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Abstract

Overcoming the radiosensitivity of chondrosarcoma (CS), the second most common primary
bone tumor, is needed. Radioresistance is attributed to cancer stem cells (CSCs) in many
malignancies. Disulfiram (DSF), an FDA-approved anti-alcoholism drug, complexed with Cu
(DSF/Cu) can radiosensitize epithelial CSCs. This prompted us to investigate the radiosensitizing
effect of DSF/Cu on CS CSCs (CCSCs). The radiosensitizing effects of DSF/Cu on CCSCs were
investigated /n vitro using cell lines SW1353 and CS-1. Stemness was identified independently by
flow cytometry for CCSCs (ALDH*CD133*), sphere-forming ability, and Western blot analysis
of stemness gene protein expression. The radiosensitizing effect of DSF/Cu was studied in an
orthotopic CS xenograft mouse model by analyzing xenograft growth and residual xenografts

for stemness. CCSCs were found to be resistant to single-dose (IR) and fractionated irradiation
(FIR). IR and FIR increased CS stemness. Combined with DSF/Cu /n vitroand /n vivo, IR and
FIR eliminated CS stemness. RT + DSF/Cu was safer and more effective than either RT + DSF
in inhibiting growth of orthotopic CS xenografts. In conclusion, DSF/Cu radiosensitizes CCSCs.
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These results can be translated into clinical trials for CS patients requiring RT for improved
outcomes.
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1. Introduction

Chondrosarcoma (CS) is the second most common primary bone tumor in adults [1,2]

and characteristically produces cartilage matrix from neoplastic tissue devoid of osteoid.
Radiotherapy (RT) is standard care for cases of incompletely resected or inoperable tumors
[3,4]. However, RT for such tumors is not associated with improved survival, and only
patients receiving both high-dose and advanced RT had improved survival compared to
patients who did not receive RT [4].

Improving CS radiosensitivity is clinically important. However, an effective approach to
overcome CS radioresistance is currently lacking as its basis remains unclear. Only a

few studies have attempted to understand radioresistance mechanisms and restore CS
radiosensitivity. The photosensitizer acridine orange (AO) was shown to be excited by X-
rays to release cytotoxic singlet oxygen and the AO/low-dose X-Ray (1-5Gy) combination
was found to be more effective in killing mouse osteosarcoma cells /n7 vitroand in vivo

[5]. Later, it was revealed that silencing the antiapoptotic genes BCL-2, BCL-xL or XIAP
enhanced human CS cell radiosensitivity /n vitro [6]. It has also been shown that p16

plays a role in radioresistance, since pl6-deficient human CS cells were intrinsically more
radiation-resistant than normal chondrocytes. Restoring p16 activity restored radiosensitivity
in vitro[7]. More recently, mutated defective Rb pathway was found in highly radioresistant
CS compared to an intact Rb pathway present in less radioresistant CS [8]. Additionally,

it was shown that the poly ADP-ribose polymerase (PARP) inhibitor olaparib sensitized

a human CS cell line /n vitro to conventional photon, as well as proton and carbon ion
irradiation [9]. However, all the above /n vitro and the single /n vivo studies demonstrated
only modest radiosensitizing effects. Clearly, studies identifying radioresistance mechanisms
and effective means to overcome it using /n vitroand /n vivo human CS-derived models and
involving single-dose or fractionated irradiation (FIR) are needed.

To date, no study has focused on the role of cancer stem cells (CSCs) in CS radioresistance.
There is convincing evidence, mainly from studies in hematopoietic and epithelial tumors,
that CSCs are crucial in resistance to cancer therapies, including radiation [10-13].

CSCs are a distinct tumor subpopulation and share several properties with normal stem
cells (SC), namely, self-renewal ability and multi-lineage differentiation, that drive tumor
formation, progression, and metastasis [10, 14,15]. Considerable evidence indicates that
cancer treatment resistance and recurrence are due to CSCs in many types of tumors
[11-13]. Consequently, /in vitroand /n vivo experiments have shown that targeting CSC
populations successfully rendered RT-resistant cancer cells as sensitive to radiation as non-
CSCs [12,13,16].
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High intracellular aldehyde dehydrogenase (ALDH) activity and cell surface CD133
(prominin 1) expression are frequently used markers for CSC isolation/identification in
many tumor types, including CS [17-20]. CS CSCs (CCSCs) have been identified as
CD133* cells in primary tumors [20] or ALDH?* cells in a primary tumor-derived CS cell
line [21]. However, concordant ALDH/CD133 expression identifies tumor cell populations
more enriched for the CSC phenotype than either marker alone, i.e., as few as 11
ALDH*CD133* cells isolated directly from human ovarian tumors were sufficient to initiate
tumors in mice [22].

Recent convincing evidence shows that CSCs and relatively differentiated nonstem cancer
cells coexist in dynamic equilibrium and are subject to bidirectional conversion [23]. Thus,
any successful therapeutic strategy needs to both target preexisting CSCs and block the
formation of therapy-induced CSCs (iCSCs) from nonstem cancer cells [13]. Previously,
we reported that by targeting the NF-xB (nuclear factor kappa B)-stemness gene pathway,
disulfiram (DSF) and copper (Cu2*) can block radiation induced breast cancer and some
pancreatic ductal adenocarcinoma (PDAC) stemness [12,13]. DSF is an ALDH inhibitor and
a Federal Drug Administration (FDA)-approved drug for treating alcoholism. Its toxicity
against CSCs, however, does not directly involve ALDH inhibition, as initially assumed.
Instead, DSF binds to Cu2* to form a DSF-Cu complex (DSF/Cu), which is a potent
proteasome inhibitor and inhibits NF-xB activation [13]. Based on these findings, the effect
of DSF/Cu as a novel radiosensitizer for CS cells was investigated in in vitro-and in
vivo-based experiments by comparing DSF/Cu + RT to RT alone in its ability to target CS
stemness, which was defined as alterations in the levels of i) ALDH*CD133* CSCSs, ii)
sphere-forming cells, iii) stemness transcriptional factor expression in /n vitro-based assays,
and iv) CS cell growth and stemness inhibition in an orthotopic xenograft mouse model.

