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Abstract

In musculoskeletal tissues like bone, chemotherapy can impair progenitor cell differentiation and
proliferation, resulting in decreased bone growth and mineralization throughout a patient's
lifetime. In the current study, we investigated the effects of chemotherapeutics on adipose-derived
stem cell (ASC) function to determine whether this cell source could be a candidate for repairing,
or even preventing, chemotherapy-induced tissue damage. Dose-dependent proliferation rates of
ASCs and normal human fibroblasts (NHFs) were quantified after treatment with cytarabine (CY),
etoposide (ETO), methotrexate (MTX), and vincristine (VIN) using a fluorescence-based assay.
The influence of MTX on the multipotency of ASCs and freshly isolated stromal vascular fraction
(SVF) cells was also evaluated using lineage-specific stains and spectrophotometry. ASC and
NHF proliferation were equally inhibited by exposure to CY and ETO; however, when treated
with MTX and VIN, ASCs exhibited greater resistance. This was especially apparent for MTX-
treated samples, with ASC proliferation showing no inhibition for clinically relevant MTX doses
ranging from 0.1 to 50 M. Additional experiments revealed that the differentiation potential of
ASCs was not affected by MTX treatment and that upregulation of dihydrofolate reductase
possibly contributed to this response. Moreover, SVF cells, which include ASCs, exhibited similar
resistance to MTX impairment, with respect to cellular proliferation, clonogenicity, and
differentiation capability. Therefore, we have shown that the regenerative properties of ASCs
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resist the cytotoxicity of MTX, identifying these cells as a potential key for repairing
musculoskeletal damage in patients undergoing chemotherapy.
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Introduction

The influence of chemotherapy on cellular function is of increasing interest to the stem cell
field. While the effects of chemotherapeutics on bone marrow stem cells (BMSCs) and
hematopoietic stem cells have been studied for a number of years (Gardner, et al., 1993; J.
Li, et al., 2004), researchers have only recently begun investigating the effects of these drugs
on adipose-derived stem cells (ASCs) (Liang, et al., 2011; Zimmerlin, et al., 2011).
Advancements in drug formulations have resulted in increased patient survival, but
unfortunately many of these chemotherapeutics also have severe side effects, such as long-
term musculoskeletal damage (Schriock, et al., 1991). Reports suggest that these
impairments result from the slowed proliferation, restricted differentiation, and apoptosis of
progenitor cells, such as BMSCs (Georgiou, et al., 2012). Investigating the influence of
chemotherapeutics on other stem cell types, like ASCs, will help identify whether these
adverse side effects are universal or whether susceptibility is specific to BMSCs.
Furthermore, the possibility of identifying alternative mesenchymal stem cell sources
resistant to the cytotoxic effects of these drugs would provide a means to treat, or even
prevent, tissue damage. The regenerative properties of ASCs make them an attractive cell
population for these therapies. Moreover, they have been shown to withstand other toxic
environments like oxidative stress, suggesting ASCs might also resist functional damage
induced by chemotherapeutics (Ertas, et al., 2012).

Only limited investigations have been made into the area of mesenchymal stem cell response
to chemotherapeutics (Liang, et al., 2011; Qi, et al., 2012). The effects of these treatments
on ASC proliferation and differentiation potential have not previously been investigated
thoroughly. Differences in mechanism of action suggest that, like BMSCs, ASCs will vary
in their susceptibility to chemotherapeutic agents (J. Li, et al., 2004). Therefore, it is
necessary to evaluate many commonly used drugs in order to understand the impact of each
individual treatment on ASC regenerative properties. Comparing chemotherapeutic effects
on ASCs versus a normal, non-stem, somatic cell type provides a simple way to identify
resistance or susceptibility to a given drug since neither cell type is directly targeted.

The goal of this study was to evaluate the effects of methotrexate (MTX), vincristine (VIN),
cytarabine (CY), and etoposide (ETO) on ASC regenerative properties. Chemotherapeutic
agents were chosen based on their diverse mechanisms of action and their application
towards a wide range of cancers. MTX functions by binding to and inhibiting dihydrofolate
reductase (DHFR), an essential protein for DNA synthesis (Cronstein, 1997). Conversely,
VIN prevents microtubule formation, CY inhibits polymerase function, and ETO targets
topoisomerase 11 (George, et al., 1965; D. D. Ross, et al., 1990; W. Ross, et al., 1984). After
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treatment with individual chemotherapeutics in vitro, ASC growth was compared with
untreated ASCs and treated/untreated normal human fibroblasts (NHFs). These comparisons
enabled us to identify significant deviation from normal growth trends and evaluate the
resistance of ASCs to chemotherapeutics relative to untargeted, non-stem somatic cells. We
also assessed how multilineage differentiation potential was affected by drugs that did not
inhibit ASC proliferation, and investigated the possible mechanism behind this immunity.
These results provide important insight towards understanding how ASC regenerative
properties are affected by commonly used chemotherapeutics and identify mechanisms of
chemotherapeutic resistance that could be useful in designing regenerative therapies for
cancer patients.

Materials and Methods

Cell culture

ASCs, originally isolated from the subcutaneous fat of healthy human, non-diabetic, non-
smoking female donors, aged 18-60 years (N = 7), were purchased from Zen-Bio, Inc.
(superlot #36; Research Triangle Park, NC). ASCs were grown in expansion medium
consisting of DMEM/F-12 (HyClone), 10% FBS (Zen-Bio), 1% antibiotic/antimycotic
(HyClone), 0.25 ng/mL transforming growth factor-B1, 5 ng/mL epidermal growth factor,
and 1 ng/mL fibroblast growth factor (R&D Systems) (B. T. Estes, et al., 2008). ASCs were
maintained in humidified incubators at 37°C, 5% CO, and passaged at 80% confluence with
0.25% trypsin-EDTA (HyClone). Experiments used ASCs at passage 4-6 (P4-6).

