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Despite the advance in medications in the past decade, aggres-
sive breast cancer such as triple-negative breast cancer is diffi-
cult to treat. Here, we examined a counter-intuitive approach
to converting human bone marrow-derived mesenchymal
stem cells (MSCs) into induced tumor-suppressing cells by
administering YS49, a PI3K/Akt activator. Notably, PI3K-acti-
vated MSCs generated tumor-suppressive proteomes, while
PI3K-inactivated MSCs tumor-promotive proteomes. In a
mouse model, the daily administration of YS49-treated MSC-
derived CM decreased the progression of primary mammary
tumors as well as the colonization of tumor cells in the lung.
In the ex vivo assay, the size of freshly isolated human breast
cancer tissues, including estrogen receptor positive and nega-
tive as well as human epidermal growth factor receptor 2
(HER2) positive and negative, was decreased by YS49-treated
MSC-derived CM. Hsp90ab1 was enriched in CM as an atypical
tumor-suppressing protein and immunoprecipitated a non-
muscle myosin, Myh9. Extracellular Hsp90ab1 and Myh9 ex-
erted the anti-tumor action and inhibited the maturation of
bone-resorbing osteoclasts. Collectively, this study demon-
strated that the activation of PI3K generated tumor-suppres-
sive proteomes in MSCs and supported the possibility of using
patient-derived MSCs for the treatment of breast cancer and
bone metastasis.

INTRODUCTION
As Newton’s third law of motion indicates, an opposite reaction for
every action and Darwin’s law of natural selection necessitates a sur-
vival-of-the-fittest competition, many cancer cells tend to develop
resistance to chemotherapeutic agents in a ferocious environment.
In exploring a novel therapeutic option for advanced cancer, we eval-
uated a counter-intuitive, yet rational strategy by considering the
reversed reaction and a survival-of-the-fittest rivalry of cancer cells.
Here, we reported converting mesenchymal stem cells (MSCs) into
tumor-suppressive cells by activating oncogenic signaling, using
breast cancer and bone metastasis as a model system. In the United
States, breast cancer is the most frequently diagnosed cancer for
women and approximately 13% of U.S. women succumb to invasive
breast cancer in their lifetime. The death rates in the United States are
the highest among all cancers except for lung cancer, because of its
metastases to other organs such as the lungs, brain, and bones.1,2
360 Molecular Therapy: Oncolytics Vol. 26 September 2022 ª 2022 Th
This is an open access article under the CC BY-NC-ND license (http
To prevent the progression of primary tumors as well as tumor-
induced bone destruction, we have previously developed a counter-
intuitive approach to convert osteocytes, MSCs, and even tumor cells
into tumor-suppressing cells.3–5 Paradoxically, tumorigenic pathways
such as Wnt and PI3K/Akt signaling were activated in host cells that
generated tumor-suppressive, bone-protective proteomes. We named
those engineered cells induced tumor-suppressing cells (iTSCs) and
applied their conditioned medium (CM) for preventing tumor pro-
gression and tumor-induced bone loss.6

Cancer cell secretomes contain varying signals from cancer cells to the
extracellular domain. They generally promote tumor progression and
metastasis through varying mechanisms, such as metabolic alter-
ations and immunosuppression.7 Diagnostic and prognostic bio-
markers can be identified in the secretomes since they can build a tu-
mor microenvironment and induce chemoresistance.8–10 For
instance, it is reported that the application of doxorubicin enriches
oncogenic proteins in the secretomes.11 It is recently reported that
cancer cells release succinate, a key intermediate in metabolism,
that can promote tumor progression andmetastasis.12 Besides soluble
biomolecules, including signaling factors, cytokines, and othermetab-
olites, the secretomes also include exosomes with varying RNA com-
ponents.13 One caution in interpreting the role of cancer cell secre-
tomes is context dependence. Our group has shown that proteins
such as a heat shock protein, Hsp90ab1, act as a tumor promoter
intracellularly and a tumor suppressor extracellularly.5 By contrast,
high mobility group box protein 1 is known to serve as a tumor sup-
pressor in the cytoplasm and a tumor promoter in the extracellular
domain.14

The generation of iTSCs resembles cell competition during the organ-
ogenesis of Drosophila melanogaster, where mutant less-fit cells are
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eliminated by wild-type cells.15 For instance, cells in a Drosophila eye
disc with higher protein synthesis are reported to eliminate their
neighboring cells with lower fitness.16 Cell culture studies also sup-
port the presence of secreted signals that mediate cell competition.17