Materials and methods

2.1. Cell culture

The human CS cell line SW1353, derived from a primary grade Il CS of the right humerus
removed from a 72-year-old female Caucasian patient, was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA), while the human CS cell line, CS-1, was
established from a high grade and metastatic CS removed from a 62-year-old male patient
[24]. SW1353 and CS-1 cell lines were cultured in a complete medium (CM) consisting of
RPMI 1640 medium (Corning Incorporated, Corning, NY, USA) supplemented with 10%
fetal bovine serum (Foundation FBS, Gemini Bio-Products, CA, USA) at 37 °C in a 5%
CO, humidified atmosphere.

2.2. Chemical reagents and antibodies

Tetraethylthiuram disulfide (disulfiram, DSF), copper (11) b-gluconate (Cu), NF-xB inhibitor
(NF-xBi) IMD 0354, and reactive oxygen species (ROS) inhibitor (ROSi) N-Acetyl-L-
cysteine (NAC) were purchased from Sigma-Aldrich (St. Louis, MO). DSF, IMD 0354,

and NAC were reconstituted in DMSO for all /n vitro experiments. DSF was reconstituted in
olive oil for /in vivo experiments. Cu was reconstituted in distilled water.
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The monoclonal antibodies (mAbs) used for flow cytometry CD133 staining were human
CD133/2 mouse mAb (clone: 293C3) and the isotype control mouse IgG2b mAb (clone:
IS6-11E5.11) purchased from Miltenyi Biotec (Somerville, MA, USA). ALDEFLUOR™
(STEMCELL Technologies, Cambridge, MA, USA) was used to identify ALDH enzymatic
activity in cells by flow cytometric analysis. Primary and secondary antibodies (Cell
Signaling Technology, Danvers, MA, USA) used for Western blot analyses were: NF-xB
p65 (D14E12, #8242, 1:1000), anti-HER2/ErbB2 (29D8, #2165, 1:1000), anti-c-MYC
(D84C12, #5605, 1:1000), anti-SLUG (C19G7, #9585, 1:1000), p-Actin (13E5, #4970,
1:1000) and goat anti-rabbit 1gG, HRP-linked antibody (#7074, 1:2000). All primary

and secondary antibodies were diluted in Tris Buffered Saline with 0.1% Tween® 20
(TBST) containing 5% nonfat dry milk plus 2% bovine serum albumin (BSA) and prepared
immediately before use [25].

2.3. Animals

2.4,

Female nude or NSG mice, 6-8 weeks old, were obtained from the Massachusetts General
Hospital Cox 7 animal facility. The Institutional Animal Care and Use Committee approved
all animal studies (Protocol #2019N000025).

Irradiation (IR) treatment

In vitro IR, whether consisting of FIR (2Gy daily for 5 consecutive days) or single-doses of
IR (0-12Gy) was performed on cells seeded in 6-well plates at the indicated density/well in
2 mL CM. In vivo, a single 10Gy dose was delivered locally to each mouse tumor, while
the remaining body was protected from IR with lead shields. The X-RAD 320 Biological
Irradiator (Precision X-ray, North Branford, CT, USA) was used for all IR experiments in
this study.

2.5. Clonogenic assay

In order to obtain enough colonies for evaluation after responding to treatments with
DSF/Cu and/or IR, a gradually increased number of cells/well (the number/well for both
cell lines was equal under the same condition) was seeded in 6-well plates as indicated
below. Next day, cells were treated for 24 h (h) with Cu (1 pM) and DSF(uM) at 0 (200
cells), 0.06 (400 cells), 0.13 (600 cells), 0.25 (800 cells) and 0.5 (1,000 cells) or a fixed
dose of DSF/Cu (0.05/1 pM) and X-ray irradiation at 0 Gy (200 cells), 2Gy (400 cells), 4Gy
(600 cells), or 6Gy (800 cells). Subsequently, DSF/Cu was removed and plates were washed
twice with PBS, and treated cells were cultured in CM. After 10 days, the medium was
removed from wells and colonies washed with PBS twice before being stained with 0.5%
crystal violet. The plating efficiency (PE) and the surviving fraction (SF) were determined as
described previously [12].

2.6. Fluorescence-activated cell sorting (FACS)

To sort the CSCs subpopulations from CS SW1353 and CS-1 cell lines, 6 x 10° cells
were used at a time. Cells were incubated with ALDEFLUOR™, with or without the
ALDH inhibitor N,N-diethylaminobenzaldehyde (DEAB) according to the manufacturer’s
instructions. Following incubation, cells were collected by centrifugation and resuspended
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in ALDEFLUOR™ Assay Buffer and stained for CD133/2 mAb or mouse 1gG2b isotype
control for 10 min at 4 °C. Dead cells were excluded by propidium iodide staining
(ThermoFisher Scientific, Waltham, MA, USA). Stained cells were sorted for 4 cell
populations by BD Biosciences FACS Aria Il cell sorter at the HSCI-CRM Flow Cytometry
Core Facility, Massachusetts General Hospital, or analyzed by BD Accuri™ C6 Flow
Cytometer (BD Biosciences, San Jose, CA, USA) with Flowjo V10 software.

2.7. Sphere formation assay

Sphere formation was performed by seeding 600-1000 cells/well in a 24-well ultra-low
adherent plate (Corning Incorporated, Corning, NY, USA) in 500 uL of mixed medium
containing 32% MethoCult medium, 20% MammoCult basal human medium with a final
concentration of 2% MammaoCult proliferation supplements (STEMCELL Technologies)
and 48% DMEM supplemented with final concentrations of 100 pg/mL EGF, 50 ng/mL
bFGF, 5 ng/mL stem cell factor, 1 x 10=% M hydrocortisone, and 5 pg/mL insulin. The
cells were cultured at 37 °C in a 1% O, and 5% CO, humidified atmosphere for 18

days (SW1353 cells) and 11 days (CS-1 cells). Photographs were taken and spheres were
quantified by counting sphere numbers/well.

