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1x10° cells/mL, incubated for 20min with a fluorescein
isothiocyanate (FITC)-conjugated antibody against CD49b
or CD98 (Biolegend) or a phycoerythrin (PE)-conjugated
antibody against CD10, CD13, CD29, CD44, CDA49a,
CD49c, CD49d, CD49%¢, CD51/61, CD73, CD90, CD105,
CD117, SSEA4, HLA-A,B,C (BioLegend), CD133/1 (Mil-
tenyi Biotec), or CD166 (Beckman Coulter). Nonspecific
staining was assessed using relevant isotype controls. Dead
cells were excluded using the Live/Dead Fixable Far Red
Dead Cell Stain Kit (Life Technologies). FlowJo software
was used for quantitative analysis.

RNA extraction, cDNA generation, and quantitative
polymerase chain reaction

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen) accroding to the manufacturer’s instructions. cDNA
was generated from 1pg of total RNA using the Verso
cDNA Synthesis Kit (Thermo Scientific) and purified using
the MinElute PCR Purification Kit (Qiagen). Quantitative
polymerase chain reaction (Q-PCR) analysis was conducted
using the SsoFast EvaGreen supermix (Bio-Rad) according
to the manufacturer’s protocols. The relative expression
value for each gene was calculated using the AACt method,
and the most reliable internal control gene was determined
using geNorm Software (http:/medgen.ugent.be/ ~ jvdesomp/
genormy/). Details of the primers used in these experiments are
available on request.

Western blot analysis

Whole cell extracts were prepared by washing cells with
ice-cold PBS and lysing them with M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific Pierce) ac-
cording to the manufacturer’s instructions. Nuclear and
cytosolic extracts were prepared as follows. Cells were
washed with ice-cold PBS and lysed with lysis buffer
(50 mM Tris-HC1 (pH 7.5), 0.5% Triton X-100, 137.5mM
NaCl, 10% glycerol, 5SmM EDTA, 1 mM sodium vanadate,
50 mM sodium fluoride, 10 mM sodium pyrophosphate, and
protease inhibitor cocktail). Then, insoluble nuclei were
isolated by centrifugation and lysed with lysis buffer con-
taining 0.5% SDS. Equal amounts of proteins were separated
by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), transferred to polyvinylidene fluoride
membranes (Immobilon-P; Millipore), and probed with
antibodies against cleaved Notchl (#2421; Cell Signaling
Technology), HIF-1a (#610959; BD Bioscience), hypoxia-
inducible factor 2o (MAB3472; Millipore), Akt (#9272,
Cell Signaling Technology), and phospho Akt (Ser473)
(#4060; Cell Signaling Technology). Horseradish peroxi-
dase (HRP)-conjugated anti-mouse or -rabbit IgG antibody
(Cell Signaling Technology) was used as a secondary anti-
body, and immunoreactive bands were visualized using
Immobilon Western Chemiluminescent HRP substrate
(Millipore). The band intensity was measured using the
ImagelJ software.

Fluorescence microscopy

Phase-contrast and fluorescence images were obtained
using a fluorescence microscope (BZ-9000; Keyence) using
BZ Analyzer Software (Keyence).
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Adipogenic, osteogenic, and chondrogenic
differentiation procedures

For adipogenic differentiation, cells were cultured in
differentiation medium (Zen-Bio). After 7 days, half of the
medium was exchanged for adipocyte medium (Zen-Bio)
and this was repeated every 3 days. Three weeks after dif-
ferentiation, adipogenic differentiation was confirmed by a
microscopic observation of intracellular lipid droplets with
the aid of Oil Red O staining. Osteogenic differentiation was
induced by culturing the cells in osteocyte differentiation
medium (Zen-Bio). Differentiation was examined by Ali-
zarin Red staining. For chondrogenic differentiation, 2 x 10°
hADMSCs were centrifuged at 400 g for 10 min. The re-
sulting pellets were cultured in chondrogenic medium
(Lonza) for 21 days. The pellets were fixed with 4% para-
formaldehyde in PBS, embedded in OCT, frozen, and sec-
tioned at 8 um. The sections were incubated with PBSMT
(PBS containing 0.1% Triton X-100, and 2% skim milk) for
1h at room temperature, and then incubated with a mouse
monoclonal antibody against type II collagen (Abcam) for
1h. After washing with PBS, cells were incubated with
Alexa 546-conjugated anti-mouse IgG to identify chon-
drocytes (Life Technologies). The cells were counterstained
with 4’-6-diamidino-2-phenylindole (DAPI) (Life Technol-
ogies) to identify cellular nuclei. The sections were also
stained with 1% alcian blue (Sigma Aldrich) in 3% acetic
acid, pH 2.5 for 30 min.

Determination of HK, PFK, LDH, PDH,
and Cox 1V activities

Cells (2% 106) were lysed, and HK, PFK, LDH, or PDH
activity was measured using the Hexokinase Colorimetric
Activity Kit, Phosphofructokinase (PFK) Activity Colori-
metric Assay Kit, Lactate Dehydrogenase (LDH) Activity
Assay Kit, or Pyruvate Dehydrogenase Activity Colori-
metric Assay Kit (all from BioVision), respectively, accord-
ing to the manufacturer’s instructions. To measure Cox IV
activity, mitochondria were isolated from 2 x 107 cells using a
Mitochondria Isolation Kit (Thermo Scientific) and lysed
with buffer containing n-Dodecyl B-D-maltoside, followed by
measurement with the Mitochondria Activity Assay (Cyto-
chrome C Oxidase Activity Assay) Kit (BioChain Institute),
according to the manufacturer’s instructions.

Results

5% oxygen hypoxic culture condition increases
proliferation capacity and decreases senescence

hADMPCs were cultured under 20% oxygen (normoxia;
Nx) or 5% oxygen (hypoxia; Hx), and their proliferation
capacities were examined based on the relationship between
the number of cultivation days and the population doubling
level (PDL). Nx-cultured hADMPCs ceased proliferation at
a PDL of 35-40 (between 46-70 days), whereas continuous
cell proliferation beyond 45 PDL was observed when
hADMPCs were cultured in the Hx condition (Fig. 1A). To
investigate whether this increase of PDL in the Hx culture
condition resulted from an increase in cell cycle progression
and increase in survival rates, EdU, an alternative to 5-
bromo-2’-deoxyuridine (BrdU), was incorporated into the
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FIG. 1. Hypoxia increases proliferation capacity and de-

creases senescence in tissue-derived multilineage progenitor
cells (hADMPCs). (A) Growth profiles of hADMPCs under
normoxic (red square) and hypoxic (blue square) condi-
tions. The population doubling level (PDL) was determined
to be 0 when cells were isolated from human adipose tissue.
Cells were maintained until they reached PDL13-15 (pas-
sage 3) and then split into four aliquots of equal cell den-
sities. PDL was calculated based on the total cell number at
each passage. (B) Detection of normoxic (Nx) and hypoxic
(Hx) cells by flow cytometry after incorporation of EdU. (C)
Percentages of apoptotic cells with sub-G1 DNA under Nx
and Hx conditions. The results are presented as the mean of
three independent experiments. (D) hADMPCs cultured
under Nx and Hx conditions were harvested by trypsin-
EDTA and then imaged using a phase-contrast microscope.
Arrowheads indicate cells with a larger and more irregular
shape. (E) Cells expanded under Nx and Hx conditions were
stained with SA-B-gal. (F) Cellular reactive oxygen species
detection by the oxidative stress indicator CM-H,DCFDA in
hADMPCs under Nx or Hx. Data are presented as the mean
fluorescence intensity of three independent experiments.
Error bars indicate SD. **P <0.01 indicates significant dif-
ference (independent ¢-test) between Nx and Hx. Scale bars;
100 pum. Color images available online at www.liebertpub
.com/scd
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genomic DNA of the hADMPCs, and the amount of incor-
porated EAU was quantified by flow cytometry. As shown in
Fig.1B, the EdU incorporation rate was significantly higher
in Hx-cultured hADMPCs than in Nx-cultured hADMPCs,
suggesting that cell growth was increased in the Hx culture
condition. In addition, measurement of DNA content in
hADMPCs revealed a slight but significant decrease of sub-
G1 peaks, which indicates the existence of apoptotic cells
with degraded DNA, when the cells were cultured in the Hx
condition (Fig. 1C). These data suggest that the Hx culture
condition increases the proliferation capacity of hADMPCs
by promoting their cell growth and survival rates. We also
found that Nx-cultured hADMPCs were larger with a more
irregular shape (Fig. 1D), which suggests that the Hx culture
condition prevented hADMPCs from entering senescence
[35]. To further investigate this phenomenon, cellular senes-
cence was measured by staining for SA-B-Gal, which revealed
that SA-B-Gal activity was increased in Nx-cultured hADMPCs
at passage 17 (Fig. 1E). Since it has been hypothesized that
senescence results from oxidative stress [20], accumulation of
ROS in hADMPCs was detected using the nonfluorescent
probe, CM-H,DCFDA. Flow cytometry analysis revealed that
ROS were generated at higher Ievels in hADMPCs when cul-
tured in the Nx condition (Fig. 1F), suggesting that reduced
production of ROS in the Hx condition may prevent the cells
from entering replicative senescence.

