and its liposomal formolasi
up-regulated most of ERAD/ERQ genes in Pgp-poskiv?2 (Fig. 3c) and U-20S/DX580 (Supplementary
Fig. S5a) cells. ER-associated proteins were sagmifly more sulfhydrate by Sdox, Lsdox and in igatar
HA-Lsdox (Fig. 3d; Supplementary Fig. S5b). Suchfhydration was paralleled by an increased
ubiquitination (Fig. 3e, Supplementary Fig. S5Relly elicited by the H2S release, since sulfhyidraand
ubiquitination were abrogated by the H2S scavehgdroxycobalamin (Fig. 3d and e; Supplementary .Figs
S5b—c). In line with the low retention within theRE(Fig. 3b), the gene expression profile (Fig. 3c;
Supplementary Fig.S5a) and the absence of H2Ssiateagroups, dox and Caelyx® did not induce
sulfhydration nor ubiquitination of ER proteinsnmurine (Fig. 3d and e€) and human (Supplementars. Fig
S5b—c) resistant cells.

3.4. Hyaluronated liposomes containing H2S-relegisitoxorubicin trigger a ER-dependent apoptosis in
doxorubicin-resistant osteosarcoma cells

An increased burden of misfolded proteins within &iRits an adaptive response known as unfoldetepro
response (UPR) that can overcome the stressingtmmidading to cell survival or trigger cell deah case

of irreversible damages [33,34]. While dox and @«®Ildid not affect the expression of UPR-relatedeage

in K7TM2 (Fig. 4a) and U-20S/DX580 (Supplementarg.Fs6a) cells, Sdox, Lsdox and HALsdox up-
regulated most UPR-sensors and effectors of UPRatwed of cell death, while they down-regulated tmos
UPR-mediators of cell survival (Fig. 4b; SupplenaeptFig. S6b). In both murine (Fig. 4c) and human
(Supplementary Fig. S6c) Pgpexpressing cells, Sdedox and in particular HA-Lsdox increased the ER
stress-sensitive isoform of C/EBPH.e. C/EBPB LIP), the proapoptotic LIP downstream effectors@®
TRB3 and PUMA, and induced the cleavage of caspb&@43, while dox and Caelyx® were ineffective.

To prove that the C/EBB-LIP target CHOP was critical in inducing such E€pdndent apoptosis, we
transiently silenced this protein in K7M2 cells. OR silencing abrogated the increase of TRB3, PUMA,
cleaved caspases 12, 7 and 3 in response to SdaxAdhsdox (Fig. 4d), suggesting that CHOP mediated
these processes in response to HA-LSdox.

3.5. Hyaluronated liposomes containing H2S-releggloxorubicin downregulate Pgp via sulfhydratiordan
ubiquitination

An intriguing effect observed in HA-Lsdox-treatadrtors was the strong decrease in Pgp expressign (Fi
2c).

While dox and Caelyx® did not modify the sulfhydoat (Fig. 5a) nor the catalytic activity (Fig. 5bf Pgp
isolated from the ER of K7M2 cells, Sdox, Lsdox anaximally HA-Lsdox increased Pgp sulfhydration,
decreased its ATPase activity and increased Pguitiniation (Fig. 5a—d). The same effects werdtelicby
Sdox, Lsdox and HALsdox in U-20S/DX580, contratilydox and Caelyx® (Supplementary Figs. S7a—d).
The release of H2S was responsible for all thesgsses, since hydroxycobalamin prevented the
sulfhydration, the decrease in catalytic activitgl dhe ubiquitination of Pgp (Fig. 5a—d; Suppleragnfigs.
S7a-d).
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Fig. 3. Hyaluronated liposomes containing H2S-r eleasing doxor ubicin impair the ERAD/ERQC system

of doxor ubicin-resistant osteosar coma cells. a-b.