NHFs derived from neonatal human foreskins (a gift from Dr. Jeffrey Morgan) were
expanded in high glucose DMEM (DMEM-HG, HyClone), 10% FBS (HyClone), and 1%
penicillin/streptomycin (HyClone) (Youssef, et al., 2011). Experiments used NHFs at P6-9.

Isolation and culture of stromal vascular fraction (SVF) cells

All procedures were approved by the internal review board (IRB) at Rhode Island Hospital.
Human lipoaspirate was obtained from female donors, aged 20-56 (N = 3). SVF cells were
isolated using established protocols (B. T. Estes, et al., 2010). Briefly, liposuction waste
tissue was washed thoroughly with phosphate-buffered saline (PBS) and digested for one
hour at 37°C in an equal volume of 0.1% type | collagenase (Worthington Biochemical
Corporation). Samples were centrifuged at 300 g for 5 minutes, and the pellet was
resuspended in stromal medium (DMEM/F-12, 10% FBS, 1% antibiotic/antimycotic) to
neutralized the enzyme. Cells were washed twice more and incubated for 10 minutes at
room temperature in an erythrocyte lysis buffer (155 mM NH,4CI, 10 mM K,CO3, and 0.1
mM EDTA) to remove red blood cells. The remaining cell population was centrifuged and
resuspended in stromal medium, then filtered sequentially through 100 uM and 70 uM
strainers before cell counting. All samples were stored in liquid nitrogen using freezing
medium containing 80% FBS, 10% dimethyl sulfoxide, and 10% expansion medium. Prior
to experimentation, cells were quickly thawed and plated in expansion medium at 2,000
cells/cm?2. SVF cells were treated with chemotherapeutics at PO. Clonogenicity and
differentiation were assessed at P1.
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Chemotherapeutic agents

The following chemotherapeutics (and concentrations) were used in our experiments: MTX
(0.1-50 uM, MP Biomedicals), VIN (0.01-1 uM, Cayman Chemicals, Ann Arbor,

Michigan), CY (1-100 pM, Accela ChemBio, Shanghai, China), and ETO (0.1-5 pM, MP
Biomedicals). The concentration range for each drug was chosen based on clinically relevant
doses reported in the plasma of patients receiving chemotherapy (J. Li, et al., 2004). While
treatment times ranging from 48-72 hours have been used in the past (Georgiou, et al., 2012;
J. Li, etal., 2004; Qi, et al., 2012), a duration of 24 hours was used in the current study
based on pilot work showing a dramatic response of ASCs and NHFs to the listed
chemotherapeutics within that time frame.

Proliferation assay

To examine the effects of chemotherapeutics on cell proliferation, ASCs and NHFs were
quantified on days 6-10 after treatment with various chemotherapeutic agents. Cells were
plated at 2,000 cells/cm? in 96-well plates, a cell density chosen since it was high enough to
detect fluorescence and low enough to enable the greatest amount of proliferation prior to
reaching confluence. After adhering overnight, cells were treated with MTX, VIN, CY, or
ETO for 24 hours. Following treatment, samples were rinsed with PBS, and fresh expansion
media were added to ASC and NHF wells. Cells were cultured for an additional 10 days,
quantifying cell counts on days 6-10 using a spectrophotometer-based assay developed and
fully validated in our lab (Supplemental Fig. 1, 2). In brief, cell nuclei were stained with 5
pg/mL Hoechst 33342 dye (Invitrogen) for 30 minutes, rinsed three times with warm PBS,
and assessed by spectrofluorometry using adsorption and emission wavelengths of 350 nm
and 461 nm, respectively. Cell numbers were quantified based on sample fluorescence using
a reference curve. To assist in comparing data across sample sets, values were presented as a
percentage of control counts determined on day 10 for each individual chemotherapeutic.

Cell viability

To assess how 24 hour MTX treatment (2.5 pM) affects cell viability, ASCs and NHFs were
monitored using a live/dead assay. Cells were stained on the day of MTX treatment removal
(day 0) as well as the following ten days by incubating cultures in 2 uM calcein AM
(AnaSpec Inc, Fremont, CA), 4.5 uM propidium iodide (EMD Millipore), and 1 pg/mL
Hoechst for 30 minutes. Cellular viability was quantified by taking 16-24 images/well (N =
3 wells) at 10x and counting stained cells (n > 200).

Cell division

To determine if MTX inhibits cell division, Ki-67 immunostaining was performed on
untreated and 2.5 pM MTX-treated ASCs and NHFs on days 0-10. Samples were fixed with
4% paraformaldehyde in PBS for 15 minutes and permeabilized with 0.25% Triton X
(Thermo Fisher Scientific) for 15 minutes. Cells were blocked in 3% bovine serum albumin
(Thermo Fisher Scientific) for 1 hour, stained with a Ki-67 antibody (1:200, EMD
Millipore) for 30 minutes, and then stained with an Alexa Fluor 488-conjugated secondary
antibody (Life Technologies) for 30 minutes. Samples were incubated in 5 pg/mL 4’,6-
diamino-2-phenylindole (DAPI, Thermo Fisher Scientific) to visualize all cell nuclei. To
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determine Ki-67 expression, 16-24 images/well (N = 3 wells) were taken at 10x and stained
cells (N > 200) were counted.

Senescence-associated pB-galactosidase activity

To investigate how MTX treatment affects cell senescence, -galactosidase staining in ASCs
and NHFs was quantified after treatment with 2.5 uM MTX on days 0-10. Cells were fixed
with 0.5% glutaraldehyde for 5 minutes and then washed with PBS. Plates were then
incubated in X-gal solution (1 mg/ml X-gal (Genesee Scientific Corp, San Diego, CA), 5
mM K4Fe(CN)g-H20, 5 mM KsFe(CN)g, 1 mM MgCl, in PBS, pH 6) overnight at 37¢C.
Cell nuclei were stained with DAPI as described above. The number of X-gal-positive cells
versus total cells was quantified by brightfield and fluorescence imaging, respectively. To
determine the percentage of senescent cells, 10 images/well (N = 3 wells) were taken at 10x
and stained cells (N > 200) were counted.