Hypoxic culture maintains some MSC properties
and increases differentiation

We then examined the cell properties of hADMPCs
under Nx and Hx conditions. Initially, cell surface antigens
expressed on hADMPCs were analyzed by flow cytometry.
No significant difference in expression profile between
hADMPCs cultured in Nx and Hx was observed; the cells
were consistently positive for CD10, CD13, CD29, CD44,
CD49a, CD49b, CD49c¢, CD49d, CD49e, CD51/61, CD54,
CD59, CD73, CD90, CD98, CD105, CD166, and HLA-A,
B, C, but negative for CD34, CD45, CD117, and CD133
(Fig. 2 and data not shown). These data were consistent with
previous reports describing the expression profiles of cell
surface markers of hMSCs [36,37]. To further examine the
stem cell properties of hADMPCs, their potential for dif-
ferentiation into adipocyte, osteocyte, and chondrocyte lin-
eages was analyzed at passage 8. Hx-cultured hADMPCs
presented enhanced differentiation into various lineages
(Fig. 3A, B), indicating that the Hx culture condition im-
proved the stem cell properties of hADMPCs.

Hypoxic culture condition activates Notch signaling

To reveal the molecular mechanism by which the Hx
culture condition increased the proliferative capacity and
maintained the stem cell properties of hADMPCs, we next
examined Notch signaling, which is required for maintain-
ing stem-cell features of various types of stem cells [30,31].
As expected, levels of cleaved NOTCHI, an activated form
of NOTCHI1, were significantly increased (greater than
twofold) in the Hx culture condition (Fig. 4A). Q-PCR
analysis revealed that HES1, a downstream target of Notch
signaling, was upregulated in Hx-cultured hADMPCs,
which also indicated that Notch signaling was activated in
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FIG. 2. Hypoxic culture maintains mesenchymal stem cell properties. hRADMPCs cultured under normoxia (20% O,) or
hypoxia (5% O,) were labeled with antibodies against the indicated antigens and analyzed by flow cytometry. Rep-
resentative histograms are shown. The respective isotype control is shown as a gray line.

the Hx culture condition (Fig. 4B). Administration of the y-
secretase inhibitor DAPT at 1 uM, which was sufficient to
inhibit the proteolytic cleavage of NOTCH1 (Fig. 4A), de-
creased the Hx-induced expression of HES1 at both mRNA
and protein levels (Fig. 4B, C). These data indicate that Hx
increased the expression of HES1 through activation of
Notch signaling. It has been reported that Notch signaling
and hypoxia-inducible factor (HIF) undergo crosstalk in
hypoxic cells [38-41]. Therefore, HIF-1o and HIF-2a pro-
tein levels in hADMPCs were analyzed by western blotting.

HIF-1a was stabilized when a chemical hypoxia-mimicking
agent, cobalt chloride, was applied in the culture; whereas
no obvious increase of HIF-lo. was observed in the Hx
culture condition (Fig. 4D). However, we did not detect any
HIF-20 expression even in the presence of cobalt chloride
(Fig. 4E). Q-PCR analysis revealed that HIF2A mRNA was
not expressed in these cells (data not shown). From these
results, we concluded that neither HIF-1a nor HIF-2o was
involved in the Hx-induced increase in the proliferative
capacity and stem cell properties of hADMPCs.
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To identify the signaling responsible for the observed
effect, we next examined the Akt, NF-xB, and p53 signaling
pathways. It has been reported that hypoxic conditions in-
duce the activation of Akt and NF-xB signaling [42,43]. In
addition, hypoxic conditions have been shown to inhibit pS3
activity [44], and crosstalk between these pathways and
Notch signaling has also been demonstrated [41,45-47]. As
shown in Fig. 4F, the Hx condition increased Akt phos-
phorylation, which was not decreased by DAPT treatment.
These data demonstrate that 5% oxygen activated Akt sig-
naling but not via Notch signaling. Similarly, the hypoxic
condition induced nuclear accumulation of p65, which was
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Adipocyte

0.8

0.6

0.4 -

0.2

OD 520 nm (Oil-Red 0)

Alucian Blue

inhibited by DAPT treatment (Fig. 4G). These data suggest
that NF-xkB signaling is regulated by Notch signaling in
hADMPCs. Furthermore, p53 was not activated under the
5% oxygen condition as assessed by detection of phospho-
p53 and a p53 reporter assay. However, DAPT treatment
significantly increased p53 activity (Fig. 4H, I).

Notch signaling is indispensable for acquisition
of the advantageous properties of hRADMPCs

We next examined the roles of Notch signaling in the
proliferative capacity and stem cell properties of hADMPCs
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FIG. 4. Hypoxic culture con-
dition activates Notch signaling
but not HIF proteins. hADMPCs
were expanded under normoxic
(20% O,) and hypoxic (5% O,)
conditions. DAPT (1uM) was
added to inhibit Notch signaling.
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in the Hx culture condition. To inhibit Notch signaling,
DAPT was added to the medium at a final concentration of
1 pM. DAPT treatment significantly decreased the PDL
when hADMPCs were cultured under either 20% or 5%
oxygen (Fig. 5A). Intriguingly, measurement of the DNA
content in hADMPCs revealed that inhibition of Notch
signaling by 1uM DAPT significantly attenuated the de-
crease in apoptotic cells in the Hx condition (Fig. 5B).
These data suggest that 5% oxygen increases the prolifera-
tion capacity of hADMPCs through Notch signaling by

Hypoxia
5% O,

promoting their survival. To examine whether Notch sig-
naling affects the stem cell properties of hADMPCs, dif-
ferentiation into adipocyte, osteocyte, and chondrocyte
lineages was analyzed at passage 8. Hx-cultured hADMPCs
underwent greater differentiation into all lineages as de-
scribed in Fig. 3, whereas application of a Notch inhibitor
significantly decreased the differentiation capacity to all
lineages (Fig. 5C-E). In addition, SA-B-Gal staining re-
vealed that inhibition of Notch signaling by DAPT re-
markably promoted senescence in both the Nx and Hx
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culture conditions, suggesting that the suppression of rep-
licative senescence observed in the Hx condition is mediated
by Notch signaling (Fig. 5F).