Human doxorubicin-sensitive U-20S cells and thessistant subline U-20S/DX580 cells, murine
doxorubicin-resistant osteosarcoma K7M2 cells wiemibated 6 h with fresh medium (ctrl), medium
containing 5uM doxorubicin (dox), liposomal doxorubicin Caelyx®2S-releasing doxorubicin (Sdox),
liposomal Sdox (Lsdox) or hyaluronated liposomabXS¢HA-Lsdox). After this incubation time, nucleand
microsomal fractions were extracted as reportethén Materials and Methods section. The intracallula
doxorubicin accumulation was measured by a fluamimeassay in duplicates, in nuclear (panel a) and
microsomal (panel b) extracts. Data are means £1SB independent experiments). °p < 0.02: DX-cedls
parental U-20S cells; #p < 0.02: Sdox/Lsdox/HA-Lsds. dox/Caelyx®; 8p < 0.001: HA-Lsdox vs. Sdox;
Op < 0.001: HA-Lsdox vs. Lsdox. c. Heatmap of EReassted degradation/endoplasmic reticulum quality
control (ERAD/ERQC)-related genes in K7M2 cellg;ubated as reported in a for 24 h. The figure tspor
genes up-or down-regulated at least two-fold coegbén untreated cells, where the expression of ganb

in untreated cells was considered 1 (not showhénfigure; n=6 independent experiments). d. Fluetiin
analysis of sulfhydrated microsomal proteins, pented in triplicates. When indicated, 1QM of
hydroxycobalamin (Cbl), a H2S scavenger, was cabated. Data are means + SD (n = 5 independent
experiments). *p < 0.01: treated vs. respectivereatéd (ctrl) cells; °p < 0.001: Cbl-treated cells
corresponding Chl-untreated cells; #p < 0.001: 8d@ox/HA-Lsdox vs. dox/Caelyx®; 8p < 0.002: HA-
Lsdox vs. Sdox9p < 0.002: HA-Lsdox vs. Lsdox. e. Ubiquitinationrafcrosomal proteins, measured by a



chemiluminescence-based assay in triplicates, MXeells incubated as reported in d. Data are mg¢ans
SD (n=5 independent experiments). *p < 0.01: tekate respective untreated (ctrl) cells; °p < 0:0D4I-
treated cells vs. corresponding Cbl-untreated ;céfis< 0.001: Sdox/Lsdox/HA-Lsdox vs. dox/Caelyx®;
8p < 0.05: HA-Lsdox vs. Sdoxp < 0.05: HA-Lsdox vs. Lsdox.
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Fig. 4. Hyaluronated liposomes containing H2S-releasing doxor ubicin triggers a ER stress-dependent
apoptosisin doxor ubicin-resistant osteosar coma cells.

Murine doxorubicin-resistant osteosarcoma K7M2sogkre incubated 24 h with fresh medium (ctrl), med
containing 5uM doxorubicin (dox), liposomal doxorubicin Caelyx®2S-releasing doxorubicin (Sdox),
liposomal Sdox (Lsdox) or hyaluronated liposomabdqHA-Lsdox). a. Heatmap of unfolded protein
response (UPR)-related genes. The figure reportesgep-or down-regulated at least two-fold compaoed
untreated cells, where the expression of eachigamdreated cells was considered 1 (not showherfigure;
n=6 independent experiments). b. Heatmap of geslated to ER-dependent cell death or survival.fithee
reports genes up-or down-regulated at least twibdompared to untreated cells, where the expressieach
gene in untreated cells was considered 1 (not showte figure; n=6 independent experiments). disCe
treated as in a were lysed and probed with thecateld antibodies. Thgtubulin expression was used as
control of equal protein loading. d. K7TM2 cells wdransfected with non-targeting scrambled siRNAIpo
(scr) or with siRNA pools targeting CHOP/GADD53Q$IOP). 24 h after the transfection, the medium was
changed and cells were grown for additional 24 fraah medium (ctrl) or in medium containinglsl dox,
Sdox, HA-Lsdox. Whole cell lysates were probed \lith indicated antibodies. TRetubulin expression was
used as control of equal protein loading. The figsrrepresentative of 1 out of 4 experiments.
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Fig. 5. Hyaluronated liposomes containing H2S-releasing doxorubicin reduce Pgp in doxorubicin-
resistant osteosarcoma cells by increasing the protein sulfhydration and ubiquitination.