As a novel option for cancer treatment, we developed iTSCs as cells
with higher fitness and applied their CM to inhibit tumor progression.
The anti-tumor action of CM was resistant to nuclease treatment and
filtering with a 3-kD cutoff, and we thus focused on the proteomes as
anti-tumor agents.18 Since the previous work was mainly conducted
using mouse cells, the question herein was whether human-derived
MSCs, which have been used in regenerative medicine and can be har-
vested from bone marrow,19 would be used to generate iTSCs and tu-
mor-suppressive proteomes. We examined commercially available
human MSCs, as well as adherent cells isolated from a human bone
marrow aspirate-derived MSC (BMSCs). While MSCs have been
shown to promote tumor progression andmetastases,20,21 it is also re-
ported that they could inhibit tumor growth by secreting soluble
factors.22,23

Besides testing the anti-tumor capability of iTSCs using in vitro sys-
tems and a mouse model, we applied BMSC-derived CM to freshly
isolated human breast cancer tissues. This ex vivo assay is a precur-
sor to a clinical trial. Because of the potential dependence of anti-tu-
mor efficacy on the types of hormonal receptors, we used both es-
trogen receptor (ER)-positive and negative as well as human
epidermal growth factor receptor 2 (HER2) positive and negative.
We also used human breast-derived epithelial cells as non-tumor
control cells and evaluated tumor-selective inhibition of PI3K-acti-
vated CM.

In iTSC CMs in our previous studies, a group of well-known tumor-
suppressing proteins, such as p53 and Trail, as well as atypical tu-
mor suppressors such as polyubiquitin C, enolase 1, moesin, and
Hsp90ab1 (Hsp90beta), have been identified and characterized.4,6

The latter group of tumor-suppressing proteins is mostly moon-
lighting, and their anti- and pro-tumorigenic actions depend on
their extracellular and intracellular locations. For instance, the over-
expression of Lrp5, a Wnt coreceptor, in breast cancer cells is re-
ported to enhance tumorigenic phenotypes, whereas its overexpres-
sion in osteocytes strengthens the anti-tumor action of osteocytes.5

Although multiple lines of evidence support a tumorigenic role of
Hsp90ab1,24 we evaluated its paradoxical, anti-tumor action in the
extracellular domain. Using the proteins that were coimmunopreci-
pitated with Hsp90ab1, we conducted mass spectrometry-based
whole-genome proteomics. While Hsp90ab1 is a molecular chap-
erone that stabilizes client proteins, it is often upregulated in cancer
cells and their level correlates with malignancy.25 It has been shown
that extracellular Hsp90ab1, secreted from osteosarcoma cells, in-
hibits the activation of latent transforming growth factor (TGF)
b.26 Furthermore, it has multiple binding partners and assists their
structural integrity.27 The mass spectrometry-based proteomics
analysis in this study revealed its interactions with cytoskeletal pro-
teins such as tubulin, actin, and myosin, as well as other heat shock
proteins (Hsp90aa1, Hspa8).
In this study, we evaluated the role of extracellular myosin and actin,
cytoskeletal elements, in the tumor-suppressive proteomes. Myosins
compose of a superfamily of motor proteins that are responsible for
actin-based motility. They are also involved in various tumorigenic
processes, including cell adhesion, cell migration, cytokinesis, and
cell polarity.28 In this study, Hsp90ab1 co-immunoprecipitated
myosin heavy chain 9 (Myh9), which generates non-muscle myosin
II.29 While Myh9 is known to act as a tumor suppressor in head
and neck and skin tumors, it is also shown to behave as an oncogene
in other solid tumors.30 A high level of Myh9 is also reported in many
malignant tumors, including breast cancer and leukemia. We
observed that extracellular Myh9 served as a tumor suppressor
together with Hsp90ab1 in triple-negative breast cancer, as well as
the inhibitor of bone-resorbing osteoclasts. Collectively, the results
shed new insight into the anti-tumor action of PI3K-activated
MSCs with multi-tasking Hsp90ab1 and Myh9.

RESULTS
Tumor-suppressing effects of YS49 MSC-derived CM

Human MSCs were treated with 20 mM YS49 for 1 day, and the anti-
tumor capability of their CM was examined. The result with MDA-
MB-231 breast cancer cells revealed that YS49 MSC CM reduced
MTT-based viability, EdU-based proliferation, scratch-based
motility, and transwell invasion (Figures 1A–1D). The decrease in
MTT-based viability, EdU-based proliferation, and transwell invasion
was also observed in MDA-MB-436 breast cancer cells (Figures 1E–
1G) and MCF7 breast cancer cells (Figure S1).

We also used a bone marrow aspirate from a healthy individual. Cells
were suspended in a culture medium and adherent cells were collected
as BMSCs. Of note, BMSCs included all adherent cells such as fibro-
blasts, macrophages, and endothelial progenitor cells. BMSCs were
treated with 20 mM YS49 and the anti-tumor capability of their CM
(YS49 BMSC CM) was examined. The results were consistent with
the MSC results. In MDA-MB-231 cells, YS49 BMSC CM decreased
EdU-based proliferation, as well as transwell invasion (Figures2A and
2B). Furthermore, it decreased the ability of metabolic activity, prolif-
eration, and invasion of MDA-MB-436 cells (Figures 2C–2E) and
MCF7 breast cancer cells (Figure S2). Besides treatment with YS49,
the overexpression of Akt in BMSCs also induced the anti-tumor ef-
fects to MDA-MB-231 cells (Figure S3).