Glycolysis is enhanced in the 5% oxygen condition
through Notch signaling

Recent studies suggest that the metabolic shift from aer-
obic mitochondrial respiration to glycolysis extends the life
span possibly via reduction of intrinsic ROS production
[18,19]. Our results demonstrate that the 5% oxygen con-
dition reduced ROS accumulation in hADMPCs (Fig. 1F).
In addition, the relationship between Notch signaling and
glycolysis has been recently established [48,49]. We,
therefore, considered glycolytic flux by measuring the glu-
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cose consumption and lactate production of hADMPCs in
the Nx or Hx culture conditions. As shown in Fig. 6A,
glucose consumption and lactate production were elevated
in the Hx culture condition, indicating that a metabolic shift
to glycolysis occurred when hADMPCs were cultured in 5%
oxygen. In contrast, the Notch inhibitor DAPT markedly
reduced glycolytic flux as assessed by glucose consumption
and lactate production (Fig. 6A). To identify the genes re-
sponsible for the glycolytic change, we performed a Q-PCR
analysis. As shown in Fig. 6B, SLC2A3, TPI, and PGKI,
encoding glycolytic enzymes, were upregulated in the 5%
oxygen condition; whereas these genes were suppressed by
DAPT treatment. Interestingly, Hesl transduction by an
adenoviral vector markedly induced the mRNA expression
of the same genes (Fig. 6E). In addition, SCO2, a positive



MESENCHYMAL STEM CELLS UNDER HYPOXIA 2219

A ¢ Glucose . Lactate Lactate/Glucose ratio
o o 1 3 .
2p 0 = iz g L
EZ a0 33 o g o4 [T
@ b4 (o] 5
g2 w0 ‘ o< 400 818 ks i o5
z = % g i ]
28 1060 gE 200 g e
8 | R 4
37 0 - o 14
S parr - = + BAPT ; , PR - +
Mormioxia Hypoxia Mormoxia Hypoia Nermoxdta Typoria
20%0, 5%0, 20% 0, 5%0, 20%0, 5% 0,
B SLCZA3 PEK1 , TIGAR scoz
< 4 proe r_,,_l A7 TR R 13 15
1
& - 4
g ¢ i
3 i
F 0
pAPT = = omer = = F o T - + opaer -~ + ooy~ -
Normaxis  Hypoxia Normoxia Hypoxia Normoxia  Hypowa Normoxzia  Hypoxla Normoxia  Hypoxia
20%0, 590, 0%0,  S%0, 20% 0, 5%0, 20% 0, 5% 0, 0%0,  S%O,
C HK Activity PFK Activity LDH Activity D PDH Activity COX IV Activity
> 157 2 4 15 —~ N 25 P
: - B [ IS |
14 =S
< e g ¢t ; 15
= @ 4
% o5 T 08
@ 5 @ 0.5
ﬁ)f?"{ — - = a 4] -~
Normowis Fpors NI e — paer = = .+t pwr .~ F
ormnKis Ypox Normoxia  Hypoxia Normoxia  Hypoxia wormaxis - Hypoxia Normoxiz  Hypoxia
20% 0y 5% 0, 20%0 5%0, 209 5%0
20% 0, %0, %0, A 20% 0, 5%0, 20%0, @ 5%0,
E ,__ stc2as s 7PI . _PGK1 » TIGAR 18 scoz
5 6 g o ‘ '
& E T
g 3 2 2
o 4
g,
o
.% 2 1 i
211
T v o o 0 .
Cant HES: Cont HEST Cont HESL Cont HESL
F Glucose Lactate G Glucose Lactate
2 - 25 12 1.7 -
b3 i o 4 &4 1
= L5 2 1 i -
g5 3 1.5 Bos , S os
g2 o Los % 06
K E Tpg @ 0.4
5 = o 5 :
&0 £05 T o2 #0024 B
a ‘ o s 4 . a R
Cont Hest Cont  MESL-KD Cont  HESI-KD

FIG. 6. Glycolysis is enhanced under 5% oxygen through Notch signaling. (A-D) hADMPCs were expanded under
normoxic (20% O,) and hypoxic (5% O,) conditions. DAPT (1 uM) was added to inhibit Notch signaling. (A) Glucose
consumption and lactate production of hADMPCs were measured and plotted as the means of three independent experi-
ments = SD. (B) Relative mRNA expression of SLC2A3, TPI, PGKI, TIGAR, and SCO2 in hADMPCs. Each expression
value was calculated with the AACt method using UBE2D2 as an internal control. (C, D) Hexokinase (HK), phospho-
fructokinase (PFK), lactate dehydrogenase (LDH) (C), pyruvate dehydrogenase (PDH), and Complex IV (Cox IV) (D)
activities were measured and the value of relative activity was plotted as the means of three independent experiments+ SD.
(E, F) hADMPCs were transduced with either mock (Cont) or HES1 and then cultured for 3 days. (E) Relative mRNA
expression of SLC2A3, TPI, PGK1, TIGAR, and SCOZ2 in hADMPCs. Each expression value was calculated with the AACt
method using UBE2D2 as an internal control. (F) Glucose consumption and lactate production of hADMPCs were measured
and plotted as the means of three independent experimentstSD. (G) hADMPCs were transduced with either scrambled
control RNAi (Cont) or RNAIi against HES1 (HES1-KD), and then cultured for 3 days. Glucose consumption and lactate
production of hADMPCs were measured and plotted as the means of three independent experiments+SD. **P <0.01.
*0.01 < P <0.05.
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FIG. 7. Glycolysis supports proliferation of hADMPCs.
hADMPCs were treated with 0, 0.2, 0.4, and [ mM 2-deoxy-
D-glucose (2-DG) (A) or 0, 1, and 5mM sodium azide
(NaN3) (B) for 24 h. Cells were then allowed to incorporate
EdU for 2h, and the EdU-positive cells were analyzed by
flow cytometry. The percentages for the 0 mM control were
plotted as the means of three independent experiments = SD.
*P<0.05; **P<0.01.

modulator of aerobic respiration, and TIGAR, a negative
regulator of glycolysis, were transcriptionally downregulated
in the 5% oxygen condition; whereas DAPT treatment par-
tially restored the expression level (Fig. 6B). Adenoviral
expression of Hesl dramatically reduced SCO2 and TIGAR
expression (Fig. 6E), which suggests that the Notch-Hesl
signaling modulates the metabolic pathway. We also mea-
sured the activities of key enzymes in glycolysis. Hexokinase
activity was not changed under hypoxic conditions; however,
PFK and LDH were activated in 5% oxygen condition, which
was attenuated by Notch inhibition (Fig. 6C). In addition,
pyruvate dehydrogenase (PDH) and cytochrome c oxidase
(Complex IV) activity assays showed that mitochondrial
respiration decreased under the hypoxic condition and that
DAPT treatment restored it (Fig. 6D). Moreover, glycolytic
flux in Hesl-expressing hADMPCs was positively correlated
with the expression of these glycolytic genes as assessed by
glucose consumption and lactate production (Fig. 6F). In
contrast, HES1 knockdown by adenoviral transduction of
HES] RNAI resulted in a significant reduction of glycolytic
flux (Fig. 6G), demonstrating that HES1 is involved in the
regulation of glycolysis.

Glycolysis supports the proliferation of hRADMPCs

To determine whether aerobic glycolysis is important for
the proliferation of hRADMPCs, hADMPCs were treated with
the glycolytic inhibitor 2-deoxy-D-glucose (2-DG) or the
respiration inhibitor sodium azide (NaN3). We found that
hADMPCs were sensitive to treatment with 2-DG even at a
low concentration of 0.2mM (Fig. 7A). In contrast, treat-
ment of hADMPCs with NaN; rather increased their pro-
liferation at the concentration of 1 mM and supported their
proliferation even at the concentration of SmM (Fig. 7B).
These data suggest that the proliferation of hADMPCs is
compromised when aerobic glycolysis is blocked.

Discussion

Recent evidence suggests that hypoxic culture conditions
confer a growth advantage, prevent premature senescence,
and maintain undifferentiated states in ESCs, iPSCs, and
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somatic stem cells. However, the molecular mechanism
underlying the beneficial effects of culturing these cells at
low oxygen conditions remains unclear. Our findings
prompted us to hypothesize that Notch signaling in physi-
ological hypoxic conditions (5% O,) contributes to these
effects on hADMPCs by modulating glycolytic flux.