Multilineage differentiation

Adipogenic and osteogenic differentiation—To examine whether MTX affected
differentiation potential, ASCs were treated with MTX as described previously and
expanded until cultures were 80% confluent. For freshly isolated SVF cells, samples were
thawed and plated at 2,000 cells/cm? in T-25 flasks. After adhering overnight, cells were
treated with 2.5 pM MTX for 24 hours. Once treatment was removed, cells were cultured for
an additional 6 days, until reaching 80% confluence. For differentiation assessment, ASCs
and SVF cells were uplifted and seeded at 8,000 cells/well in 96-well plates with expansion
medium. Upon reaching 100% confluence, ASCs were exposed to 200 uL of adipogenic,
osteogenic, or control (stromal) medium (Guilak, et al., 2006; Zheng, et al., 2006).
Adipogenic medium contained DMEM/F-12, 10% FBS, 1 uM dexamethasone, 10 uM
insulin, 0.5 uM isobutyl-1-methylxanthine, 200 uM indomethacin (Sigma), and 1%
antibiotic/antimycotic. Osteogenic medium contained DMEM-HG, 10% FBS, 10 nM
dexamethasone, 10 mM -glycerophosphate, 0.15 mM ascorbate-2-phosphate, 10 nM 1,25-
(OH), vitamin D3 (Sigma), and 1% antibiotic/antimycotic. Media were changed every 2-3
days for two (adipogenesis) or three (osteogenesis) weeks before fixing cell monolayers
with 3.7% paraformaldehyde (Thermo Fisher Scientific). Oil Red O (ORO, Sigma) staining
was used to assess lipid production in adipogenic and control cultures. Alizarin Red S (ARS,
Sigma) staining was used to assess calcified matrix deposition in osteogenic and control
cultures. After imaging stained wells, ORO and ARS dyes were eluted, and optical densities
were measured with spectrophotometry at 500 and 540 nm, respectively. Optical densities
were normalized to cell number by counting nuclei stained with DAPI (Carpenter, et al.,
2006). Assessment of SVF cell osteogenesis was only conducted for one donor, since cells
from the other donors became highly contractile during the differentiation procedure, balling
up and preventing comparative matrix deposition measurements.

Chondrogenic differentiation—Untreated and MTX-treated ASCs and SVF cells were
placed in VV-bottomed, 96-well plates at 50,000 cells/well and centrifuged at 400g for 5
minutes to form pellets. Expansion medium was replaced with 200 pL of chondrogenic or
control media. Chondrogenic medium contained DMEM-HG, 10% FBS, 10 ng/ml TGF- 1,
0.15 mM ascorbate-2-phosphate, 100 nM dexamethasone, 1% ITS+ Premix (BD
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Biosciences), and 1% antibiotic/antimycotic (Gonzalez-Cruz, et al., 2012). Media were
changed every 2-3 days, and after 3 weeks of culture, pellets were digested with papain
(Sigma). Sulfated glycosaminoglycan (SGAG) amounts were quantified using previously
established protocols (Awad, et al., 2003; Guilak, et al., 2006). Briefly, 200 yL of DMMB
dye (Polysciences, Inc., pH 1.5) was added to 50 uL of pellet digests in 96-well plates and
optical densities were measured at 525 nm. SGAG values were normalized to DNA amounts,
determined using the PicoGreen assay (Invitrogen), measuring fluorescence at 480 nm
excitation and 520 nm emission.

Colony forming unit-fibroblast assessment

The effect of MTX on the clonogenicity of heterogeneous SVF cell populations was
examined using the colony forming unit-fibroblast (CFU) assay. Untreated and MTX-treated
SVF cells were plated at 1,000 cells/100 mm dish (BD Biosciences) in stromal medium.
Cells were cultured for 2 weeks, fixed with methanol, and stained with 0.5% Crystal Violet
(Thermo Fisher Scientific). Colonies containing at least 50 cells were counted using a
dissection microscope.

Western blotting

To investigate the mechanism of action behind ASC MTX resistance, dihydrofolate
reductase (DHFR) protein expression was assessed by western blot. DHFR is the target of
MTX, and upregulation during MTX treatment has been noted for other resistant cell types
(Goldman and Matherly, 1985). Untreated and MTX-treated ASCs, NHFs, and SVF cells
were lysed on ice for 30 minutes in RIPA buffer (25mM TriseHCI pH 7.6, 150mM NacCl,
1% nonidet P-40 [NP-40], 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS])
supplemented with HALT protease and phosphatase inhibitors (Pierce). Protein
concentrations were determined using a BCA Assay (Pierce). Equal amounts of protein were
separated on SDS-PAGE gels (Bio-Rad), transferred onto PVDF membranes (Millipore) and
confirmed with Ponceau Red stain. Membranes were blocked with Blotto (50 mM Tris (pH
7.5), 185 mM NacCl, 0.05% Tween 20, 3% (w/v) nonfat dry milk) and incubated with DHFR
(1:500, Abcam) or B-tubulin (1:2000, Developmental Studies Hybridoma Bank) antibodies
overnight. Membranes were washed for one hour in Blotto and then stained with peroxidase-
conjugated secondary antibodies (Sigma, eBioscience Inc., San Diego, CA). Membranes
were washed for 30 minutes in Blotto without milk and then visualized by enhanced
chemiluminescence (EMD Millipore).