Tumor-promoting effects or undetectable tumor-suppressing

effects of BKM120-treated MSC/BMSC-derived CM

While YS49-derived MSC/BMSC CM showed tumor-suppressing ef-
fects, the effects of BKM120, a PI3K inhibitor, did not present any
anti-tumor actions. Notably, BKM120-treated MSC-derived CM pro-
moted MTT-based viability, EdU-based proliferation, scratch-based
motility, and transwell invasion of MDA-MB-231 cells. Also,
BKM120-treated BMSC-derived CM promoted the viability and pro-
liferation of MDA-MB-231 cells, and any changes were undetectable
in scratch-based motility and transwell invasion (Figures 3A–3D). No
significant effect was observed in MDA-MB-436 cells by BKM120-
treated MSC/BMSC CM (Figures 3E and 3F).
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Figure 1. Tumor-suppressing effects of YS49-

treated MSC-derived CM (YS49 MSC CM)

CN, control. *p < 0.05 and **p < 0.01. (A–D) Reduction in

MTT viability, EdU cell proliferation, scratch-based

motility, and cross-membrane invasion of MDA-MB-231

breast cancer cells by YS49 MSC CM. (E–G) Reduction in

MTT metabolic activity, EdU cell proliferation, and cross-

membrane invasion of MDA-MB-436 cells by YS49

MSC CM.
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Tumor-suppressing capability in vivo by YS49-treated MSC/

BMSC-derived CM

We next evaluated the effect of the application of YS49-treated MSC/
BMSC CM on mammary tumors and lung metastasis. In the NSG fe-
male mouse model, the 2-week daily intravenous injection of YS49-
treated MSC/BMSC CM from the tail vein significantly decreased
the size and weight of mammary tumors (Figure 4A).

We also examined the suppressive effect on the tumor invasion. Using
NSG female mice, MDA-MB-231 cells were introduced via intra-car-
diac injection and their invasion to the lung was histologically exam-
ined. While a significant number of tumor cells were detected in the
lung of the placebo group, the daily YS49 CM injection for 3 weeks
substantially decreased the size of tumor-invaded lung areas
(Figure 4B).
362 Molecular Therapy: Oncolytics Vol. 26 September 2022
Tumor selectivity

We have so far shown that YS49 CM presents tu-
mor-suppressive capabilities for primary mam-
mary tumors as well as secondary invasion to the
lung. We next examined the effect of these CMs
on non-cancer epithelial cells in vitro. Here, we
defined tumor selectivity as the ratio of the reduc-
tion of MTT viability between tumor and non-tu-
mor cells. If the ratio is greater than 1, the
inhibition is selective to tumor cells compared
with non-tumor cells. Using two breast cancer
cell lines (MDA-MB-231 and 436) and two non-
cancer epithelial cells of breast origin (KTB6-
hTERT and KTB34-hTERT), we observed that
the tumor selectivity was greater than 1 with
YS49MSC/BMSCCM (Figures 4C and 4D), indi-
cating thatCM’s inhibitory effectswere selective to
tumor cells.

Inhibition of osteoclast development

In addition to the capability of tumor suppres-
sion, we further examined the effect of YS49
CM on the development of bone-resorbing oste-
oclasts. In bone metastasis associated with breast
cancer, mature osteoclasts play a major role in
tumor-induced osteolysis. The treatment of
RAW264.7 pre-osteoclasts with 40 ng/mL
RANKL stimulated the formation of multi-
nucleated mature osteoclasts in 4 days (Figures 5A and 5B). However,
their incubation with YS49 MSC/BMSC CM inhibited the develop-
ment of multinucleated mature osteoclasts. Of note, CM without
YS49 treatment did not alter the fate of osteoclasts. Consistently,
YS49 MSC/BMSC CM decreased the level of NFATc1, a critical tran-
scription factor in osteoclast differentiation, as well as cathepsin K, a
proteinase that plays a pivotal role in osteoclast-mediated bone resorp-
tion (Figures 5C and 5D). By contrast, BKM120-treated MSC/BMSC
CM did not show an inhibitory effect (Figures 5E and 5F).