2.8. Western blot analysis

Cells were plated in 6-well plates at a density of 2 x 10° cells/well in 2 mL CM and treated
as indicated. Cells were collected and lysed in lysis buffer (10 mM Tris - HCI [pH 8.2], 1%
NP40, 1 mM EDTA, 0.1% BSA, 150 mM NacCl) containing 1/50 (vol/vol) protease inhibitor
cocktail (Calbiochem, San Diego, CA, USA) or proteins were extracted from mouse tumors
by homogenization in the presence of 500 u,L of lysis buffer. Western blot quantitative
analysis for band density of each signaling-related and stemness gene encoded proteins were
performed with ImageJ (National Institutes of Health, Bethesda, MD, USA) as previously
described [13,25].

2.9. Orthotopic CS xenograft mouse models

Human CS cells SW1353 (2 x 10° cells/mouse) were injected orthotopically in the right
tibia bone marrow cavity of nude or NSG mice. Body weight and tumor volume were
measured weekly. Radiographs of tibia tumors were obtained by a Faxitron Portable X-Ray
cabinet (Hewlett Packard, McMinnville, OR, USA), with imaging film (Portal Pack PPL-2,
Merry X-Ray Corporation, San Diego, CA). The output voltage was 90 kVp and the
exposure time was 7s [26]. Once the tumor became palpable, tumor sizes were measured
by digital calipers and calculated by tumor volume = % x length x width2. Treatments
were initiated when tumors were detected by X-Ray post-CS cell inoculation and had
approximate diameters of 5 mm. Xenograft CS bearing mice were divided randomly into

4 groups of 4 or 5 mice each; there were no significant differences in body weights
between each group (o> 0.05). Mice in group 1 were left untreated. Mice in group 2

were treated once with IR (10Gy) and olive oil (vehicle control, 200 uL) orally once a day
for 7 days. Mice in group 3 were treated once with IR (10Gy) and DSF (50 mg/kg/day,
mornings) dissolved in olive oil orally for 7 days. Mice in group 4 were treated with IR
and DSF as those in group 3 and exogenous Cu via intraperitoneal (i.p.) injection (0.03
mg/kg/day, afternoons) for 7 days. Oral administration was given by oral gavage using an
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18# gauge plastic feeding tube (Instech Laboratories, Plymouth Meeting, PA, USA). When
tumor diameters from the untreated mice reached 2 cm (endpoint), all mice were sacrificed,
and their primary tumors were collected for further analysis. In a separate mouse survival
experiment, a mouse was sacrificed when it reached the endpoint.

2.10. Samples preparations from primary xenograft tumors

For flow cytometry and sphere formation assays and Western blot analyses, non-necrotic
primary xenograft tumor tissue specimens from mice of each group were collected at the
time of sacrifice, minced into 3 x 3 mm pieces and digested by Collagenase IV (1 mg/mL)
(Worthington Biochemical Corp. Lakewood, NJ, USA) at 37 °C for 1 h. The single-cell
suspension was obtained by filtering the digested tissue through a 40 um cell strainer.

2.11. Statistical analysis

In vitro data shown represent the mean = standard deviation (SD) of the results obtained in
at least three independent experiments, whereas the /in7 vivo data shown represent the mean
+ SEM of the results obtained in each group of mice. For the /n vitro data, comparisons
among groups were performed with one-way ANOVA followed by post-hoc Tukey’s test.
For the /n vivo data, comparisons among groups were performed using repeated-measures
two-way ANOVA followed by post-hoc Tukey’s test. Sphericity was not assumed. Survival
time was defined as the interval between the date of tumor cell inoculation and the date of
death/sacrifice. Survival curves were plotted using the Kaplan-Meier method. Differences
in survival among groups were analyzed by the log-rank test. All tests were two-tailed.

A pvalue of <0.05 was considered statistically significant. Statistical analyses and graph
generation were performed with GraphPad Prism, version 8.0 for Windows (GraphPad
Software, La Jolla CA, USA).

3. Results

3.1.

Identification and isolation of ALDH*CD133* CCSCs from CS cell lines

ALDH and CD133 have been independently reported as markers for CCSCs [19,20].
However, since the combination of ALDH and CD133 was considered better than

either marker alone to identify ovarian CSCs [22], the initial step was to establish

that the ALDH*CD133* subpopulation of CS cells was more enriched for cells with
CCSC properties than CS cells identified by only one of these two markers. Therefore,
ALDH*CD133*, ALDH*CD133", ALDH"CD133* and ALDH™CD133"~ cell populations
were sorted from SW1353 and CS-1 cell lines by FACS (Fig. 1A). Each population was
compared for /n vitrotumorigenicity using sphere formation assays (Fig. 1B). Sorted
SW1353 ALDH™CD133" cells produced the lowest number of spheres/well (2.33 £ 1.53)
and thus were considered as non-CSCs. In contrast, sorted SW1353 ALDH*CD133* cells
yielded the highest number of spheres/well (87.33 + 6.11) followed by ALDH*CD133"
cells (59.00 + 4.58) and ALDH™CD133" cells (28.67 + 3.05). A similar pattern was
observed in CS-1 cells. Sorted ALDH™CD133~ CS-1 cells produced the lowest number

of spheres/well (2.00 + 1.00) and were considered as non-CCSCs. In contrast, sorted CS-1
ALDH*CD133" cells produced the highest number of spheres/well (81.33 + 5.03) followed
by ALDH*CD133~ (54.00 + 2.00) and ALDH"CD133* (28.00 + 2.00). The data showed