Statistical analysis

Three-way ANOVA (cell type, concentration, day) was used to assess proliferation data.
Two-way ANOVA was used to assess differentiation data of ASCs (treatment,
differentiation condition), SVF CFU and proliferation data (donor, treatment), as well as
SVF osteogenesis (treatment, differentiation condition). Three-way ANOVA was used to
assess SVF adipogenesis and chondrogenesis (donor, treatment, differentiation condition),
as well as viability, cell division, and senescence (cell type, treatment, day). Following each
ANOVA, the significance level of individual comparisons was determined using a Tukey
post-hoc test.

Exp Cell Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Beane et al.

Results

Page 7

Cell growth after chemotherapeutic treatment

MTX effects

To compare how ASC and NHF proliferation is influenced by chemotherapeutics, cells were
treated with individual drugs and counted on days 6-10. ASC proliferation was not inhibited
by MTX treatment, whereas NHF proliferation was. No significant reductions in ASC
counts were determined for any time point or concentration of MTX (Fig. 1A). Interestingly,
cell counts of ASCs after 2.5 or 50 uM MTX treatments were 30-40% higher than non-
treated controls on day 10 and days 8-10, respectively (p < 0.05), although results after 50
UM MTX treatment were variable. Conversely, NHF cell counts were reduced from control
values at all time points by 80-95% after 2.5 or 50 uM MTX (p < 0.001). ASCs and NHFs
treated with 0.1 pM MTX were not significantly different from their respective control
values. These effects did not change when ASCs were treated and cultured in NHF medium
or when NHFs were treated and cultured in ASC medium (Supplemental Fig. 2).

Similar to MTX, ASC proliferation was less inhibited by VIN (p < 0.001, Fig. 1B).
Treatment with 0.01 pM reduced ASC counts from controls by 55-77% (p < 0.001), and
higher doses of 0.125 or 1 uM inhibited ASC growth by 75-79% (p < 0.001). Conversely, all
concentrations of VIN reduced NHF counts from controls by 79-90% (p < 0.001). Treatment
with CY caused similar inhibition of ASC and NHF growth (Fig. 1C). ASC and NHF counts
were significantly reduced from control counts by 55-95% after treatment with
concentrations ranging from 1 to 100 uM (p < 0.001). As with CY, ETO treatment resulted
in similar growth inhibition of ASCs and NHFs (Fig. 1D). Counts were significantly reduced
from control values following treatment with ETO concentrations ranging from 0.1-5 uM (p
< 0.05). Specifically, 0.1 uM ETO lowered cell counts of ASCs and NHFs by a maximum of
only 16% (p < 0.05), while 1.25 and 5 uM ETO reduced counts by 70-75% (p < 0.001).

on cell expansion properties

To understand the effects of 2.5 yM MTX on ASC and NHF expansion properties, viability,
cell division, and senescence were examined on days 0-10 after treatment. Results from the
live/dead assay revealed that MTX had disparate effects on ASCs versus NHFs (Fig 2A).
Statistical analysis indicated no significant differences existed between untreated and MTX-
treated ASCs at any time point (p = 0.682). Conversely, the viability of MTX-treated NHFs
was significantly reduced from untreated NHFs by 10-30% on days 2-10, consistently
decreasing over time and reaching viabilities as low as 62% on day 10 (p < 0.001). MTX-
treated NHF viability was also 9-37% lower than MTX-treated and untreated ASC viability
on days 2-10 (p < 0.001). Results also showed that untreated NHF viability was 9-12%
lower than untreated ASCs (p < 0.001), although this viability percentage of ~90% was
relatively constant for days 4-10.

Immunostaining of Ki-67 indicated that MTX treatment reduced cell division in NHF
samples but had no effect in ASCs (Fig. 2B). Untreated and MTX-treated ASCs showed no
statistically significant differences at any time point (p = 0.457). Conversely, Ki-67
expression in MTX-treated NHFs was significantly reduced compared to untreated NHFs by
25-99% on days 2-10, reaching percent expressions as low as 0.25% on day 10 (p < 0.001),
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which suggests no active cell division at all. Furthermore, MTX-treated NHF Ki-67
expression was 30-99% lower than untreated and MTX-treated ASC populations on days
2-10 (p < 0.001). Comparisons between untreated ASCs and NHFs indicated that NHF
Ki-67 expression was 5-65% lower than ASC expression on days 2-10 (p < 0.001), which is
to be expected since NHFs are larger in size than ASCs and reach confluence sooner in
control conditions.

Quantifying B-galactosidase expression of ASCs and NHFs indicated that MTX did not
influence ASC senescence but did increase NHF senescence. Untreated and MTX-treated
ASCs showed no statistical differences in senescence at any time point (Fig. 2C). For NHFs,
senescence of MTX-treated cells increased 5-22-fold over untreated NHFs on days 2-10,
reaching 95% positive staining for B-galactosidase by day 8 (p < 0.001). Moreover,
senescence of MTX-treated NHFs was 9-55-fold greater than untreated and MTX-treated
ASCs (p < 0.001). No differences between untreated ASCs or NHFs were observed,
although senescence of both cell types increased at later time points as cultures became
confluent.