Shrinkage of human breast cancer fragments by YS49 CM

So far, in vitro and in vivo results support the suppression of tumor
progression and invasion, as well as bone resorption using triple-
negative breast cancer cells and pre-osteoclasts. We then tested the
effect of YS49 CM on the growth of freshly isolated human breast
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Figure 2. Tumor-suppressing effects of YS49-

treated bonemarrowMSC-derived CM (YS49 BMSC

CM)

(A, B) Reduction in EdU cell proliferation, and cross-

membrane invasion of MDA-MB-231 cells by YS49 BMSC

CM. (C–E) Reduction in MTT viability, EdU proliferation,

and transwell invasion of MDA-MB-436 cells by YS49

BMSC CM. CN, control. **p < 0.01.
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cancer tissues ex vivo. Four different tissues (ER+/PR+/HER–, ER+/
PR–/HER–, ER–/PR+/HER+, and ER–/PR–/HER+) were incubated
in two YS49 CMs, derived from MSCs and BMSCs. These tissues
included both ER positive and negative and HER2 positive and nega-
tive. Notably, regardless of the selected hormonal receptor status, the
size of all tissue fragments was significantly decreased after 96 h
(Figures 6A–6D).

Hsp90ab1 and myosin 9 as tumor suppressors

In our previous study,Hsp90ab1was identified as one of themost influ-
ential tumor suppressors in Akt-overexpressedMSC-derived CM.5 Us-
ing mass spectrometry-based proteomics analyses, we thus focused on
the identification of its partner proteins using immunoprecipitation.
Since Hsp90ab1 acted as a tumor suppressor in the extracellular matrix
(ECM) domain, we focused on the proteins mostly located in the ECM
of MDA-MB-231 breast cancer cells. Of note, the protein extract we
used also contained cytoplasmic proteins that were derived from
damaged cells during protein collection. Of 1,597 proteins identified
by mass spectrometry, a short list of 13 proteins, whose relative abun-
dance score was greater than 50, was selected (Figure 7A). A list of 64
proteins, whose score was greater than 20, was also provided
(Table S1). On the short list, three major groups of proteins were
Molecular The
included, such as heat shock proteins (Hsp90aa1
andHspa8), previously identified tumor-suppres-
sor proteins in iTSCs (Eef2 and Eno1),3 and skel-
etal proteins (Actb, tubb4d, and Myh9). In this
study, we evaluated the role of Actb (b-actin)
and Myh9 (myosin 9) in tumor progression
because of their potential linkage to ECM.

Western blotting confirmed that b-actin and
Myh9 immunoprecipitated withHsp90ab1 (Fig-
ure 7B). We observed that recombinant Myh9
proteins acted as a tumor suppressor and
reduced viability, proliferation, 2-dimensional
motility, and invasion of MDA-MB-231 breast
cancer cells (Figures 7C–7F). Interestingly,
Myh9 andHsp90ab1 also inhibited the multinu-
cleation of RANKL-stimulated RAW264.7 pre-
osteoclasts and deregulated NFATc1 and
cathepsin K (Figures 7G and 7H). By contrast,
Actb did not show any detectable tumor-sup-
pressive capabilities (Figures 7C–7F).
Hsp90ab1 and Myh9 at 1–10 mg/mL acted as potent tumor suppres-
sors in a dose-dependent fashion and their tumor-suppressive effect
was additive (Figures 8A and 8B). Notably, the tumor-suppressive ef-
fect of Hsp90ab1 was not suppressed by silencing Myh8 in MDA-
MB-231 and -436 breast cancer cells, indicating that Myh9 in tumor
cells did notmediate Hsp90ab1-driven anti-tumor ability (Figure 8C).
Since Myh9 was not detected in iTSC CM (Figure S4A), the result
suggests that Myh9 in the ECM contributes to the suppression of tu-
mor progression. The ELISA-based concentrations of Myh9 in the
ECM-enriched protein extract of MDA-MB-231 and 436 breast can-
cer cells are shown (Figure S4B).

DISCUSSION
This study presented that human MSCs and bone marrow aspirate-
derived MSCs (BMSCs) can be used to generate iTSCs by activating
PI3K/Akt signaling with a pharmacological agent, YS49. YS49 CM
acted as tumor-suppressive proteomes and decreased the prolifera-
tion, migration, and invasion of MDA-MB-231 and 436 breast cancer
cells. It also decreased the size of freshly isolated breast cancer tissues
with four different hormonal receptor types.31 Furthermore, YS49
CM suppressed the progression of mammary tumors and the tumor
colonization in the lung of NSG mice. Collectively, this study showed
rapy: Oncolytics Vol. 26 September 2022 363
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Figure 3. Tumor-promoting or no detectable effects

by BKM120-treated MSC/BMSC-derived CM

(A–D) Increase in MTT viability, EdU cell proliferation, two-

dimensional motility, and cross-membrane invasion of

MDA-MB-231 cells in response to BKM120 MSC CM, as

well as the promotion of MTT viability and EdU cell prolif-

eration in MDA-MB-231 breast cells in response to

BKM120 BMSC CM. (E–F) No significant effect in MTT

viability and transwell invasion of MDA-MB-436 cells by

BKM120 MSC/BMSC CM. CN, control. *p < 0.05 and

**p < 0.01.
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for the first time the possibility of developing iTSCs and their tumor-
suppressive proteome from the bone marrow aspirate of a patient
with breast cancer.