Cancer Lett. Author manuscript; available in PMC 2022 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 7

that for both cell lines, the ALDH marker on its own is superior to CD133 for identifying
CCSCs (SW1353: 2.05-fold increase, p< 0.001; CS-1: 1.92-fold increase, p <0.001), but
the combination of ALDH*CD133* was the best marker for identifying CCSCs as it was
significantly better than ALDH* (SW1353: p< 0.001; CS-1: p< 0.001) (Fig. 1C). Each

cell population was sorted by FACS and then analyzed for expression levels of stemness
gene erb-b2 receptor tyrosine kinase 2 (ERBB2), MYC proto-oncogene, bHLH transcription
factor (c-myc), snail family transcriptional repressor 2 (SNAI2) encoded proteins, HER2,
c-MYC and SLUG, respectively, by Western blot (Fig. 1D). Consistently, ALDH*CD133*
cell populations in each cell line expressed the highest stemness gene encoded protein levels
compared to all other 3 cell populations (SW1353: p< 0.001; CS-1: p< 0.001) (Fig. 1E).

3.2. ALDH*CD133* CCSCs are IR resistant and radiation induces CCSCs in CS cell lines
in a dose dependent manner

3.3.

A single IR dose (8, 10 or 12Gy) inhibited the cell growth in both CS cell lines from
1.17-fold to 1.55-fold compared to untreated cells (o < 0.01). Conversely, following IR at
all three tested doses, percentages of ALDH*CD133* CCSCs increased in the SW1353 cell
line from 4.1% to 7.1-12.4% (p < 0.01) and in the CS-1 cell line from 3.2% to 7.8-10.9%
(p<0.001) in a radiation-dose dependent manner (Fig. 2A). The increased percentages

of CCSCs were caused by an increase in the absolute number of CCSCs accompanied by
8.3-23.7% decrease in total cell number in irradiated cells vs. untreated cells. Consequently,
the absolute numbers of ALDH*CD133* CCSCs increased in SW1353 (1.36-2.31-fold, p <
0.01) and CS-1 cells (1.85-2.65-fold, p < 0.001) compared to untreated cells, respectively
(Fig. 2B). This finding indicated that ALDH*CD133* CCSCs are resistant to IR and
moreover, IR induced the formation of new CCSCs or iCCSCs. Critically important to this
was that the increases in ALDH* CD133* CCSCs in both cell lines were found to be IR dose
dependent (p < 0.05) (Fig. 2B). The increased ALDH*CD133* CCSCs were persistently
detected from 24 to 72 h after a single IR dose 10Gy (Fig. 2C), and the post-IR increased
absolute numbers of ALDH*CD133* CCSCs remained from 24 to 72 h in SW1353 (1.68—
1.92 fold, p < 0.001) and CS-1 cells (1.99-2.20-fold, p < 0.001) compared to non-irradiated
cells (Fig. 2D).

DSF/Cu is cytotoxic to CS cells and a radiosensitizer of CS cells

Previously we reported that DSF/Cu induces apoptosis of breast and PDAC CSCs and

total cancer cells [12,13,16]. However, the effect of DSF/Cu on CS cells had yet to be
investigated. Thus, initially, the effect of DSF/Cu on CS cell viability was investigated using
MTT assays and the half maximal inhibitory concentration (ICgg) of DSF in the presence of
Cu (1 pM) was determined to be 0.14 uM (24 h); 0.13 uM (48 h) for SW1353 cells and 0.12
UM (24 h); 0.13 uM (48 h) for CS-1 cells (Fig. 3A). Next, the cytotoxic effect of DSF/Cu
on colony formation ability of CS cells was studied. Consistent with the MTT data, DSF/Cu
effectively inhibited colony formation in a dose dependent manner; at a concentration of
0.5/1 pM, colony formation was eliminated in both SW1353 and CS-1 cells (Fig. 3B and
C). Finally, DSF/Cu as a radiosensitizer for the two CS cell lines was investigated following
their treatment with IR + DSF/Cu (0.05/1 pM) using clonogenic survival assays. The dose
of DSF/Cu used was chosen based on pilot titrations to allow for colony formation of the
cells irradiated up to 6Gy. Clonogenic survival was significantly reduced with DSF/Cu as a
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radiosensitizer for both SW1353 (p< 0.01) and CS-1 cells (0 < 0.01). Although the ability
of colony formation of CS-1 cells was lessthan SW1353 cells when the same number of
cells seeded at 0Gy, both cell lines showed similar sensitivity to DSF/Cu (Fig. 3D and E).

3.4. DSF/Cu decreases ALDH*CD133* CCSCs and total CS cells in FIR treated CS cells

The ability of DSF/Cu to target preexisting CCSCs and iCCSCs of CS cell lines in a
clinically relevant RT [27] setting was investigated using FIR (2 Gy/d x 5 d) with DSF/Cu
at a dose chosen based on pilot titration experiments. FIR increased CCSCs from 4.25%
(untreated, preexisting CCSCs) to 10.1% (p < 0.001) in SW1353 cells and from 3.24%
(untreated) to 10.5% in CS-1 cells (p< 0.001) (Fig. 4A). Again, the increased percentage

of CCSCs was caused by an increase in the absolute number of CCSCs accompanied by a
1.15-fold decrease in the total cell number in irradiated cells vs. untreated cells: the absolute
numbers of ALDH*CD133" CCSCs were increased by FIR in SW1353 (2.24-fold, p<
0.001) and CS-1 (2.57-fold, p< 0.001) cell lines compared to untreated cells (Fig. 4B). In
contrast, DSF/Cu preferentially reduced the numbers of ALDH*CD133* CCSCs in SW1353
(3.69-fold, p< 0.001) and CS-1 (3.32-fold, p< 0.001) compared to its inhibitory effect on
total cells of SW1353 (1.73-fold, p< 0.001) and CS-1 (1.52-fold, p < 0.001). Strikingly,

the combination of DSF/Cu and FIR preferentially and profoundly reduced the numbers

of ALDH*CD133* CCSCs in SW1353 (16.68-fold, p < 0.001) and CS-1 (10.58-fold, p

< 0.001) cell lines and reduced the total CS cells in SW1353 (3.63-fold, p < 0.001) and
CS-1 (2.46-fold, p< 0.001) cell lines, as well (Fig. 4B). The underlying mechanism for this
synergetic effect on targeting CCSCs could be attributed to the ability of DSF/Cu to render
CCSCs as sensitive as non-CCSCs to radiation induced cell death and block formation of
FIR-induced CCSCs via NF-xB-stemness pathway [16].