MTX effects on ASC differentiation potential

MTX effects

To determine whether ASC differentiation potential is resistant to MTX, commercially
available, enriched populations of ASCs were treated with 2.5 yM MTX and then expanded
before replating for differentiation. Results from the adipogenic, osteogenic, and
chondrogenic assays indicated that the multipotency of ASCs was not inhibited by 2.5 pM
MTX treatment. Histological stains of lipid and calcified matrix revealed comparable
amounts of metabolite production between untreated and MTX-treated ASCs (Fig. 3A).
Both untreated and MTX-treated adipogenic populations produced significantly more lipid
than their respective non-induced controls (p < 0.001). While MTX treatment resulted in a
slight increase in lipid production for adipogenic (11%) and non-induced (29%) samples
over non-MT X-treated samples (Fig. 3B, p < 0.05), the average increases in lipid production
over non-induced controls were comparable for untreated and MTX-treated populations
(0.5-fold and 0.65-fold increase, respectively). Analysis of osteogenesis and chondrogenesis
showed that increases in metabolite production over non-induced controls were comparable
for untreated and MTX-treated ASCs in osteogenic (22.5-23.5-fold increase, p < 0.001) and
chondrogenic (1.4-1.8- fold increase, p < 0.05) culture environments. Calcified matrix and
SGAG production amounts were also similar for untreated and MTX-treated samples (Fig.
3C, D).

on SVF properties

While properties of expanded ASCs were shown to be largely unaffected by MTX, it was
unknown whether freshly isolated cells would also resist inhibitory effects of the drug.
Therefore, we investigated the influence of MTX on freshly isolated, heterogeneous SVF
populations obtained from 3 different donors. After expanding and counting SVF cells
treated with 2.5 pM MTX, results showed that that the drug actually increased proliferation
of all donor populations, with MTX-treated samples having 17-50% maore cells than
untreated samples (Fig. 4A, p < 0.05). Moreover, colony counts for all MTX-treated donor
populations were 50-100% higher than untreated populations (Fig. 4B, p < 0.001). Despite
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these other changes, MTX treatment did not affect the differentiation potential of SVF cells.
Metabolite production for all lineages was significantly higher in induced samples than non-
induced controls for both untreated and MTX-treated groups. Histological images illustrated
that similar amounts of lipids and calcified matrix were produced by untreated and MTX-
treated samples (Fig. 5A). These findings were supported by quantitative data showing that
lipid, calcified matrix, and SGAG levels were comparable within both the induced and non-
induced control sample conditions (Fig. 5B-D, p < 0.05). As mentioned in the methods,
osteogenesis was only included for donor 1, since SVF cells from donors 2 and 3 could not
maintain a monolayer morphology throughout the 3-week induction period, preventing
accurate comparisons across donors.

DHFR protein expression after MTX treatment

Previous studies suggested that DHFR protein upregulation may be an MTX-specific
mechanism of resistance in multiple cell types. Therefore, we conducted western blot
experiments to explore the role of DHFR in the MTX resistance exhibited by freshly
isolated (SVF cells) and monolayer expanded ASCs. Protein expression was compared
between untreated and 2.5 pM MTX-treated SVF cells, ASCs and NHFs. DHFR expression
was upregulated differentially between SVF cells, ASCs, and NHFs (Fig. 6A).
Quantification of protein levels via densitometry determined that average DHFR
upregulation in SVF cells and ASCs following MTX treatment was at least 11-fold greater
than that observed in NHFs (Fig. 6B). Furthermore, SVF upregulation was 2-fold greater
than ASC upregulation, on average.

Discussion

The results of this study indicate that ASCs are resistant to high-dose MTX treatment,
whereas clinically relevant concentrations of VIN, CY, and ETO inhibit cellular growth. The
effects of chemotherapy on mesenchymal stem cells, such as ASCs, is an important area of
investigation since these cells play a critical role in tissue maintenance and tissue
regeneration (Liang, et al., 2011). However, differences in mechanism of action suggest that
not all chemotherapeutics will uniformly affect ASC function. Therefore, examining the
influence of individual agents on ASC regenerative properties is necessary to determine
drug-specific resistance or sensitivity for these cells. The goal of this study was to assess the
response of ASCs versus an untargeted, somatic, non-stem cell population (NHFs) following
in vitro exposure to common chemotherapeutics. We sought to identify resistance or
susceptibility of ASCs to the tested drugs and improve upon our current understanding of
chemotherapy effects. Furthermore, we aimed to investigate a potential mechanism behind
any drug resistance to elucidate the phenomena observed in our results. Initial experiments
used monolayer-expanded ASCs, which are more homogeneous than freshly isolated cells,
to examine the effects of chemotherapeutics on regenerative properties. To investigate
whether these effects were conserved for a more complex cell population, subsequent
experiments used heterogeneous, SVF cells to examine the proliferation and differentiation
capabilities of drug-treated samples.
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To determine the effects of MTX, VIN, CY, and ETO on ASC and NHF proliferation, cells
were counted on days 6-10 following treatment with specified drug concentrations. Most
interestingly, we observed that ASC growth was not inhibited by MTX at any concentration
(0.1-50 pM). Conversely, NHF growth was inhibited after treatment with as low as 2.5 UM,
which is within the clinically relevant range (Kearney, et al., 1979; J. Li, et al., 2004). While
the current study showed no dose dependent impairment for ASCs exposed to MTX, Qi et
al. observed decreases in ASC proliferation when treating with 550 uM MTX for 48 hours,
suggesting that longer exposure at much higher drug concentrations can negatively affect
ASC growth (Qi, et al., 2012). The other chemotherapeutics investigated in this study, VIN,
CY, and ETO, all inhibited ASC proliferation, although variability existed among drug type
and concentrations. ASCs and NHFs responded comparably to CY and ETO, suggesting
similar susceptibility to these drugs, which prevent DNA synthesis via inactivation of
polymerase and inhibition of topoisomerase I, respectively (D. D. Ross, et al., 1990; W.
Ross, et al., 1984). However, cellular response to VIN was not as uniform. While most drug
concentrations resulted in greatly decreased proliferation, these decreases were less for
ASCs than NHFs. Therefore, ASCs may be better equipped to rectify inhibition of
microtubule formation, the mechanism of action for VIN (George, et al., 1965). This is
supported by a study by Liang et al. that found ASCs could recover after exposure to 0.1 uM
VIN (Liang, et al., 2011). Discrepancies between these findings and our own, which showed
no recovery after exposure to 0.125 uM VIN, could be due to the slightly higher VIN-
treatment concentration or other differences in the medium composition, such as serum
fraction. It remains to be examined whether the superior resistance of ASCs over NHFs is
conserved at even lower concentrations of VIN. However, those results may not be of great
translational interest since ASCs and NHF growth was inhibited at clinically relevant VIN
concentrations (0.1 uM) (J. Li, et al., 2004). The variability among ASC response to MTX,
VIN, CY, and ETO suggests that ASCs are not impervious to all chemotherapeutics. In
particular, high concentrations of VIN, CY, and ETO reduced cell counts by 70-95%. The
clinically relevant range of doses used in this study illustrate the impact chemotherapeutics
can have on the function of ASCs and other somatic cells such as NHFs. ASC senescence
during chemotherapy could impair their ability to maintain tissue integrity, leading to
degradation akin to the effects of chemotherapy on BMSCs and osteoblasts in bone.
However, additional experiments are necessary to determine whether our in vitro results are
indicative of the in vivo response. Cumulative effects of chemotherapeutics and the
influence of the surrounding microenvironments during long-term in vivo treatment may
result in different findings, as has been shown previously to occur with BMSCs (Georgiou,
etal., 2012).