In our previous studies using osteocytes, MSCs, and cancer cells in the
breast, prostate, and pancreas, we generated iTSCs by overexpressing
b-catenin and Lrp5 in Wnt signaling.4,5 The whole-genome prote-
omics analyses predicted a list of atypical tumor-suppressing protein
candidates. Extracellular Hsp90ab1 was one of the tumor-suppressing
proteins frequently enriched in those iTSC CMs, together with
enolase 1, moesin, and ubiquitin C.3,32 Interestingly, many of them
function as tumor suppressors in the extracellular domain, while
they serve as tumor promoters in the intracellular domain. Hsp90ab1
and Hsp90aa1 are evolutionarily conserved molecular chaperones in
the Hsp90 family,33 and they are present in the extracellular domain
and exosomes.34 It is reported that Hsp90ab1 suppresses the produc-
tion of active TGFb, which stimulates tumor-induced osteolysis.26,32

We have shown that small molecules such as dopamine act as tumor
suppressors.18 However, we also observed that filtering CM with a
364 Molecular Therapy: Oncolytics Vol. 26 September 2022
3-kD cutoff filter, the treatment with nucleases,
and the ultracentrifugation for removing micro-
particles and exosomes did not significantly
alter CM’s anti-tumor actions.35

The immunoprecipitation assay, followed by
whole-genome proteomics, revealed that
Hsp90ab1 immunoprecipitated Myh9, a non-
muscle myosin. Myh9 is a heavy chain of non-
muscle myosin IIA, an extensively expressed
myosin, which generates intracellular chemo-
mechanical force and translocates actin fila-
ments.29 Both Hsp90ab1 and Myh9 are
moonlighting proteins, whose anti- and pro-
tumorigenic functions differ depending on
context. They may act as tumor-promoting pro-
teins when present in the intracellular
domain,24,36,37 whereas extracellular Hsp90ab1
and Myh9 interacted and their recombinant
proteins in the culture medium suppressed the
tumorigenic behaviors of cancer cells. The role
of Hsp90ab1-Myh9 interaction needs to be
further clarified for suppressing tumor progression. Hsp90ab1 may
stabilize extracellular Myh9 as a molecular chaperone and indirectly
assist the anti-tumor action of Myh9. Alternatively, Hsp90ab1 may
interact with Myh9 in ECM and may convert the micro ECM envi-
ronment unfavorable for cancer progression. The anti-tumor effect
of extracellular Hsp90ab1 and Myh9 was additive, and, based on
RNA interference, Myh9 in tumor cells was not involved in
Hsp90ab1-driven tumor suppression. Tumor cells tend to develop
resistance to chemotherapeutic drugs.38 It is recommended to
examine whether the application of a protein cocktail, which consists
of tumor-suppressing proteins in CM such as Hsp90ab1, may assist
the tumor-suppressive action of existing chemotherapeutic agents
and reduce chemoresistance development.

In addition to the suppression of tumor progression, we observed that
extracellular Hsp90ab1and Myh9 inhibited the maturation of bone-
resorbing osteoclasts. They also downregulated NFATc1 transcrip-
tion factor and cathepsin K proteinase.39,40 Since the osteolytic vi-
cious cycle in breast cancer-associated bone metastasis is promoted
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Figure 4. Suppression of primary tumors and lung

metastasis in NSG femalemice by YS49MSC/BMSC

CM

(A) Significant decrease in mammary tumor weight by

YS49 MSC/BMSC CMs. n = 8. (B) Prevention of lung

metastasis by YS49MSC/BMSCCMs. n = 5. (C, D) Selec-

tive reduction in MTT viability of two cancer cell lines

(MDA-MB-231 and 436) compared with non-cancer

epithelial cells of breast origin (KTB6 and KTB34). Since

the value of tumor selectivity (ratio ofMTT values) is greater

than 1, two CMs (MSC CM and BMSC CM) reduced the

MTT-based metabolic activities of tumor cells more than

those of non-tumor epithelial cells. Pl, placebo, CN, con-

trol. *p < 0.05 and **p < 0.01.

www.moleculartherapy.org
via tumor-osteoclast interactions, the suppression of osteoclast devel-
opment by YS49 CM contributes to protecting tumor-driven bone
loss.41 The proposed mechanism of YS49 CM’s tumor-suppressive,
bone-protective action is depicted (Figure 8D).

While the concept of iTSCs was originated in the anti-tumor role
of Wnt signaling in osteocytes,4 the killing of neighboring cells by
cells with enhanced protein synthesis has been reported as a pro-
cess of cell competition in the organogenesis of Drosophila.17 Cell
competition is a combination of the elimination of unfit cells and
the selection of fitter cells.16 PI3K signaling is one of the most crit-
ical pathways to regulate protein synthesis, and we used the acti-
vation of PI3K signaling to generate iTSCs. An intriguing question
is whether the activation of PI3K signaling is the most effective
way to generate MSC-derived iTSCs. We envision that cell engi-
neering may enable the conversion of MSCs into enhanced iTSCs
with stronger tumor-suppressive proteomes than PI3K-activated
MSCs.