We found that 5% O, significantly increased the prolif-
eration capacity, decreased apoptosis, and inhibited senes-
cence of hADMPCs (Fig. 1). Moreover, 5% O, improved
the differentiation of hADMPCs without affecting the ex-
pression of their cell surface markers (Figs. 2 and 3). Wel-
ford et al. reported that HIF-1o delays premature senescence
of mouse embryonic fibroblasts under hypoxic conditions
(2% 0O,) [50]. Tsai et al. reported that hypoxia (1% O,)
inhibits senescence and maintains MSC properties through
accumulation of HIF-l1a [26]. Hypoxia was recently re-
ported to enhance the undifferentiated status and stem cell
properties in various stem and precursor cell populations via
the interaction of HIF with the Notch intracellular domain to
activate Notch-responsive promoters [38]. In the current
study, the effects observed in 5% O, condition were inde-
pendent of HIF proteins, because accumulation of HIF-1a
and HIF-2o was not observed (Fig. 4). Instead, our find-
ings suggest that 5% O, activated Notch signaling, which
contributed advantageous effects of hypoxic culture on
hADMPCs. A pharmacological inhibitor of Notch signaling,
DAPT, abrogated the hypoxic-induced Notch activation,
increased proliferation capacity and lifespan, maintenance
of stem cell properties, and prevention of senescence (Figs.
4 and 5). Moreover, we also found that 5% O, enhanced
glucose consumption and lactate production, and these ef-
fects were also attenuated by Notch inhibition (Fig. 6A) and
knockdown of HES1 (Fig. 6G). Previously, it has been re-
ported that Notch signaling promotes glycolysis by acti-
vating the PI(3)K-Akt pathway [48,49]. However, our
results indicate that Akt signaling was not activated by
Notch signaling, because DAPT did not attenuate hypoxia-
induced Akt phosphorylation (Fig. 4F). Although Akt is
unlikely to be regulated by Notch signaling in hADMPCs, it
is obvious in our data that Akt signaling was activated by
5% O,. Therefore, we could not rule out the possibility that
the promotion of glycolysis in the 5% O, condition was
caused by Akt signaling.

Recent evidence suggests that Notch signaling acts as a
metabolic switch [48,51]. Zhou et al. demonstrated that
hairy, a basic helix-loop-helix transcriptional repressor
regulated by Notch signaling, was upregulated and genes
encoding metabolic enzymes, including TCA cycle enzymes
and respiratory chain complexes, were downregulated in
hypoxia-tolerant flies. Intriguingly, they also found that
hairy-binding elements were present in the regulatory region
of the downregulated metabolic genes. Their work, thus,
provides new evidence that hairy acts as a metabolic switch
[51]. Landor et al. demonstrated that both hyper- and hy-
poactive Notch signaling induced glycolysis, albeit by dif-
ferent mechanisms. They showed that Notch activation
increased glycolysis through activation of PI3K-AKT sig-
naling, whereas decreased Notch activity inhibited mito-
chondrial function in a p53-dependent manner in MCF7
breast cancer cell lines [48]. Consistent with their reports,
our findings that Notch signaling promoted activity of some
glycolysis enzymes and inhibited mitochondrial activity
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(Fig. 6) also suggest that Notch signaling functioned as a
metabolic switch. While our data showed that Notch inhi-
bition by DAPT resulted in reduced glycolysis (Fig. 6A-C),
induction of mitochondrial function (Fig. 6D) and activation
of p53 (Fig. 4H, 1) are not consistent with the report of
Landor el al. This contradiction might be explained by the
expression level of endogenous Notch. Landor et al. showed
that in breast cancer MDA-M-231 cells, which showed
higher endogenous Notch activity, high glucose uptake, and
lactate production than MCF7 breast cancer cell lines, Notch
inhibition by DAPT significantly reduced glucose consump-
tion and lactate production [48]. As shown in Fig. 4A, we
observed that hADMPCs in 5% O, displayed high Notch
activity. Moreover, the lactate-to-glucose ratio was 1.8-1.9 in
hADMPCs, suggesting that hADMPCs largely rely on gly-
colysis for energy production (Fig. 6A). In addition, it was
reported that hMSCs showed a higher glycolytic rate than
primary human fibroblast [52]. It appears that hADMPCs
cultured under hypoxic conditions might possess cell prop-
erties similar to MDA-M-231 cells or MCF7 cells, in which
stable expression of constructs NICD1-GFP produces high
Notch activity.

Nuclear translocation of p65 was observed in hypoxic
conditions, demonstrating that NF-xB is a direct target of
Notch signaling (Fig. 4G). Intriguingly, the hypoxic culture
conditions in this study upregulated several genes encoding
glycolytic enzymes (SLC2A3, TPI, and PGK1); whereas the
expression of these genes was suppressed by Notch inhibi-
tion. In addition, Hesl transduction induced mRNA ex-
pression of the same genes (Fig. 6). It was previously
reported that SLC2A3 expression was regulated by p65/NF-
kB signaling, and that Notch/Hesl is able to induce the
activation of the NF-kB pathway in human T-ALL lines and
animal disease models [53]. Espinosa et al. demonstrated
that Hesl directly targeted the deubiquitinase CYLD, re-
sulting in deubiquitination and inactivation of TAK1 and
IKK, degradation of IxBa, and activation of NF-xB signaling
[53]. In our systems, however, we did not observe repression
of CYLD mRNA in Hesl-overexpressing hADMPCs (data
not shown). While PGK] mRNA has been reported to be
upregulated by NF-xB, it has not clearly been shown to be
controlled by NF-«xB despite the presence of an NF-xB site in
the promoter [54]. Although modulation of TPI expression by
NF-xB has not been reported, we found several NF-xB
binding sites on the human 7TPI promoter (data not shown).
Since NF-xB is likely to be one of the responsible signals for
hypoxic-induced glycolysis [53], further analysis will be re-
quired to determine the mechanism by which NF-xB sig-
naling is induced by Notch signaling. In addition, it will be
important to investigate whether NF-kB is really responsible
for the observed glycolysis and whether it regulates the ex-
pression of SLC2A3, TPI, and PGKI in hADMPCs under 5%
oxygen.

In addition, SCO2, a positive modulator of aerobic res-
piration, and TIGAR, a negative regulator of glycolysis,
were transcriptionally downregulated in the 5% oxygen
condition; whereas DAPT treatment partially restored ex-
pression (Fig. 6B). We observed some glycolysis and mi-
tochondrial enzyme activity and found that the activities of
COX IV and PFK were consistent with gene expression data
(Fig. 6C, D). Adenoviral expression of Hesl dramatically
reduced SCO2 and TIGAR expression (Fig. 6E), which
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suggests that Notch-Hes1 signaling modulates the metabolic
pathway. Intriguingly, our results also indicate that Hesl
could suppress the expression of TIGAR and SCO2, a p53
target gene. It has been reported that Notch signaling sup-
presses p53 in lymphomagenesis [46]. Moreover, Kim et al.
reported that NICD1 inhibits p53 phosphorylation and re-
presses p53 transactivation by interacting with p53 [47]. In
addition, DAPT treatment resulted in the enhancement of
p53 activity in the hypoxic conditions (Fig. 4H, I). There-
fore, it is possible that p53 activation was regulated by
Notch signaling in hADMPCs, although we did not observe
a decrease in p53 activity in hypoxic conditions in this study
(Fig. 4). Further analysis will be required to determine
whether p53 activity is suppressed in hypoxic conditions
over a longer period of culture.

Cells undergoing active proliferation utilize large amounts
of glucose through glycolysis, producing pyruvate for use in
substrates (amino acids and lipids) and the pentose shunt for
use in nucleic acid substrates, and also producing NADPH as
a reducing agent to counter oxidative stress [18,55]. In the
current study, 5% O, actually increased proliferation and
decreased the accumulation of ROS, which may be involved
in the reduction of senescence (Fig. 1). Since accumulation
of endogenous ROS might be a major reason for replicative
senescence [20], enhancing glycolysis in cultured cells may
improve the quality of the cells by suppressing premature
senescence. Kondoh et al. demonstrated that enhanced
glycolysis is involved in cellular immortalization through
reduction of intrinsic ROS production [14,18,19]. Therefore,
it is possible that the extension of lifespan observed in our
experimental conditions was caused by the reduction of
intracellular ROS levels through enhanced glycolysis by
Notch signaling. Our data indicate that aerobic glycolysis is
utilized for proliferation of hADMPCs, because the glyco-
Iytic inhibitor 2-DG attenuates the proliferation rate of
hADMPCs (Fig. 7A). Intriguingly, the aerobic respiration
block by NaN; did not decrease the proliferation; rather, it
increased proliferation at a low concentration (Fig. 7B),
which may support our data indicating that the metabolic
switch from mitochondrial respiration to glycolysis provides
a growth advantage to hADMPCs. However, the question of
whether the enhanced glycolysis really contributes to the
prolonged lifespan in hADMPCs remains to be determined
in this study.