While we have discussed the impact of clinically relevant chemotherapeutic concentrations
on ASC and NHF proliferation, it is important to note that these concentrations are based off
of plasma levels and not necessarily the concentrations within adipose tissue. Reports on
methotrexate and vincristine indicate that drug concentrations are 3-10-fold lower in adipose
tissue than plasma (Anderson, et al., 1970; Behan, et al., 2010). These data suggest that the
concentrations used in this study could be higher than what some cells in adipose tissue
experience during treatment. However, since it has been suggested that ASCs reside within
the adipose vasculature (Tang, et al., 2008), they may be exposed to concentrations closer to
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plasma levels. Regardless, the range of doses used in our study, which includes levels above
and below physiologically relevant plasma concentrations, encompasses the most likely
exposures ASCs would see in adipose tissue. Of particular relevance to our findings
involving methotrexate, we showed that even at high concentrations relative to physiological
dosing, ASCs exhibited a remarkable resistance to the negative effects of the drug.

To further understand the impact of MTX on ASC and NHF expansion, cells were treated
with 2.5 uM MTX and assessed for viability, cell division (Ki-67), and senescence (X-gal)
on the day that treatment was removed (day 0) as well as the subsequent 10 days. Results
confirmed that MTX had no effect on ASC viability, cell division, or senescence.
Conversely, MTX-treated NHF viability and cell division were significantly reduced from
untreated levels, and the fraction of senescent cells was significantly increased. These data
confirm that ASC expansion properties are resistant to 2.5 uM MTX in vitro, and reveal why
MTX-treated ASC counts were not lower than untreated ASC counts in our proliferation
assay. The cell death and growth arrest observed for NHFs is consistent with previous
studies and indicates why low NHF counts existed after MTX treatment. Published findings
suggest that exposure to MTX can cause either cell death or senescence, although this
response is dependent on MTX treatment concentration and time. For example, Hattangadi,
et al. determined that MTX caused 40% of MCF-7 breast tumor cells to apoptose and a
greater fraction of cells to undergo growth arrest (Hattangadi, et al., 2004). While untreated
ASC and NHF division was reduced and senescence was increased over time, this can be
attributed to the cells reaching confluence (Fagman, et al., 2003; Severino, et al., 2000).

In addition to proliferation and growth characteristics, we investigated the effects of MTX
on cellular differentiation potential. We compared the adipogenic, osteogenic, and
chondrogenic differentiation outcomes of untreated and MTX-treated, homogeneous ASC
populations. Analysis of normalized, metabolite levels revealed MTX caused no change in
osteogenic or chondrogenic differentiation, while slightly increasing adipogenic response.
These results suggest that ASC differentiation potential is not impaired by 24 hour exposure
to 2.5 uM MTX treatment in vitro. Combined with our proliferation findings, ASCs appear
to be a promising stem cell source that is less sensitive to the negative effects of this
commonly used chemotherapeutic agent compared to other somatic cell types. This is
important since previously published studies have shown that BMSCs are susceptible to
MTX. In vitro treatment of BMSCs with 0.1 uM MTX for 48 hours resulted in increased
adipogenesis but had no effect on osteogenesis. When replicated in vivo, treatment still
increased adipogenesis but showed significant inhibition of osteogenesis (Georgiou, et al.,
2012). The authors proposed that MTX-impaired BMSC function contributes to bone
disorders arising after MTX treatment (Georgiou, et al., 2012). To determine superior MTX
resistance of ASCs over BMSCs, experiments directly comparing these cell types must be
conducted.

Given the abilities of ASCs to maintain their differentiation potential after short-term
treatment with concentrations 25-fold higher than clinically relevant doses (Kearney, et al.,
1979) they could be an attractive source for regenerative therapies for patients undergoing
MTX treatment. Acute lymphoblastic leukemia, the most common form of childhood
cancer, is one disease primarily treated with this drug. Currently, young patients undergoing
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chemotherapy face the risk of never recovering MTX-induced, bone mineral density loss,
leaving them at higher risk for osteoporosis and bone fractures throughout their lifetime
(Mandel, et al., 2004). However, it is possible that treatment with a resistant stem cell
population, like ASCs, could ameliorate these defects by regenerating tissue damage after
MTX exposure or even preventing bone loss altogether if introduced prophylactically. To
verify that ASCs are a promising cell source for these regenerative therapies, additional
investigations into the extent of ASC MTX-resistance is necessary. Studies should examine
the effects of longer treatments and whether ASC resistance to MTX extends to the in vivo
environment.