Murine doxorubicin-resistant osteosarcoma K7M2soskre incubated 24 h with fresh medium (ctrl), med
containing 5uM doxorubicin (dox), liposomal doxorubicin Caelyx®2S-releasing doxorubicin (Sdox),
liposomal Sdox (Lsdox) or hyaluronated liposomalo8dHA-Lsdox). When indicated, 10QM of
hydroxycobalamin (Cbl), a H2S scavenger, was cabated. a. Pgp was isolated by immunoprecipitation
from microsomal extracts; the amount of sulfhydiagp was measured fluorimetrically in triplicatBsta
are means = SD (n = 5 independent experimentsy. O1: treated vs. respective untreated (ctriscéb <
0.001: Chl-treated cells vs. corresponding Cblested cells; #p < 0.001: Sdox/Lsdox/HA-Lsdox vs.
dox/Caelyx®; 8p < 0.001: HALsdox vs. Sday < 0.001: HA-Lsdox vs. Lsdox. b. Pgp ATPase attivias
measured spectrophotometrically in triplicates,Rgp isolated by immunoprecipitation from microsomal
extracts. Data are means = SD (n =5 independeetiexgnts). *p < 0.01: treated vs. respective umgabéctrl)
cells; °p < 0.001: Cbl-treated cells vs. correspogdCbl-untreated cells; #p < 0.001: Sdox/Lsdox/H#dox
vs. dox/Caelyx®; 8p < 0.002: HA-Lsdox vs. Sdép; < 0.002: HA-Lsdox vs. Lsdox. c. Ubiquitinated Pgp
isolated by immunoprecipitation from microsomalraexts, measured by a chemiluminescense-basediassay
triplicates. Data are means + SD (n = 5 indepenerperiments). *p < 0.01: treated vs. respectivieeated
(ctrl) cells; °p < 0.001: Chl-treated cells vs. remponding Cbl-untreated cells; #p < 0.001: SdakbxgHA-
Lsdox vs. dox/Caelyx®; §p < 0.002: HA-Lsdox vs. 8dop < 0.002: HA-Lsdox vs. Lsdox. d. Microsomal
proteins were immunoprecipitated (IP) with an @&dp antibody, then immunoblotted (IB) with an anti-
mono/poly-ubiquitin (UQ) antibody. An aliquot ofé¢tsamples before immunoprecipitation was probed wit
an anti-Pgp antibody or with an anti-calreticulimibody, used as control of equal protein loadimg.Ab:
untreated cell lysate immunoprecipitated in theeabe of antibody, to check the specificity of thegedure.
MW: molecular weight. The figure is representatiel out of 4 experiments.

4. Discussion

In this work, we evaluated the efficacy of HA-coggied liposomes encapsulating Sdox against prealini
models of osteosarcoma, expressing Pgp and HAt@c€EP44. These features make our models inseasitiv
to dox and to its liposomal formulation Caelyx®} potentially targetable by HA-conjugated nanodet.
According to the physico-chemical features, HA-bsthad narrow and homogeneous size distribution, and
efficient entrapment of Sdox.



The presence of HA on liposome surface did nou@rite their physicochemical characteristics. Th€ DS
thermograms indicated a strong insertion of Sddkiwithe DSPC membrane. Such insertion protectect Sd
from rapid and undesired degradation process tt@aire at physiological conditions on free Sdox [1A]
these properties were maintained over time, suggetitat our formulations were stable and improSeidx
solubility and stability in physiological media.

Since HA is highly abundant in the extracellulatmmaECM) of sarcomas, and in many tumors it seras

a reservoir of growth factors and nutrients allayvineir controlled delivery to tumor cells [35], wgploited
the presence of HA on the surface of Sdox-carriipwsomes, in order to enhance the homing of lipte®
to osteosarcoma ECM and the subsequent intratuelimedy of their cargo. Notwithstanding the incriegs
use of liposomes and nanoparticles in osteosar¢matments [36—41], we were the first ones to edich
liposome-based treatment effective against doxstasi/Pgp-overexpressing cells and xenografts. dbé, n
cells derived from the tumors either before andrdfie treatments displayed the same chemosehsjirdfile

to Sdox and its liposomal formulations than paréctt@monéve cells. These data suggest that the tumors did
not acquire a secondary resistance to Sdox, LSddxi&-LSdox during the treatment.