In the current study, the molecular mechanism for how
Notch signaling is activated in 5% O, conditions was ex-
plored. It has been reported that Notchl activity is influ-
enced by oxygen concentration [40,41,56]. In melanoma
cells, hypoxia (2% O,) resulted in increased expression of
Notchl by HIF-1o and also by Akt through NF-kB activity
[41]. Similarly, in hypoxic breast cancer cells, Notch ligand
JAG2 was shown to be transcriptionally activated by hyp-
oxia (1% O,) in an HIF-la-dependent manner, resulting in
an elevation of Notch signaling [40]. In contrast, in hESCs
continuously cultured in 5% O,, alteration of the Notch
pathway seems to be independent of HIF-1a [56]. In our
system, Notchl activation was not likely dependent on HIF-
1o and HIF-24, because these proteins did not accumulate in
the Hx condition. In contrast, our results indicate that the
5% O, condition activated Akt and NF-xB signaling (Fig.
4), which suggests that these molecules may activate Notch
signaling in hADMPCs. NF-kB was previously shown to
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increase Notchl activity indirectly by increasing the ex-
pression of Notch ligand Jagged! in HelLa, lymphoma, and
myeloma cells [57]. In addition, Akt regulated Notchl by
increasing Notch! transcription through the activity of NF-
kB in melanoma cells [41]. Further analysis is required to
clarify the mechanism underlying this phenomenon.

In conclusion, the 5% oxygen condition conferred a
growth advantage through a metabolic shift to glycolysis,
improved the proliferation efficiency, prevented the cellular
senescence, and maintained the undifferentiated status of
hADMPCs. These observations, thus, provide new regula-
tory mechanisms for the maintenance of stemness observed
in 5% oxygen conditions. In addition, our study sheds new
light on the regulation of replicative senescence, which
might have an impact for quality control of hADMPC
preparations used for therapeutic applications.
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ABSTRACT

The analysis of in vitro cell senescence/growth after serial passaging can be one of ways to show the
absence of immortalized cells, which are frequently tumorigenic, in human cell-processed therapeutic
products (hCTPs). However, the performance of the cell growth analysis for detection of the immortal-
ized cellular impurities has never been evaluated. In the present study, we examined the growth rates of
human mesenchymal stem cells (hMSCs, passage 5 (P = 5)) contaminated with various doses of Hela
cells, and compared with that of hMSCs alone. The growth rates of the contaminated hMSCs were
comparable to that of hMSCs alone at P = 5, but significantly increased at P = 6 (0.1% and 0.01% Hela) or
P =7 (0.001% HeLa) within 30 days. These findings suggest that the cell growth analysis is a simple and
sensitive method to detect immortalized cellular impurities in hCTPs derived from human somatic cells.

© 2014 The Authors. Published by Elsevier Ltd on behalf of The International Alliance for Biological
Standardization. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

Quality
Safety

org/licenses/by-nc-nd/3.0/).

1. Introduction

Human cell-processed therapeutic products (hCIPs) are ex-
pected to provide novel breakthrough therapies for currently life-
threatening or incurable diseases. In the clinical applications of
hCTPs to patients, however, one of the major concerns is the
tumorigenic cellular impurities in the products. Since pluripotent
stem cells (PSCs), such as embryonic stem cells and induced
pluripotent stem cells, are tumorigenic {1--3], there is a risk of tu-
mor formation if the products contain the residual undifferentiated
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yoji@nihs.gojp (Y. Sato).
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http:/idn.dolorg/ 101016/ biclogicals 2014.11.007

PSCs [4]. On the other hand, somatic cells are considered to have
little tumorigenic potential even after substantial manipulations
like in vitro expansion, because they consistently pass into senes-
cence [5]. Malignant transformation of the cells is believed to occur
through multiple processes involving the accumulation of muta-
tions in key regulatory genes that promote cell survival and pro-
liferation {6,7]. Although a few individual groups reported the
spontaneous transformation of human mesenchymal stem cells
(hMSCs) during in vitro culture {8—11], two of them retracted their
papers because the results appeared to be attributable to contam-
ination with tumorigenic cells (fibrosarcoma, osteosarcoma, or
glioma cell lines) {12,13]. The rest of the groups found the immor-
talization of the cells, which is closely associated with tumorige-
nicity, during in vitro culture, indicating that the good practices to
avoid contamination with tumorigenic cells and the monitoring of
cell growth are critical for the quality control of hCTPs derived from
human somatic cells.

1045-1056/© 2014 The Authors. Published by Elsevier Ltd on behalf of The International Alliance for Biological Standardization. This is an open access article under the CC BY-

NC-ND license (htip://creativecommons.orglicenses/by-ne-nd/3.07).
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Abbreviations

hCTP human cell-processed therapeutic product
PSC pluripotent stem cell

hMSC  human mesenchymal stem cell

STR short tandem repeat

P=n passage n

PBS phosphate buffered saline

RT room temperature

HPV human papillomavirus

Cross contamination of cells with unidentified cells is usually
evaluated by the short tandem repeat (STR) analysis [ 14]. However,
the cell growth analysis which simply monitors the cell prolifera-
tion for a limited period may be adequately sensitive for the
detection of the contamination of somatic cells with immortalized/
tumorigenic cells, because somatic cells usually show slower
growth, compared with that of immortalized/tumorigenic cells, as

In fact, the European Medicines Agency has considered that the
evaluation of in vitro cell senescence after serial passaging is suf-
ficient to prove the absence of immortalized/tumorigenic cells in a
somatic cell-based product {18]. However, the performance of the
cell growth analysis for detection of the immortalized/tumorigenic
cellular impurities in somatic cells has never been studied. In the
present study, we examined the growth of hMSCs contaminated
with various doses of Hela cells, a well-known cancer cell line, to
determine the sensitivity of the cell growth analysis for the
detection of the immortalized/tumorigenic cells in human somatic
cells.

2. Materials and methods
2.1. Cells

hMSCs (Lonza, Walkersville, MD) at passage 2 (P = 2) were
cultured in MSCGM BulletKit, a mesenchymal stem cell basal me-
dium with mesenchymal cell growth supplement, t.-glutamine, and
gentamycin/amphotericin-B (Lonza). Hela cells (the Health Science
Research Resources Bank, Osaka, Japan) were maintained in Eagle's
minimum essential medium (Sigma), supplemented with 10% fetal
bovine serum (FBS; Sigma), 0.1 mM non-essential amino acids (Life
Technologies), 50 U/ml penicillin, and 50 pg/ml streptomycin (Life
Technologies). Cells were cultured in a humidified atmosphere of
5% CO, and 95% air at 37 °C, and were passaged upon reaching 90%
confluence.

2.2. Cell growth analysis

AtP =5 of hMSCs, 1 x 10° of hMSCs were mixed with 1000, 100,
or 10 of Hela cells and seeded into T175 flasks (Corning). The cells
were maintained in 40 ml of Dulbecco’s Modified Eagle's medium
(DMEM; Gibco) supplemented with 10% FBS, 50 U/ml penicillin,
and 50 pg/ml streptomycin. Upon reaching approximately 90%
confluence, the cells were washed with phosphate buffered saline
(PBS) and treated with 0.05% trypsin-EDTA solution (Gibco) for
detachment from the flasks. The cells were centrifuged at 450 x g
for 5 min and suspended with the fresh culture medium. Aliquots of
the suspended cells were stained with Trypan Blue solution and
counted by Countess Automated Cell Counter (Invitrogen) accord-
ing to the manufacture’s protocol. One million cells in the

suspension were re-seeded into T175 flasks and cultured until the
next passage. This process was repeated by P = 10. The growth rate
(Ry) at P = n was calculated by the following equation:

n == [loga(Nnw1 — No)I/(Dnst — D)

where Ny and Dy are the number of accumulated cells and the date
at P = k, respectively.