3.5. Involvement of the NF-xB-stemness gene pathway in DSF/Cu + IR-mediated targeting
of stemness of CS cells

DSF/Cu targets breast and PDAC CSCs by inhibiting, in part, the NF-xB-stemness gene
pathway [12,13]. NF-xB plays a major role in regulating the expression of the stemness
genes, ERBB2, c-myc, SNAI2, which, respectively, encode the stemness transcriptional
factors of HER2, c-MYC, SLUG [28]. To determine if NF-xB is also involved in the
targeting of CCSCs by DSF/Cu + IR, the effect of DSF/Cu and IR on NF-xB p65 and

its regulated downstream stemness transcriptional factors in CS cells were investigated.
Significant decreases were detected of NF-xB p65 by DSF/Cu alone (SW1353 2.19-fold,
p<0.01; CS-1 2.26-fold, p< 0.05) and even more pronounced decreases with IR +
DSF/Cu treatment (SW1353 4.72-fold, p < 0.001; CS-1 9.15-fold, p< 0.001) as calculated
using ImageJ (Fig. 5A and B). As expected, IR increased expression of the stemness
transcriptional factors HER2 (SW1353 2.1-fold, p < 0.001; CS-1 1.4-fold, p< 0.001) and
SLUG (SW1353 1.4-fold, p< 0.05; CS-1 1.3-fold, p < 0.05) while c-MYC was reduced
(Fig. 5C and D).

In vitro treatment of irradiated CS cells with DSF/Cu significantly reduced the expression of
HER2 (SW1353 5.3-fold, p< 0.01; CS-1 6.8-fold, p< 0.001), c-MYC (SW1353 8.7-fold,
p<0.01; CS-1 5.5-fold, p< 0.001), SLUG (SW1353 4.0-fold, p< 0.01; CS-1 4.3-fold,

p < 0.001) compared to untreated CS cells (Fig. 5C and D). Additionally, NF-xBi (IMD
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0354) displayed similar downregulation of stemness transcriptional factors on its own or

in combination with IR, however, it was less effective than DSF/Cu as a single agent or
combined with IR in reducing stemness gene protein expression in the CS cell lines except
SLUG (Fig. 5C and D). Consistent with the data obtained from breast cancer cells [13],
treatment with the ROSi (NAC) with or without IR, did not have any effect on stemness
gene protein expression. Similar results were also obtained in CS cell lines with the CSC
functional property assay, namely, /n vitro sphere formation. Compared to untreated cells,
IR increased sphere formation of SW1353 cells by 77.9% (p < 0.01) and of CS-1 cells

by 84.0% (p <0.01), while IR + DSF/Cu significantly inhibited sphere formation by 95%
in both cell lines (v < 0.05 compared to any other treatment) (Fig. 6A and B). Likewise,
compared to untreated cells, IR + NF-xBi inhibited sphere formation by 52.2% (p < 0.01)
in SW1353 and 39.5% (p < 0.05) in CS-1 (Fig. 6C and D). In contrast, treatment with the
ROSi did not show any effect on sphere formation (o > 0.05), leading to the conclusion that
ROS does not seem to play a role in modulating the stemness gene pathway in CS cell lines
(Fig. 6C and D). These data indicate that inhibition of the NF-xB-stemness gene pathway is
partially responsible for DSF/Cu-mediated targeting of stemness of CS cells. Furthermore,
both DSF and Cu are needed in combination with IR to inhibit sphere formation, as DSF/Cu
worked significantly better than either agent alone (p < 0.05) (Fig. 6A and B). Compared

to untreated cells, sphere formation was persistently increased by 77.9% (24 h), 72.6% (48
h), and 70.8% (72 h) (SW1353, p< 0.01); 84.0% (24 h), 79.0% (48 h), and 74.1% (72 h)
(CS-1, p<0.01) after a single IR dose 10Gy. However, DSF/Cu was very effective, when it
was given either 24 h or 48 h or 72 h post-IR, in inhibition of IR-increased sphere formation
(Fig. 6E and F).

3.6. DSF/Cu and IR are more effective than IR alone in inhibiting growth and stemness of
CSin an orthotopic xenograft nude mouse model

3.7.

The efficacy of combining IR + DSF/Cu to target CCSCs cells /n vivowas investigated
using orthotopic CS xenografts bearing nude mice. The combination of IR + DSF/Cu
(95.6%) was found to be more effective in inhibiting primary CS xenograft growth in the
mice than IR + DSF (82.8%) or IR + vehicle (37.6%) vs untreated mice (p< 0.001),

(Fig. 7A, B, C). It is also worth noting that DSF/Cu or DSF-associated toxicity was not
observed in the mice using body weight as an indicator. Among all groups, the mice left
untreated had the most significant weight loss (p < 0.001), which correlated with tumor
burden/advanced disease associated cachexia (Fig. 7D). In contrast, DSF/Cu significantly
reduced IR-induced /n vivotoxicity while enhancing its efficacy, implicating DSF/Cu could
expand the therapeutic index of RT (Fig. 7B and C). Consistent with /n vitro findings,

the anti-tumor effect of IR + DSF/Cu compared to IR + DSF, IR alone or no treatment

was associated in the mice with a marked reduction in primary tumors of i) percentage of
ALDH*CD133* CCSCs (Fig. 7E and F), ii) sphere formation ability (Fig. 7G and H) and iii)
expression level of stemness gene encoded proteins (Fig. 71 and J).