MSCs are attractive candidates for regenerative medicine because of
their potential for self-renewal and pluripotency, as well as their
nutritional and immunosuppressive effects. MSCs undergoing exten-
Molecular The
sive in vitro passage can undergomorphological,
phenotypic and genetic changes. In regenerative
medicine and bone fracture healing, patient-
derived MSCs have been applied.42 As a thera-
peutic tool for cancer treatment, the use of
MSCs is listed in more than 200 studies at
ClinicalTrials.gov in the U.S. in 2021. This study
showed the possibility of generating tumor-sup-
pressive proteomes using autologous MSCs for
the treatment of breast cancer and associated
metastases such as bone metastasis. In this
studywe used commercially available MSCs as
well as bone marrow-derived adherent cells as
BMSCs. We have previously shown that macro-
phages and T lymphocytes, which can be
derived from the peripheral blood, are con-
verted into iTSCs.6,18Collectively, this study
indicated the possibility of developing the MSC-derived iTSC-based
therapeutic option.

This study demonstrated that iTSCs, derived from the human bone
marrow aspirate, can generate the tumor-suppressive proteome.
The proteome suppressed the proliferation, migration, and invasion
of breast cancer cells and inhibited the maturation of bone-resorbing
osteoclasts. The action of iTSC CMwas at least in part regulated addi-
tively by extracellular Hsp90ab1 and Myh9, and they contributed to
the selective inhibition of tumor cells over non-tumor cells. The re-
sults provide an unconventional option for developing pharmacolog-
ical agents that effectively activate (not inhibit) PI3K signaling. The
study also suggests the potential use of iTSCs and their CM for the
treatment of breast cancer and associated metastasis using engineered
MSCs derived from a patient with breast cancer.

MATERIALS AND METHODS
Cell culture and agents

MDA-MB-231, MDA-MB-436, and MCF-7 breast cancer cell lines
(ATCC, Manassas, VA) were grown in RPMI-1640 (Gibco, Carlsbad,
CA). Human MSCs (PT-2501, Lonza, Basel, Switzerland) and human
bone marrow-derived MSCs (BMSCs; 1M-105, Lonza) were grown in
rapy: Oncolytics Vol. 26 September 2022 365
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Figure 5. Inhibition of osteoclast development

(A, B) Reduction in the number of RANKL-stimulated multi-nucleated osteoclasts by YS49-treated MSC/BMSC-derived CM. (C, D) Reduction in NFATc1 and cathepsin K in

RAW264.7 cells by YS49-treatedMSC/BMSC-derived CM. *p < 0.05 and **p < 0.01. (E, F) No inhibition effect of osteoclast development by BKM120-treatedMSC/BMSCCM.
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MSCBM (PT-3001, Lonza), while aMEM was used to culture
RAW264.7 pre-osteoclast cells (ATCC). As non-cancer control cells,
we cultured human breast-derived epithelial cells (KTB6 and KTB34;
obtained from Dr. Nakshatri, Indiana University, Bloomington, IN)
in F12 and low glucose DMEM (3:1), which was supplemented
with 5 mg/mL insulin (I5500, Sigma, St. Louis, MO,), 0.4 mg/mL hy-
drocortisone (H0888, Sigma), and 20 ng/mL EGF (236-EG-200,
R&D Systems, Minneapolis, MN).43 Cells were grown with 10% fetal
bovine serum (FBS) and antibiotics (penicillin and streptomycin) at
37�C and 5% CO2. MSCs and BMSCs were treated with 20 mM
YS49 (MedChemExpress, Monmouth Junction, NJ) as an activator
of PI3K signaling for 1 day. We evaluated the responses of tumor cells
and RAW264.7 cells to the application of 1–10 mg/mL recombinant
Hsp90ab1 (OPCA05157; Aviva System Biology, San Diego), b-actin,
and Myh9 (MBS717418, MBS717396; MyBioSource, San Diego, CA).

For in vitro and ex vivo assays, CM from 1�106 MSCs was collected
and centrifuged at 2,000 rpm for 10 min. For in vivo experiments,
serum-free CM was generated. MSC-derived CM was centrifuged at
2,000 rpm for 10 min and at 4,000 rpm for 10 min, followed by the
366 Molecular Therapy: Oncolytics Vol. 26 September 2022
filtration with a 0.22-mm polyethersulfone membrane (Sigma). We
removed the remaining cell debris by the centrifugation at
10,000�g for 30 min at 4�C and exosomes by the ultra-centrifugation
at 100,000�g (Type 90 Ti Rotor, Beckman, Brea, CA) overnight at
4�C. Using a buffer exchange filter (3 kD cut off; Amicon, Sigma),
the supernatant was condensed approximately 10-fold (the final pro-
tein concentration adjusted to 1 mg/mL).