2.3. Immunofluorescence microscopy

hMSCs contaminated with HeLa cells were fixed with 4% para-
formaldehyde in PBS (Nacalai Tesque) for 10 min at room temper-
ature (RT) and blocked in Blocking One (Nacalai Tesque) for
30 min at RT. The cells, then, were incubated with anti-HPV18 E7
antibody (8E2) (abcam) diluted at 1:500 in the blocking solution
(PBS containing 5% Blocking One) for 1 h at RT for primary staining,
and secondarily stained with goat anti-mouse IgG Alexa Fluor 488
(1:1000; Invitrogen) in the blocking solution for 45 min at RT. The
cells were mounted with VECTASGIELD mounting medium with
DAPI (VECTOR) and observed with a fluorescence microscope (1X71,
Olympus).

3. Results and discussion

In the present study, we added 1000, 100, or 10 of Hela cells to
1 x 10% of hMSCs of passage 5 (P = 5) and compared their growth
with that of hMSCs alone (HeLa 0) until P = 10. The growth curves
of three lots of hMSCs and the contaminated hMSCs are shown in
Fig. 1. The cell numbers of HeLa 0 and the contaminated hMSCs
were comparable at P = 5. The growth of Hela 0 was constant
during the early culture and getting slower with time (Fig. 1), while
the growth of the contaminated cells was accelerated.

To confirm that the increases in the growth were attributable to
the contamination with Hela cells, we observed the cells with
phase contrast microscopy. In the images of the contaminated
hMSCs, we found small cells clearly different from hMSCs (Fig. 2A),
and their relative abundance increased every passage. Because
Hela cells are infected with human papillomaviruses (HPV), we
performed immunofluorescence analysis using HPV18 E7 antibody
and confirmed that the cells were Hela cells not transformed
hMSCs (Fig. 2B). At P = 10, hMSCs were hardly identified in images
of HeLa 1000 (Fig. 2C), because almost all of hMSCs were exchanged
for Hela cells at the five passages.

Next, we examined the growth rates of the contaminated cells
(Fig. 3A). They were comparable to that of Hela 0 at P = 5, and got
significantly increased at P = 6 (HeLa 1000 and Hela 100) or P = 7
(HeLa 10). These results indicated that the gross proliferation rate
was not influenced by the spiked cells at P = 5 and then the pop-
ulation of Hela cells in hMSCs increased in dose- and time-
dependent manner. Eventually, the growth rate (doubling/day) of
the contaminated hMSCs increased, and then reached plateau. The
average growth rate of the contaminated cells at P = 9 and 10 was
0.73, suggesting that the growth rate of Hela cells was approxi-
mately 0.7 in this culture condition. The average growth rates of the
three lots are plotted along the passage number in Fig. 3B. The
growth rates of HeLa 1000 and Hela 100 at P = 7 and Hela
10 at P = 8 were significantly increased compared with the growth
rates at P = 5 (*P < 0.05, two-way repeated measures ANOVA and
Student-Newman—Keulis test). These results indicate that the cell
cultures longer than P = 7 (about 20 days) and P = 8 (about 30 days)
detect cross-contaminations of 100 (0.01%) and 10 (0.001%) Hela
cells, respectively, assuming that 10% hMSCs were contaminated at
P=5.
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Fig. 1. Cell growth analysis of hMSCs contaminated with Hela cells. At the passage 5 (P = 5) of hMSCs, 1 x 108 of hMSCs were mixed with 0, 10, 100, or 1000 of HeLa cells (HeLa 0,
Hela 10, HeLa 100, or Hela 1000). Cells were passaged and counted at the indicated day from P = 5. The results of three lots of hMSCs are presented (Lot 1, 2, and 3).

The tumorigenicity has been evaluated by in vitro assays (e.g.,
soft agar formation assay, karyotype analysis) and/or in vivo assays
(transplantation into immunodeficient animals) [8,9,19,20]. When
these assays are performed to detect a trace amount of tumorigenic
cells in hCTPs, they need to be of high sensitivity. Recently, we
developed a highly sensitive in vivo tumorigenicity test using
severely immunocompromised mice, NOG mice, in combination
with Matrigel. Subcutaneous transplantation into NOG mice with
Matrigel allowed inoculation with 1 x 107 cells and actually ach-
ieved detection of 0.002% HelLa cells spiked into hMSCs in a half of
the mice (unpublished data). However, in vivo tumorigenicity test

A

using immunodeficient animals requires a specific facility, and
takes 3—4 months. In contrast, the cell growth analysis is not only
simple and economical, but also detects as few as 0.001% immortal
cellular impurities in hMSCs within 30 days, in case that the growth
properties of the immortal cells are comparable to those of Hela
cells. Although immortality does not necessarily indicate tumori-
genicity, it is known to be closely associated with cell trans-
formation in many cases of tumorigenesis. Therefore, the present
study can be said to be the first scientific basis for the usefulness of
the cell growth analysis as one of tumorigenicity tests for hCTPs
derived from human somatic cells.

C

Fig. 2. Phase contrast and immunofluorescence microscopy of hMSCs contaminated with Hela cells. (A) Representative image of the contaminated cells (Hela 100 at P = 8) is
presented. Red arrow pointed at the small size cells which were clearly different from hMSCs. (B) Phase contrast and immunofluorescence microscopy of HelLa 1000 at day 5 was
conducted by using anti-HPV E7 antibody. Green: Alexa Fluor 488 goat anti-mouse IgG; blue: DAPIL (C) Representative image of Hela 1000 at P10 is presented.
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Fig. 3. Cell growth rate analysis of hMSCs contaminated with HeLa cells. (A) The Y-axis
indicates the growth rate (doubling per day) of hMSCs. The results of three lots of hMSCs
are presented (Lot 1, 2, and 3). (B) The growth rates of three lots of hMSCs are plotted
along the passage numbers. Data are represented as mean + S.E.M. of the three lots.
Statistical significance was determined using two-way repeated measures ANOVA and
Student-Newman—Keulis's post-hoc test (*P < 0.05 compared with the rate at P = 5).
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ABSTRACT

The contamination of human cell-processed therapeutic products (hCIPs) with tumorigenic cells is one
of the major concerns in the manufacturing and quality control of hCIPs.. However, no quantitative
method for detecting the tumorigenic cellular impurities is curently standardized. NOD/Shi-scid
IL2Ry™! (NOG) mice have shown high xeno-engraftment potential compared with other well-known
immunodeficient strains, e.g. hude mice. Hypothesizing that tumorigenicity test using NOG mice could
be a sensitive and quantitative method to detect a small amount of turmnorigenic cells in hCIPs, we
examined tumor formation after subcutaneous transplantation of Hela cells, as a model of tumorigenic
cells, in NOG mice and nude mice. Sixteen weeks after inoculation, the 50% tumor-producing dose
(TPDsp) values of Hela cells were stable at 1.3 x 10% and 4.0 x 10° cells in NOG and nude mice,
respectively, indicating a 30-fold higher sensitivity of NOG mice compared to that of nude mice.
Transplanting Hela cells embedded with Matrigel in NOG mice further decreased the TPDsp value to
7.9 x 10 cells, leading to a 5000-fold higher sensitivity, compared with that of nude mice. Additionally,
when Hela cells were mixed with 10° or 107 human mesenchymal stem cells as well as Matrigel, the
TPDsp values in NOG mice were comparable to those of Hela cells alone with Matrigel. These results
suggest that the in vivo tumorigenicity test using NOG mice with Matrigel is a highly sensitive and
quantitative method to detect a trace amount of tumorigenic cellular impurities in human somatic cells,

which can be useful in the quality assessment of hCTPs.
© 2015, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. All
rights reserved.