DSF/Cu and IR are more effective than IR alone in prolonging survival of orthotopic

CS xenografts bearing NSG mice

Based on the promising /n vivo anti-tumor results (Fig. 7), the efficacy of combining IR +
DSF/Cu in improving survival was determined using orthotopic CS xenografts bearing NSG
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mice. As expected, the combination of IR + DSF/Cu was found to be more effective in
prolonging survival of CS bearing mice compared to IR alone (p< 0.01), or IR + DSF (p<
0.05). Post-CS cell inoculation, all untreated and IR alone (with-vehicle)-treated mice died
by day 89 (Untreated vs IR, p> 0.05), while 3/5 IR + DSF/Cu- and 1/5 IR + DSF- treated
mice remained tumor-free at day 200 (Fig. 8).

4. Discussion

A single marker CD133* or ALDH™ was used to identify CCSCs previously [20,21]. This
study determined that double-marker identified ALDH*CD133* cells rather than single-
marker identified ALDH* or CD133* cells were more definitive in identifying CCSCs (Fig.
1) in CS cell lines. Other markers also have been used to identify mesenchymal stem

cells (MSC) in chondrosarcoma, including but not limited to CD44, CD271, CD49bhigh/
CD10'%%/CD221 (multipotent MSC), and CD49b!°%/CD10M9"/CD221!°W (a fibroblastic
lineage) [29]. Therefore, markers ALDH*CD133* should be compared side-by-side to other
available MSC markers to assess if they somewhat overlap in identifying CCSCs or in
some combination define CCSC more definitively. Consistent with previous findings of
the radioresistant nature of CSCs in multiple types of epithelial carcinomas [11-13], the
results reported here establish that CSCs in CS, a cancer of mesenchymal origin, are also
radioresistant and contribute to the CS radioresistance. Furthermore, it was demonstrated
that the absolute number of CCSCs in CS cell lines increased in response to radiation
regardless of whether single-dose radiation or the clinical setting FIR was used /n vitro and
in vivo. In other words, radiation induced new CCSCs from non-CCSCs. This radiation
induced stemness of CS was confirmed by increased levels of stemness transcriptional
factors HER2 and SLUG as well as sphere formation in the two CS cell lines analyzed
(Figs. 5 and 6). These findings are consistent with the previous reports involving irradiated
breast cancer, PDAC, and hepatocellular carcinoma cells [12,13,30,31], and emphasize the
importance of targeting preexisting radioresistant CCSCs and blocking formation of new
radiation induced CCSCs. Additionally, the results imply that radiation may induce CSCs
in other types of mesenchymal tumors, such as soft tissue and other bone sarcomas, some
of which are frequently treated by radiation [32,33]. Thus, research in targeting preexisting
CSCs and blocking radiation-induced CSCs is urgently needed to provide insights and
guidance on the rational design of more effective radiation-based therapies for tumors of
mesenchymal origin.

The repurposing of DSF in combination with Cu?* as a radiosensitizer of cancer has two
significant advantages over other approaches. DSF has been FDA-approved for decades and
used safely in the treatment of alcoholism at 250 mg/daily for months to years [34,35],
resulting in a serum concentration of <2 uM [36]. Cu2* plasma concentration of 1 pM is
within normal limits [37] and can be achieved by 1-2 mg of oral copper gluconate as a
dietary supplement. DSF/Cu as monotherapy was shown to be cytotoxic to CS cells at an
ICgq of <0.15 (DSF)/1(Cu)uM. When combined with single-dose radiation, DSF/Cu, at the
very low dose of 0.05/1 uM, significantly radiosensitized the two tested CS cell lines and,
particularly CCSCs (Fig. 3). The combination of DSF/Cu (0.15/1 uM) and FIR preferentially
and significantly decreased ALDH*CD133* CCSCs /n vitro (~11-17-fold) while reducing
total cells to a lesser extent (< 4-fold). Conversely, FIR increased ALDH*CD133* CCSCs
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(> 2-fold) in CS cells compared to untreated CS cells (Fig. 4). Additionally, the combination
of DSF/Cu and single-dose radiation eliminated almost all sphere forming cells /n vitro (Fig.
6).

In in vivo orthotopic CS xenograft nude mouse model studies, IR + DSF/Cu was
significantly more effective in inhibiting primary CS xenograft growth in mice than either

IR + DSF or IR + vehicle, in the absence of toxicity, a clear indication of its potential

to enhance the therapeutic index of RT (Fig. 7). Providing a low amount of exogenous

Cu2* to mice was necessary in this study as the efficacy of DSF with exogenous Cu2*

was significantly better than in mice not receiving exogenous Cu?*. However, in the future,
the dose of exogenous Cu2* needs to be chosen carefully in order to avoid excess Cu, as
tumors usually have elevated Cu?* levels, which can promote cancer [38,39]. The anti-tumor
efficacy of IR + DSF/Cu correlated inversely with stemness present in the treated established
CS cell lines and primary xenografts, as indicated by significant decrease in the expression
of NF-xB pathway-regulated transcriptional factors HER2, c-MYC and SLUG. These
results were similar to the use of NF-xBi which down-regulated IR-induced HER2, c-MYC,
and SLUG expression (Fig. 5) [12, 13,28,40]. Moreover, IR + DSF/Cu was significantly
more effective in prolonging survival of CS bearing mice compared to either IR alone or IR
+ DSF (Fig. 8). It is noteworthy that it took a much shorter time to form tumor post-SW1353
cell inoculation in NSG (7 weeks) than in nude mice (11 weeks); and that the survival time
was shorter for untreated CS bearing NSG (13 weeks) than nude (28 weeks) mice. This may
indicate that the immune system plays an important role in controlling CS formation and
growth as NSG mice are more immunodeficient than nude mice [41]. It is also notable that
CS-1 cells (2 x 108/mouse) failed to form subcutaneous (s.c.) tumor in nude or NSG mice.
This finding contradicted what was found before when CS-1 cells (1 x 108/mouse) formed

s. ¢. tumor in nude mice shortly after cell inoculation [24]. This may have been caused by
multiple /in vitro cell passages.