In all the in vitro experiments, the maximal detiy®f Sdox within whole cells and ER was reachedigy
Lsdox: this trend can be due to the higher preseh@44 on dox-resistant cells surface, a featiuae may
favor the receptor-driven uptake of Sdox, and/dhtodecreased efflux of Sdox via Pgp [15,16].

We recently reported that Sdox is peculiarly acdamed within ER [16]. Here, the massive releasél?6
sulfhydrated nascent proteins, increased theiraltisfg and induced a UPR-mediated cell death.

Sdox was effective in U-20S and Saos-2-derivediseblwith increased levels of Pgp because theaseck
dox-resistance was paralleled by the increasinigcrency of ERAD/ERQC system. By augmenting the
burden of misfolded proteins within ER lumen, Sdmsercame the buffering capacity of the defective
ERAD/ERQC system in resistant cells, triggeringRadiress-dependent cell death in cells refractory t

dox [16]. This mechanism was exerted also by fhestbmal formulations of Sdox, either in murine oman
resistant osteosarcomas. Indeed, notwithstandangdmpensatory up-regulation of ERAD/ERQCrelated
genes in cells treated with HA-Lsdox, such attemps not sufficient to rescue a proper folding of-ER
associated proteins, but led to a significant Esbeaiated protein ubiquitination and cell death.

We previously demonstrated that in chemosensitille dox increases the activation of the ER steessitive
pro-apoptotic isoform of C/EBB-(i.e. C/EBPB LIP) and downstream effectors CHOP and TRB3 [42,43
and up-regulates PUMA that in turns activates csspd2/7/3 [16,44,45]. These mechanisms occurred in
Sdox-treated cells and were triggered by the relea$i2S within ER lumen, as demonstrated by trseiatb
sulfhdyration and ubiquitination of ER-associatedt@ins in the presence of a H2S scavenger. Ithall
experimental setting either in vitro or in vivo, H&dox was more effective than free Sdox and LSdexa
conseguence of the maximal drug delivery withindeRieved by this formulation.

Chemoresistant cells are usually refractory to ERssing agents including chemotherapeutic drugs, b
genetic or pharmacologic tools able to re-activiliee C/EBPB LIP/CHOP cascade re-instates a strong
sensitivity to ER stress-mediated cell death [42@B The silencing of CHOP in our model indicatiedt this
protein was the deus ex-machina of ER-dependemitafis in osteosarcoma, as observed in other tumors
[45-47].

Besides inducing a ER stress-dependent apoptatid,$tlox killed resistant cells by preventing théwef of
dox via Pgp, a protein that is markedly sulfhydiddateHA-Lsdox-treated cells.

Sulfhydration can activate or inhibit the targedtpins [48]. During the folding, Pgp forms disuithonds
that are critical to maintain a proper tertiaryusture, stability and catalytic activity [49,50]u©findings
suggest that sulfhydration destabilized Pgp andnpted its degradation, in both murine and humals.cel
These results may explain the greater intracelhgfi@ntion of Sdox formulations and the lower Vro&sdox
efflux previously observed in U-20S/DX580 cells [1suggestive of a decreased amount of Pgp.

In summary, we propose an effective and safe faatimrl against Pgp-overexpressing/dox-resistant
osteosarcoma. The greater efficacy of HA-Lsdoyesetin increased intracellular uptake, decreasedeff
because of Pgp degradation, increased cell degtfeted by ER stress.

All these features were coupled with low cardiotoaind systemic toxicity profile. Given the highdnt
patients variability and heterogeneity of osteosanas, we are aware that our results, obtainedén on



human and one murine resistant cell line of osteosaa, cannot be generalized bona fide to all chegigtant
osteosarcomas. Our results indicate, howeverthieagfficacy of HA-Lsdox was not cell-specific qregies-
specific. If such efficacy will be confirmed in arjer cohort of resistant osteosarcoma cell limgximary
cells, we may propose HALsdox as an innovative tootlinical settings, in particular in osteosar@
patients with high levels of Pgp and resistanceldrorubicin, where the rate of failure of the filisie
chemotherapy is high.
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