1. Introduction
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Cell-processed therapeutic products (CTPs) derived from human
somatic/stem cells are eagerly expected to treat patients with se-
vere diseases involving functional damage of organs and tissues. To
transplant hCTPs into patients, however, tumorigenicity is raised as
one of the issues of these products. Tumorigenicity is defined as the
capacity of a cell population transplanted into an animal model to

2352-3204/© 2015, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. All rights reserved.
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produce a tumor by proliferation at the site of transplantation and/
or at a distant site by metastasis [1]. Assessment of tumorigenicity
is quite important to manufacture products with consistent quality.
Currently, the World Health Organization (WHO) Technical Report
Series (TRS) No. 878 Annex 1 is the only international guideline that
addresses tumorigenicity tests of animal cells for the production of
biologicals. However, the tumorigenicity test described in WHO
TRS 878, which involves the administration of 107 cells to ten nude
mice, would not be sensitive enough to detect a trace amount of
tumorigenic cellular impurities in hCTPs [2]. In addition, the in vivo
tumorigenicity test proposed in WHO TRS 878 covers only viable
animal cells used as cell substrates for manufacturing biological
products but not cells used directly for therapy by transplantation
into patients. Thus, to date, no suitable tumorigenicity test has been
established for hCTPs.

To establish methods to detect a trace amount of tumorigenic
cellular impurities in hCTPs, the usage of several new generations of
highly immunodeficient animal models are proposed. Rag2-yC
double-knockout mice [3], NOD/Shi-scid ILZRy™" (NOG) mice [4],
and NOD/SCID/IL-2ryKO (NSG) mice [5] indicate multiple immu-
nodeficiencies, including defects in T, B, and natural killer (NK) cells,
and a reduction in the function of macrophages and dendritic cells.
NOG mice exhibit extremely high engraftment rates of human HelLa
S3 cells compared with T-cell-deficient nude mice and T and B-cell-
deficient SCID mice [6]. NSG mice are reported to show efficient
tumor formation by single human melanoma cells in combination
with Matrigel, a basement membrane-like extracellular matrix
extract [7]. However, for the use of these highly immunodeficient
mouse strains to detect tumorigenic cellular impurities in hCTPs as
a part of the quality assessment/control, the performance of the
tumorigenicity tests using these strains shall be validated using
well known tumor cell lines.

In the present study, we examined the tumor formation po-
tential of HelLa cells transplanted in NOG mice with Matrigel and
compared their tumorigenicity with that in nude mice. To deter-
mine the sensitivity for the detection of tumor cells contamination
in non-tumorigenic human somatic cells, we mixed various dose of
Hela cells in human mesenchymal stem cells and conducted
tumorigenicity tests using NOG mice and Matrigel. We also per-
formed soft agar colony formation assay, which is commonly used
to detect anchorage-independent cell growth in vitro, and
compared tumor cell detection level by soft agar with the in vivo
tumorigenicity test.

2. Materials and methods
2.1. Cells

Human cervical cancer Hela cells were obtained from the
Health Science Research Resources Bank (HSRRB, Osaka, Japan). The
cells were maintained in Eagle's minimum essential medium
(Sigma), supplemented with 10% fetal bovine serum (FBS; Sigma),
0.1 mM non-essential amino acids (Life Technologies), 50 U/ml
penicillin, and 50 pg/ml streptomycin (Life Technologies). Human
mesenchymal stem cells (hMSCs) were purchased from Lonza and
cultured in MSCGM™ medium (Lonza). Cells were cultured in a
humidified atmosphere of 5% CO; and 95% air at 37 °C, and were
passaged upon reaching 80% confluence. hMSCs were used at
passage 6 and passages 6—8 for in vivo tumorigenicity tests and soft
agar colony formation assay, respectively.

2.2. Preparation of cell suspensions for transplantation

Upon reaching approximately 80% confluence, cells were
washed twice with phosphate buffered saline (PBS) and treated

with 0.25% trypsin-EDTA solution (Life Technologies) for detach-
ment from culture dishes. Hela cells and/or hMSCs were counted
and prepared in 100 pl of ice-cold Hela cell culture mediumora1:1
(v/v) mixture of HeLa cell culture medium and Matrigel (product
#354234, BD Biosciences, San Jose, CA) for transplantation.

2.3. Tumorigenicity test with immunodeficient mice

Male BALB/cA nu/nu mice (nude; CLEA Japan, Inc., Tokyo) and
male NOG mice maintained in the Central Institute for Experi-
mental Animals (CIEA, Kanagawa, Japan) were used for in vivo
tumorigenicity studies. Prepared cell suspensions were injected
using 1 ml syringes with a 25 G needle (Terumo) into 8-week-old
mice (n = 6 or 10). The mice were palpated weekly for 16 weeks to
observe nodule formation at the injection site. Tumor size was
assessed by external measurement of the length and width of the
tumors in two dimensions using a caliper as soon as tumors
reached measurable size. The tumor volume (TV) was calculated
using the formula volume = 1/2 x length (mm) x (width [mm})z.
The successive engraftment was determined according to pro-
gressive nodule growth at the injection site. Mice were euthanized
and necropsied when tumors reached approximately 20 mm in any
dimension or when a sign of deconditioning was noted. The
tumorigenicity of Hela cells was evaluated by measuring tumor-
forming capacity, which indicates the tumorigenic phenotype
[8,9]. Tumor-forming capacity is defined as 50% tumor-producing
dose (TPDsg), which represents the threshold dose of cells form-
ing tumors in 50% of the animals. TPDsg values were calculated
using the Spearman-Karber method [10-12] at each time point.
Not all animals transplanted with the highest dose formed tumors,
in which case it was assumed that the tumor incidence of animals
at 10 or 100 times the uppermost dose step (a dummy set of data)
would have been 100% for the Spearman-Kirber method to be
applicable [12].

The protocol of the present study was reviewed beforehand and
approved by the Animal Ethics Committees of CIEA (Permit Num-
ber: 13041A) and the National Institute of Health Sciences (NIHS,
Tokyo) (Permit Number: 359, 359-1, 359-2, 359-3). All animal ex-
periments were performed according to the Ethical Guidelines for
Animal Experimentation from the CIEA and the NIHS. All animals
were sacrificed under isoflurane inhalation anaesthesia, and all
efforts were made to minimize suffering.

2.4. Histology and immunohistochemistry

The engrafted tumors were isolated and fixed with 10% neutral
buffered formalin (Wako). The paraffin-embedded sections were
investigated by hematoxylin and eosin (H&E) stain and immuno-
histochemical studies using Bond-max stainers (Leica Biosystems).
Some sections were incubated at 100 °C for 10 min in a target
retrieval solution consisting of 10 mM citrate buffer (ER1; Leica
Microsystems), and then placed at room temperature for 20 min.
Mouse anti-human HLA class I-A, B, C monoclonal antibody (EMRS-
5; Hokudo, Sapporo, Japan), and rabbit anti-vimentin monoclonal
antibody (SP20; Nichirei Bioscience, Tokyo) were used as the pri-
mary antibodies. The antibodies for mouse immunoglobulin were
visualized using Bond polymer refine detection kits (Leica Micro-
systems). Sections were counterstained with hematoxylin.

2.5. Soft agar colony formation assay

A soft agar colony formation assay was performed using a
CytoSelect™ 96-well Cell Transformation Assay kit (CellBio labs, San
Diego, CA) as previously described [13]. Prewarmed 25 ul of
2 x DMEM/20% FBS and 25 pl of 1.2% agar solution were mixed and
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transferred onto a well of 96-well plates, and then incubated at 4 °C
for 30 min to allow the bottom agar layer to solidify. HeLa cells and
hMSCs were dissociated into a single cell suspension by treatment
with 0.25% trypsin-EDTA solution (Life Technologies) and passed
through 40 pum nylon cell strainers (BD Falcon). Next, 25 pl of cell
suspensions containing serially diluted Hela cells (0, 10, 20, 30, 50,
and 100 cells) and hMSCs (1.0 x 10* cells) in DMEM/10% FBS, were
mixed with 25 pul of 2 x DMEM/20% FBS and 25 pl of 1.2% agar. After
being placed on the bottom agar layer, the top agar layers were
immediately solidified at 4 °C for 10 min to avoid false-positive
signals derived from sedimentation-induced contact between the
cells. The plates were incubated with 100 ul of DMEM/10% FBS per
well for 10 and 20 days at 37 °C and 5% CO,. The medium was
changed every 2—3 days. Colonies were lysed and quantified with
CyQuant GR dye using a fluorometer equipped with a 485/520 nm
filter set (Wallac 1420 ARVOsx multilabel counter, PerkinElmer,
Boston, MA). Results were evaluated as a relative fold change of the
value of negative control (hMSCs only). The lower limit of detection
(LLOD) of the assay signal was calculated as the mean plus 3.3 fold
the standard deviation of the measurement of the three lots of
hMSCs [14].