Currently, there is great interest in repurposing DSF for cancer therapy. The recent
epidemiological study by Sadhukha et al. spanning 13 years, reported the exciting result
that DSF (250mg/daily) reduced mortality in cancer patients by 34% compared to patients
who did not use DSF after their cancer diagnosis [42]. The authors also discovered that
the main metabolite of DSF, diethyldithiocarbamate (DTC) formed complexes with Cu,
and that its anti-cancer effect was due to NPL4-p97 pathway targeting and blocking a
step upstream of the proteasome and multiple regulatory and stress-response pathways

in cells. Our recent independent study also found that DSF/Cu induces endoplasmic
reticulum stress by activating the IRE1a.-XBP1 pathway, which is partially responsible
for induction of autophagy-dependent apoptosis of cancer cells [25]. Therefore, research
that focuses on stress responses to cancer therapy of CSCs vs non-CSCs is needed to shed
light on the mechanism(s) of DSF/Cu when combined with radiation, chemotherapy and
chemoradiation.

Radiation resistance compromises clinical outcomes of incompletely resected or inoperable
CS. Currently there are at least 9 clinical trials that are actively recruiting CS

patients (NCT04340843, NCT04278781, NCT02821507, NCT04040205, NCT04521686,
NCT02389244, NCT03277924, NCT03173976 and NCT01182753) [43], most of which
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are targeted therapy, epigenetic therapy or immunotherapy with or without chemotherapy.
Among these trials, the only one involving RT, is a Phase 111 trial of proton versus carbon ion
RT in patients with CS of the skull base (NCT01182753). The in vitroand in vivo data of the
present study firmly established the concept of repurposing DSF and Cu as a radiosensitizer
for CS because it effectively targets radioresistance and IR-induced stemness in CS cells.
Furthermore, the results presented herein can be readily translated into clinical trials for CS
patients who require RT for improvement of their clinical outcomes.

In conclusion, CCSCs are radioresistant and radiation induces stemness in CS cell lines.
DSF and Cu2* are both readily available and affordable and were shown in these preclinical
studies to be effective CCSCs radiosensitizers. Their application resulted in profound anti-
tumor activity in orthotopic CS xenografts bearing mice, as measured by tumor volume
and survival. Additionally, DSF/Cu significantly reduced IR-induced /n vivotoxicity while
enhancing its efficacy, implying that DSF/Cu could expand the therapeutic index of RT.
These results provide a solid foundation for clinical trials for CS patients requiring RT.

This work was supported by the National Institutes of Health (grant RO1ICA226981-01A1, X.W.) and the China
Scholarship Council (CSC No. 201906370234, K.W.).

Abbreviations

ALDH aldehyde dehydrogenase

ATCC American Type Culture Collection
AO acridine orange

BSA bovine serum albumin

CM complete medium

Cs chondrosarcoma

CsC cancer stem cell

CCsC chondrosarcoma cancer stem cells
DEAB N,N-diethylaminobenzaldehyde
DSF disulfiram

DTC diethyldithiocarbamate

ER endoplasmic reticulum

FACS fluorescence-activated cell sorting
FDA Federal Drug Administration

FIR fractionated irradiation
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iCSC induced cancer stem cell
1Cxg half maximal inhibitory concentration
i.p. intraperitoneal
mAb monoclonal antibody
MSC mesenchymal stem cells
NAC N-Acetyl-L-cysteine
NF-xB nuclear factor kappa B
PARP Poly ADP-ribose polymerase
PE plating efficiency
PDAC pancreatic ductal adenocarcinoma
ROS reactive oxygen species
ROS reactive oxygen species inhibitor
RT radiotherapy
SC stem cells
SD standard deviation
SEM standard error of the mean
SF surviving fraction
TBST Tris Buffered Saline with 0.1% Tween® 20
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Fig. 1. The ALDH* CD133* CS phenotypeis superior to other phenotypesin identifying CCSCs.
Human CS cells (6 x 106) were stained for intracellular ALDH activity and cell surface

CD133 expression and then FACS sorted for the indicated subpopulations (A). Sorted cells
were seeded (600 cells/well) in 24-well ultra-low attachment surface plates and cultured for
sphere formation. Pictures of spheres were taken on day 18 (SW1353) or 11 (CS-1) (B). The
mean + SD of spheres/well are shown (C). Sorted cells were lysed and analyzed by Western
blot for expression levels of stemness gene encoded proteins HER2, c-MYC and SLUG (D).
The mean = SD of band density of each protein from 3 independent blots (while the protein
expression level of ALDH*CD133™ cells was standardized to a value of 1) are shown (E). *
indicates p <0.05, ** indicates p <0.01, *** indicates p <0.001.
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Fig. 2. ALDH* CD133" CCSCsare|R resistant and IR induces CCSCsin a dose dependent
manner.