Differentiation of osteoclasts

The differentiation assay was conducted using RAW264.7 pre-osteo-
clasts in a 12-well plate.44 We added 40 ng/mL RANKL to the culture
medium,whichwas exchanged once on day 4. Using a tartrate-resistant
acid phosphate (TRAP) staining kit (Sigma), adherent cells on the plate
surface were stained on day 6. We identified TRAP-positive multinu-
cleated cells with more than three nuclei as mature osteoclasts.

MTT, EdU, transwell invasion, and scratch assays

In the MTT assay, approximately 2,000 tumor cells were grown in
96-well plates on day 1. The described CM with and without recom-
binant proteins was applied on day 2, and tumor cells were stained
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Figure 6. Shrinkage of human breast cancer tissue fragments by YS49 MSC/BMSC CM

(A–D) Images and the relative cross-sectional areas for the tissue with ER+/PR+/HER–. ER+/PR–/HER–. ER–/PR+/HER+, and ER–/PR–/HER+, respectively. *p < 0.05 and

**p < 0.01.
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Figure 7. Hsp90ab1 and non-muscle myosin, Myh9,

as an inhibitor of tumor progression and osteoclast

development

(A) List of proteins that interact with Hsp90ab1, including

b-actin and non-muscle myosin, Myh9. (B) Co-immuno-

precipitation of b-actin and Myh9 with Hsp90ab1 in the

protein extracts from the MDA-MB-231 ECM. (C–F)

Reduction in MTT viability, EdU cell proliferation, two-

dimensional motility, and cross-membrane invasion of

MDA-MB-231 cells by recombinant Myh9 proteins. (G)

Inhibition of the multinucleation of RANKL-stimulated

RAW264.7 cells by recombinant Hsp90ab1 and Myh9

proteins. (H) Downregulation of NFATc1 and cathepsin K

(cat K) by recombinant Hsp90ab1 and Myh9 proteins.

CN, control, pos CN, positive control, and neg CN, nega-

tive control. *p < 0.05 and **p < 0.01.

Molecular Therapy: Oncolytics
using 0.5 mg/mL thiazolyl blue tetrazolium bromide (M5655, Sigma)
on day 4. Optical density was determined at 570 nm for assessing
metabolic activities. Using an absorbance ratio of each sample to con-
trol, the relative MTT value (metabolic activity) was assigned. In the
EdU assay, the proliferation of tumor cells was evaluated using a fluo-
rescence-based EdU kit (Click-iT EdU Alexa Fluor 488 imaging kit;
ThermoFisher Scientific, Waltham, MA). We used eight images in to-
tal from four wells per group. Using the procedures previously
described,45 we also conducted the transwell invasion assay to detect
the cell’s invasive ability, in which invasion capacity was determined
based on six randomly chosen images of the transwell membrane. In
the wound-healing scratch assay, we evaluated the two-dimensional
368 Molecular Therapy: Oncolytics Vol. 26 September 2022
motility of tumor cells by determining the
scratch areas of eight images per group.46

Ex vivo breast cancer assay

The Indiana University Institutional Review
Board approved the use of human breast cancer
tissue, which was received from the Indiana
University Simon Comprehensive Cancer Cen-
ter Tissue Procurement and Distribution Core.
Small tissue fragments (0.5–0.8 mm in length)
were manually generated from a surgically
removed tissue sample (100–300 mg) using a
scalpel. They were maintained in DMEM with
10% FBS and antibiotics on day 1. YS49 MSC/
BMSC CM was given on day 2 for 2 additional
days. Two-dimensional images of the fragments
were taken on the first and last days and the dif-
ference in their size was blindly quantified.

Western blot analysis

Using a RIPA buffer with protease and phos-
phatase inhibitors (PIA32963, ThermoFisher
Scientific, and 2006643, Calbiochem, Billerica,
MA, respectively), cells were lysed. SDS gels
(10%–15%) were used to size-fractionate pro-
teins, followed by an electrotransfer to transfer membranes
(IPVH00010, Millipore, Billerica, MA). The membrane was blocked
for 1 h with a blocking buffer (1706404, Bio-Rad, Hercules, CA)
and incubated with primary antibodies followed by horseradish
peroxidase-conjugated secondary antibodies (7074/7076, Cell
Signaling, Danvers, MA). Antibodies, used in this study were
NFATc1, cathepsin K (Santa Cruz Biotechnology, Dallas, TX),
Hsp90ab1 (Abcam, Cambridge, UK), Myh9 (3403S, Cell Signaling),
and b-actin as a control (A5441, Sigma). A SuperSignal west femto
maximum sensitivity substrate (PI34096, ThermoFisher Scientific)
was used to visualize protein bands with a luminescent image analyzer
(LAS-3000, Fuji Film, Tokyo, Japan).47
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Figure 8. Tumor-suppressing effects of Hsp90ab1

and Myh9

(A, B) Reduction in MTT-based viability of MDA-MB-231

cells by recombinant Hsp90ab1 and Myh9 proteins. (C)