While enriched, homogeneous ASC populations were resistant to the effects of MTX, it was
unknown whether cells comprising freshly isolated, heterogeneous SVF populations would
also withstand MTX cytotoxicity. SVF cells from lipoaspirate are heterogeneous, consisting
of ASCs, adipocytes, smooth muscle cells, endothelial cells, and fibroblasts (Yoshimura, et
al., 2006). ASC purification approaches use a variety of strategies, the most effective of
which is often serial passaging. Rapid enrichment of freshly isolated ASCs is problematic
since there are no universally accepted surface markers for mesenchymal stem cells (Lv, et
al., 2014). If cells are to be isolated from a patient and re-implanted with no extensive,
monolayer expansion steps, then SVF cells are an important population to examine.
Moreover, a secondary aim of this study was to determine whether the regenerative
properties of SVF samples could be enhanced by MTX exposure based on the hypothesis
that resident ASCs would proliferate while non-stem cells would not, effectively enriching
the sample for our cell type of interest. Freshly isolated cells were treated with MTX and
then analyzed for their clonogenicity and differentiation potential. Quantifying the number
of colonies formed by untreated and treated SVF cells revealed that MTX increased colony
counts by 50-100%. Since ASC quantity and CFUs correlate, our results indicate that MTX
treatment effectively enriched ASCs within the heterogeneous populations. This enrichment
should equate to a more robust differentiation response following chemical induction.
However, analysis of adipogenic, osteogenic, and chondrogenic differentiation potential for
untreated and MTX-treated SVF samples showed that lineage-specific metabolite production
did not increase as a consequence of treatment. We hypothesize that ASC proportions in
these heterogeneous cell populations, while higher, was not increased enough to see an
effect on the metabolite production of the overall SVF samples. Interestingly, these findings
suggest that the various cell types in SVF combine to exhibit a similar, resistant response to
MTX as the more homogeneous, monolayer-expanded ASCs.

Experimental results also showed that ASC resistance to MTX is not passage-dependent or
donor-dependent. Groups have reported that monolayer expansion can influence many
characteristics of ASCs including surface marker expression, proliferation, and
differentiation potential (Mitchell, et al., 2006; Schellenberg, et al., 2011; Zhao, et al., 2012).
However, increased CFU counts and uninhibited differentiation potential of MTX-treated,
freshly isolated SVF cells suggests that monolayer expansion does not cause MTX
resistance of ASCs. This response was consistent for cells from multiple, human donors.
While differentiation potential has been determined to be donor dependent (Guilak, et al.,
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2006), ASC MTX resistance is hypothesized to be an inherent function of this specific cell
type, not influenced by differences in donor physiology.

Data showed that in response to drug treatment ASCs and SVF cells upregulated DHFR
protein, the target of MTX and hypothesized mechanism behind ASC resistance (Cronstein,
1997). DHFR is involved in DNA biosynthesis and is essential for proliferation. During
treatment, MTX binds available DHFR, inhibiting its function and leading to cell senescence
or apoptosis. Therefore, DHFR upregulation due to an increase in gene expression infers
cellular resistance, as this provides excess, unbound DHFR for continuation of necessary
bioprocesses (Goldman and Matherly, 1985). Quantification of protein amounts for SVF
cells, ASCs, and NHFs revealed that the increase in DHFR expression from baseline levels
is at least 11-fold greater in ASCs and SVF cells than MTX-sensitive NHF populations.
These results suggest that DHFR upregulation in the presence of MTX likely contributes to
ASC resistance, though studies examining DHFR gene expression should be conducted to
further confirm this.

Western blot experiments also revealed that SVF cell DHFR upregulation was 2-fold
greater, on average, than upregulation of purified ASCs, despite SVF populations containing
a greater fraction of terminally differentiated cells than ASC populations. Two reasons for
the disparate responses of SVF and ASC DHFR upregulation have been hypothesized. First,
ASCs are exposed to culture medium supplemented with growth factors, which have been
suggested to improve chondrogenesis, while potentially reducing ASC “stemness” (R. T.
Estes, et al., 2006). Loss of “stemness” may prevent ASCs from upregulating DHFR as
much as the ASCs present in SVF populations. An additional contributing factor could be
that freshly isolated SVF populations are more prolific than expanded ASCs. Studies have
shown that non-passaged SVF cells express surface markers associated with proliferation
that are lost during expansion (Suga, et al., 2009). As such, while both expanded and freshly
isolated ASCs are able to upregulate DHFR and resist adverse MTX effects, the metabolic
and prolific properties of freshly isolated ASCs could enable them to upregulate DHFR
more than passaged cells.

It is possible that DHFR upregulation is not exclusively responsible for ASC resistance but
may contribute in conjunction with complementary mechanisms. Other studies have
reported that MTX resistance could be a result of low reduced folate carrier expression,
overexpression of breast cancer resistance protein, or upregulation of multidrug resistance-
associated protein 3 (Cowman and Foote, 1990; Guo, et al., 1999; Wall and Rubnitz, 2003).
Superior DNA repair abilities of ASCs may also contribute to resistance, since accumulation
of single- and double-strand breaks causes apoptosis during chemotherapy (J. C. Li and
Kaminskas, 1984). Furthermore, differences in growth rates could contribute to the superior
chemotherapeutic resistance of ASCs over NHFs. Chemotherapeutic agents are designed
specifically to target rapidly dividing cells, while slowly dividing cells are not as susceptible
to damage. Since ASCs have a longer doubling time than NHFs, 36 versus 24 hours,
respectively, it is possible that this difference renders ASCs more resistant to these
treatments than NHFs. Further study is warranted, since inducing targeted, MTX resistance
via chemical treatment would be a more straight-forward, therapeutic approach than cellular
transplantation.
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A possible consequence of ASC upregulation of DHFR is increased proliferation rates.
Results showed that ASC growth after MTX treatment determined that 22.5 UM MTX
increased cell numbers 30-40% from control levels. This trend was conserved for SVF
populations, as well, with cell counts of 2.5 uM MTX-treated populations being consistently
higher than counts of untreated populations. DHFR overexpression has been implicated
previously in increased proliferation, with cells in zebra fish embryos proliferating faster
when DHFR is overexpressed (Sun, et al., 2011). While DHFR expression in NHFs was also
elevated in the presence of MTX, these cells were still impaired by drug treatment. This is
not unexpected since DHFR has previously been noted to increase protein expression in
MTX-treated osteosarcoma cells, while MRNA expression decreased (Yoon, et al., 2010).
Therefore, it is possible that DHFR protein upregulation was an initial response of the cells
to the treatment but could not be sustained. NHF cell senescence after treatment suggests
that expression is eventually lost, due to the reliance of cell proliferation on DHFR.
Examining DHFR levels at a later time point could confirm this hypothesis.