Cells were seeded (1 x 10° cells/2 mL culture medium/well) in 6-well plates and incubated
for 24 h, followed by IR with 8Gy, 10Gy, 12Gy, and either cultured for an additional 24 h
or IR with 10Gy and cultured for an additional 24 h, 48 h, or 72 h. The treated cells were
harvested and analyzed for ALDH*CD133" cells. The total number of cells was counted
using the Trypan blue exclusion method. ALDH*CD133* cells were calculated based on the
total cell number and percentage of ALDH*CD133* cells detected by flow cytometry (A,
C). The mean + SD of absolute cell numbers of total cells and ALDH*CD133" cells are
shown (B, D). * indicates p < 0.05, ** indicates p< 0.01, *** indicates p < 0.001.
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Fig. 3. DSF/Cuiscytotoxicto CS cellsand aradiosensitizer of CScells.
Cell growth inhibition in response to DSF/Cu treatment in SW1353 and CS-1 cell lines

at indicated doses of DSF (UM) and a fixed dose of copper gluconate (Cu 1 pM) was
evaluated by MTT assays. The ICsq values of DSF in the presence of Cu for each CS cell
line at different time points are shown (A). Clonogenic survival of CS cells after treatment
with DSF/Cu for 24 h. Colonies were counted 10 days after treatment (B). The surviving
fraction of cells after DSF/Cu treatment was calculated using the number of untreated cell
colonies as 100% (C). Clonogenic survival of CS cells treated with DSF/Cu (0.05/1 uM)
for 24 h after being irradiated once at indicated doses. Colonies were counted 10 days after
treatment (D). The surviving fraction of cells after IR alone vs. IR + DSF/Cu is shown (E).
** indicates p< 0.01.
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Fig. 4. The combination of FIR and DSF/Cu is mor e effective than either treatment alonein
targeting ALDH™ CD133" CCSCsand non-CCSCs.

Cells were seeded (1 x 10° cells/2 mL culture medium/well) in 6-well plates and incubated
for 24 h. FIR (2 Gy/day x 5) were delivered to the cultured cells. Next day, the irradiated
cells were harvested, seeded and incubated as described above, followed by treatment with
DSF/Cu (0.15/1 uM) for an additional 24 h. The treated cells were harvested and analyzed
for ALDH*CD133* cells. The total number of cells were counted using the Trypan blue
exclusion method, ALDH*CD133* cells were calculated based on the total cell number and
% ALDH*CD133" cells detected by flow cytometry (A). The mean + SD of absolute cell
numbers of total cells and ALDH*CD133™ cells are shown (B). * indicates p < 0.05, ***
indicates p < 0.001.
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Fig. 5. DSF/Cu and IR downregulate expression of stemness gene encoded proteinsin CS cells.
SW1353 and CS-1 cells were irradiated (10Gy) and cultured for 24 h, followed by treatment

with DSF/Cu (0.15/1 uM) for an additional 24 h. Treated cells were lysed and analyzed

by Western blot for expression levels of NF-xB p65 (A, B) and of NF-xB regulated
downstream-stemness gene encoded proteins HER2, c-MYC and SLUG (C, D). NF-xBi
(IMD 0354, 1 uM) and ROSi (NAC, 10 pM) were used on CS cells simultaneously

but separately from DSF/Cu. The mean + SD of band density of each protein from 3
independent blots (while the protein expression level of untreated cells was standardized to a
value of 1) are shown (B, D). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p <
0.001.
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Fig. 6. DSF/Cu and IR deplete CCSCs as measured by sphere formation ability.
SW1353 and CS-1 cells were seeded (1 x 10° cells/2 mL culture medium/well) in 6-well

plates and incubated for 24 h. Then the cells were irradiated (10Gy) and cultured for 24 h,
followed by treatment with DSF/Cu (0.15/1 uM) or NF-xBi (IMD 0354, 1 pM) or ROSI
(NAC, 10 uM) for an additional 24 h. Then the cells were harvested and seeded (1000
cells/well) in 24-well Ultra-low attachment surface plates and cultured for sphere formation.
Pictures of spheres were taken on day 18 (SW1353) and 11 (CS-1) (A, C) and quantified

by counting sphere numbers per well (B, D). The 10Gy irradiated cells were cultured for 24
h or 48 h or 72 h, followed by treatment with DSF/Cu (0.15/1 pM) for an additional 24 h
before the sphere formation assay was performed. Pictures of spheres (E) and mean + SD
of sphere number per well (F) at different time points are shown. * indicates p < 0.05, **
indicates p < 0.01, *** indicates p < 0.001.
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Fig. 7. DSF/Cu + IR is effectivein controlling growth of orthotopic CS xenogr aftsin nude mice.
Eleven weeks after SW1353 cell orthotopic inoculation, tumors were detected by X-Ray.

Mice were divided randomly into 4 groups (n = 4) and the treatments were initiated as
indicated. Radiographs of tibia tumors before and after treatment are shown (A). Mean
tumor volumes of each group £ SEM and p values for comparison between groups are
shown (B, C). To monitor toxicity of each treatment, mouse body weight was measured
once weekly, the mean + SEM of each group at different weeks after treatment are shown
(D). When tumor diameters from the untreated mice reached 2 cm, all mice were sacrificed
(week 28). All isolated primary tumors were collected for further analysis: A single cell
suspension from 3 pooled tumor tissue samples of each group (tumors from 4 mice of the
same group were pooled into 3 pools: two pools from a single different mouse and one pool
from the other 2-mouse tumor tissue samples) was analyzed for ALDH* CD133* CCSCs by
flow cytometry (E) and mean + SD (%) of ALDH*CD133* CCSCs are shown (F); sphere
formation on day 18 after seeding cells obtained freshly from CS xenograft tumors (G) and
mean + SD of number of spheres per well (H) are shown. Lysates of tumor tissues pooled
from all 4 mice per group were used for Western blot to detect expression levels of stemness
gene encoded proteins HER2, c-MYC and SLUG (). And the mean + SD of band density
of each protein from 3 independent blots (while the protein expression level of untreated
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tumors was standardized to a value of 1) are shown(J). * indicates p < 0.05, ** indicates p <
0.01, *** indicates p < 0.001.
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Fig. 8. DSF/Cu + IR is effectivein increasing survival of orthotopic CS xenogr afts bearing NSG
mice.

Seven weeks after SW1353 cell orthotopic inoculation, tumors were detected by X-Ray (A).
Mice were divided randomly into 4 groups (n = 5) and the treatments were initiated as
indicated. Survival curves of each group of mice are shown (B). * indicates p < 0.05, **
indicates p < 0.01.
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