Reduction in MTT viability of MDA-MB-231 and 436 breast

cancer cells by recombinant Hsp90ab1 with or without

silencing Myh9. (D) Proposed mechanism of the tumor-

suppressive action of YS49 MSC CM via Hsp90ab1 and

Myh9. **p < 0.01.
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Plasmid transfection and RNA silencing

Using the procedure previously described,45 Akt plasmids (#10841,
Addgene, Watertown, MA), as well as a blank plasmid vector
(FLAG-HA-pcDNA3.1, Addgene) as control, were transfected to
MSCs and BMSCs. Using siRNA specific to Myh9 (s70266,
ThermoFisher Scientific), we conducted RNA interference conducted
using a negative siRNA (Silencer Select #1, ThermoFisher Scientific)
as a nonspecific control.

Immunoprecipitation

Agarose beads were conjugated with protein A and rabbit IgG, and
they were incubated with protein samples. Immunoprecipitation
Molecular Th
was conducted using the beads conjugated with
anti-Hsp90ab1 antibody (R&D Systems). We
collected the beads by centrifugation. Immuno-
precipitated proteins were collected after washing
the beads three times with PBS and western blot-
ting analysis was conducted to evaluate immuno-
precipitated proteins.

Mass spectrometry-based whole-genome

proteomics

Using the protein samples that were immunopre-
cipitated with Hsp90ab1 in YS49 MSC CM, mass
spectrometry-based whole-genome proteomics
was conducted using the procedure previously
described.48,49 We used the Dionex UltiMate
3000 RSLC nano-system and the Q-exactive
high-field hybrid quadrupole orbitrap mass spec-
trometer (ThermoFisher Scientific). We used
MS/MS counts to quantify relative protein levels
and focused on proteins that had at least 2 MS/
MS counts with one or more unique peptides.

Animal models for mammary tumors and

lung metastasis

The protocol SC292Rwas approved by the Indiana
University Animal Care and Use Committee. The
approved protocol complied with the Guiding
Principles in the Care and Use of Animals
endorsed by the American Physiological Society.
Mice in this study were housed five per cage and
provided with water and mouse chow ad libitum.
In the mouse model of a mammary tumor, NOD/SCID/g(�/�)
(NSG) female mice (approximately 8 weeks) were provided by the
In Vivo Therapeutics Core of the Indiana University Simon Compre-
hensive Cancer Center (Indianapolis, IN).50 Mice were blindly divided
into three groups (placebo, YS49 MSC CM, and YS49 BMSC CM
groups; eight mice per group). They received subcutaneous inoculation
of MDA-MB-231 cells (3.0 �105 cells, 50 mL PBS) to the right side of
the second pair in themammary fat pad on day 1. From day 2 to day 17,
mice in the two treatment groups received a daily intravenous injection
of YS49 MSC and BMSC CM (50 mL CM). The placebo mice received
the same volume of PBS. The animals were sacrificed on day 18. Mam-
mary tumors were isolated and their weight was measured.
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To evaluate the effect of YS49 MSC/BMSC CM on tumor invasion to
the lung, we used three groups of NSG mice (approximately 8 weeks;
placebo, YS49 MSC CM, and YS49 BMSC CM groups; 5 mice per
group). As an intracardiac injection, MDA-MB-231 cells (approxi-
mately 3�105 cells in 100 mL PBS) were inoculated to all mice. The
mice in the two treatment groups received YS49 MSC or BMSC
CM, whereas mice in the placebo group were given a daily i.v. injec-
tion of PBS. Mice were sacrificed in 3 weeks for harvesting lungs and
histological analysis was conducted. Harvested lungs were dehydrated
using a series of graded alcohols, and they were embedded in paraffin
after clearing in xylene. We sectioned the samples at 60-mm intervals
and processed them using hematoxylin and eosin staining. We took
images from five locations per slide and blindly quantified the tu-
mor-invaded region as a ratio of the tumor-colonized area to the total
area.51,52

Statistical analysis

Three or four independent experiments were conducted in cell cul-
ture studies, and the mean and standard deviation were determined.
The sample size in the animal experiments was chosen to achieve a
power of 80%with p value of less than 0.05.We selected tumor weight
as the primary experimental outcome in the mammary tumor exper-
iment, while the tumor-colonized area in the lung invasion experi-
ment. One-way analysis of variance was used to evaluate statistical
significance, while post hoc comparisons were performed using Bon-
ferroni correction with the control group. We used the single and
double asterisks to indicate p < 0.05 and p < 0.01, respectively, in
the figures.
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