Conclusion

The effects of chemotherapeutic agents on ASC proliferation and differentiation potential
are imperative to understanding the musculoskeletal consequences of high-dose treatments
and potentially identifying preventative treatments for patients receiving chemotherapy. This
study revealed differential resistance and susceptibility of ASCs to commonly used
chemotherapeutics. We have identified multiple drugs that impair ASC proliferation,
revealing concerns for patients with respect to mesenchymal stem cell function. However,
we also determined that ASC regenerative properties were unaffected by MTX, a
chemotherapeutic known to cause long-term musculoskeletal injury. This study's findings
support further investigation into the applicability of ASCs for regenerative therapies
targeting patients undergoing MTX treatment.
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bone marrow-derived stem cell
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stromal vascular fraction
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Figure 1.

ASC (red lines) and NHF (blue lines) proliferation were differentially inhibited by
chemotherapeutic agents. ASCs and NHFs were quantified 6-10 days after a 24 hour
treatment with different concentrations of (A) methotrexate, (B) vincristine, (C) cytarabine,
(D) or etoposide. Cell counts are presented as the percent of ASC or NHF untreated control
counts on day 10. ASC growth was not inhibited by any concentration of methotrexate,
while NHFs were impaired after 2.5 and 50 UM treatments. Similarly, ASC proliferation was
more resistant to vincristine exposure than NHFs. However, both cell types were equally
impaired by cytarabine and etoposide. Error bars show standard error.
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Figure 2.
Methotrexate effects on cell viability, cell division, and senescence revealed clear

differences between ASCs and NHFs. (A) Live/dead staining indicated that ASC viability
remained at 100% following 2.5 pyM MTX treatment while NHF viability steadily dropped
over time, Representative images of live (green) and dead (red) cells at day 10 indicate
differences in ASC and NHF samples following MTX treatment (insets show controls). B)
Ki-67 immunostaining confirmed that MTX had no effect on ASC division. Conversely, cell
division in NHFs was significantly reduced compared to controls. Representative images of
Ki-67 (green) and DAPI (blue) staining on day 10 suggest prevalent Ki-67 expression in
ASCs, with minimal expression in NHFs. C) X-gal staining determined that MTX did not
affect ASC senescence. However, MTX-treated NHF samples had significantly more
senescent cells than untreated controls, with nearly all cells senescing by day 8. Images of
senescent (blue) cells on day 10 indicate a greater percentage of senescence in NHFs than
ASCs. (Scale bar indicates 200 pm, *p < 0.001 between untreated and MTX-treated NHFs).
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Treatment with 2.5 uM MTX had no negative effect on ASC multilineage differentiation
potential. (A) Oil Red O and Alizarin Red S stains confirmed comparable lipid and calcified
matrix production for induced and non-induced (insets), untreated and methotrexate-treated
ASCs. Optical densities of eluted, metabolite-specific stains were quantified to determine
differences in (B) adipogenic, (C) osteogenic, and (D) chondrogenic differentiation
potential. While MTX caused statistically significant increases in lipid production for
induced and non-induced samples over untreated wells, these differences were minor. No
differences were observed between untreated and methotrexate-treated osteogenic or
chondrogenic differentiation potentials. Error bars show standard deviation. (Scale bar

indicates 50 pm, *p < 0.05)
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Figure 4.
MTX treatment increased the proliferation and clonogenicity characteristics of SVF cell

populations. (A) After monolayer expansion of untreated and MTX-treated SVF
populations, cell counts of MTX-treated populations were higher than untreated populations.
(B) Likewise, colony counts of treated SVF populations were significantly higher than
untreated populations when assessed via a CFU assay. Error bars show standard deviation.
(*p <0.05)
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Figure 5.
Treatment with 2.5 uM MTX had no negative effect on SVF cell multilineage differentiation

potential. (A) Oil Red O and Alizarin Red S staining confirmed comparable lipid and
calcified matrix production for induced and non-induced (insets), untreated and
methotrexate-treated SVF cells (representative images for one donor). Optical densities of
eluted, metabolite-specific stains were quantified to determine differences in (B) adipogenic,
(C) osteogenic, and (D) chondrogenic differentiation potential of three, unique, SVF cell
populations. No differences were observed between untreated and methotrexate-treated
adipogenic, osteogenic, or chondrogenic differentiation potentials. Osteogenic assessment
was only conducted on donor 1, as donors 2 and 3 became overly contractile and could not
maintain a monolayer throughout three weeks of matrix deposition. Error bars show
standard deviation. (Scale bar indicates 50 pm, *p < 0.05)

Exp Cell Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Beane et al. Page 24

A SVF ASC NHF
MTX - + - + - +

o
(o)}

Fold Increase vs Control
w

0 N S— : eessnile——

SVF ASC NHF

Figure 6.
DHFR upregulation in SVF cells and ASCs was greater than NHFs after MTX treatment.

(A) Western blot was used to compare protein expression of DHFR in untreated and 2.5 uM
MTX-treated SVF cells, ASCs, and NHFs. (B) Quantification of band intensity revealed that
SVF cells and ASCs upregulate DHFR 11-fold more than NHFs in the presence of MTX.
Error bars show standard deviation.
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