3. Results
3.1. The tumorigenic potential of HelLa cells in nude and NOG mice

We first tried to evaluate the tumorigenic potential of human
tumorigenic cells in NOG mice in the absence or presence of
Matrigel, compared with that in nude mice. Namely, we examined
the tumor formation of Hela cells transplanted into the subcu-
taneous spaces of mice, and tumorigenic incidence was compared
between nude and NOG mice for 16 weeks (Fig. 1a—c and Table 1).
The development of spontaneous tumors was not observed in non-
transplant mice of either strain during the period of monitoring.
Nude mice, which are traditional standards for tumorigenicity
testing, showed no tumor formation when Hela cells were trans-
planted at a dose of up to 1.0 x 10° cells. On the other hand, NOG
mice developed tumors with a lower cell transplantation dosage
(1.0 x 10% cells). Transplanting HeLa cells with Matrigel consider-
ably increased the tumor formation potential of HelLa cells in NOG
mice. Notably, subcutaneous transplantation of 1.0 x 10° HeLa cells
gave rise to tumors in NOG mice when embedded with Matrigel (10/
10 animals) but not without Matrigel (0/10 animals). Furthermore,
60% (6/10 animals) of NOG mice formed tumors within 16 weeks
when 1.0 x 10? Hela cells were transplanted with Matrigel subcu-
taneously. Next, to compare tumor forming potential of nude mice
and NOG mice more quantitatively, we calculated a 50% tumor
producing dose, TPDsp, of HeLa cells in NOG and nude mice. At the
end of monitoring for 16 weeks, NOG mice exhibited
TPD5p = 1.3 x 10* when injected with Hela cells in the absence of

Matrigel (Table 1). As expected, tumorigenic potential of HeLa cells
was enhanced 30-fold when transplanted in NOG mice compared
with that in nude mice (TPDsg = 4.0 x 10° at week 16). Furthermore,
tumorigenic potential of Hela cell was enhanced 5000-fold when
Hela cells are embedded with Matrigel and transplanted in NOG
mice (TPDsg = 7.9 x 10 at week 16) compared with that in nude mice
without Matrigel. Thus, NOG mice showed superior tumor forming
potential when the tumor cells are embedded with Matrigel.
Transplanted cells progressively formed a large spheroid tumor
at the inoculation site without invading host subcutaneous tissue
(Fig. 2d). Tumor mass increases in a dose- and time-dependent
manner in both mouse strains (Fig. Za—c). To confirm the origin of
tumors engrafted in the NOG mice, embedded tissue sections were
stained with anti-human HLA antibody. The immunohistochemical
analysis demonstrated that the engrafted tumors originated from
human cells (Fig. 2e). No histological difference was observed be-
tween tumor in nude mice and that in NOG mice (data not shown).

3.2. Detection of tumors in NOG mice inoculated with HeLa cells
spiked into hMSCs

Next we attempted to determine the characteristics of the test
using NOG mice and Matrigel for detection of tumorigenic cellular
impurities in human somatic cells. For this end, HeLa cells (1.0 x 10,
1.0 x 10% 1.0 x 103 and 1.0 x 10%) were spiked into 1.0 x 10°
hMSCs, and then subcutaneously transplanted into NOG mice with
Matrigel. Tumor formation at the transplanted site was continu-
ously monitored for 16 weeks. Subcutaneous transplantation of
hMSCs alone in NOG mice did not generate tumor in any mice
during the monitoring period (Table 2). Within 16 weeks after
transplanation, 50% of the NOG mice (3/6 animals) generated
subcutaneous tumors derived from 1.0 x 10° Hela cells spiked in
1.0 x 10° hMSCs (Fig. 3a). The TPDsp of Hela cells transplanted in
NOG mice with 1.0 x 10% hMSCs and Matrigel was 1.0 x 10% at week
16, which was almost the same as the TPDsg transplanted with
Hela cells alone (Tables 1 and 2). These results indicated that in vivo
tumorigenicity tests using NOG mice and Matrigel are able to detect
over 0.01% Hela cell contamination in hMSCs, which is equivalent
to a single tumor cell contamination in 10,000 somatic cells. To
determine sensitivity of tumorigenicity tests using NOG mice, we
spiked 1.0 x 10 (0.0001%) and 1.0 x 10? (0.001%) HelLa cells into
hMSCs (1.0 x 107 cells), which was tenfold the dose used in the
previous experiments, and subcutaneously transplanted them into
NOG mice with Matrigel. Two and out of 6 NOG mice inoculated
with 1 x 107 Hela cells generated subcutaneous tumors within 16
weeks when a higher dose of hMSCs was co-transplanted (Fig. 3b).
It is of note that one out of 6 mice transplanted with 1 x 10 Hela
cellsand 1 x 107 hMSCs also showed tumor formation. The TPDsq of
Hela cells transplanted with 1.0 x 107 hMSCs and Matrigel in NOG
mice was 1.8 x 10 at week 16 (Table 2). These results are quite
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Fig. 1. Tumor incidence of HeLa cells in nude and NOG mice. The tumor formation of HeLa cells transplanted into the subcutaneous spaces of mice was examined for 16 weeks. The
relationships between the dose and the tumorigenic incidence of Hela cells in nude mice (a) and NOG without (b) or with (c) Matrigel are presented (n = 10 in each group).
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Table 1
Tumor-forming capacity of Hela cells in nude and NOG mice.

Strain Group Tumor incidence at indicated Hela cell dose at 16w TPDsg at week 16 Fold-change in TPDsq
0 Tx10 1x10°  1x10°  1x10%  1x10° 1x10° 110 (vs. nude mice)
Nude  Hela o/10°  — - - 0/10 2/10 7/10 (10/10)" 4.0 x 10° 1.0
NOG Hela 0/10 - 0/10 0/10 4/10 10/10 - - 13 % 104 3.0 x 10
NOG Helaw/MG  0/10 0/10 6/10 10/10 10/10 - - - 7.9 x 10 5.0 x 10°
—: Not tested.
MG: Matrigel.

? No. of mice in which tumors formed/total no. of mice inoculated.

b Since not all animals inoculated with the highest dose (10°) formed tumors, it was assumed that the tumor incidence of animals at an even higher dose step (a dummy set

of data) would have been 100% for the Spearman-Kirber method to be applicable,

consistent with those without a mixture of hMSCs (Fig. ic),
demonstrating that HelLa cells can grow under subcutaneous en-
vironments of NOG mice without significant effect from co-
tansplanted hMSCs, Taken together, our results indicated that
in vivo tumorigenicity tests with NOG mice in the combination with
Matrigel has the ability to detect 100 HelLa cells spiked into hMSCs
in almost half of mice.

Morphological observation of tumors originated from Hela cells
spiked in hMSCs and Hela cells alone was identical (Figs. 2d and
3c¢). The immunohistochemical analysis of the tissue sections us-
ing anti-human HLA monoclonal antibody clearly demonstrated
that the engrafted tumors originated from human cells (Fig. 3d).
Vimentin, an intermediated filament protein, is known to express
in the process of epithelial to mesenchymal transition and is
commonly used as one of the markers of mesenchymal stem cells
[15,16]. Negative staining with anti-vimentin antibody suggested
that formed tumors were attributed to the exceeding growth of
Hela cells (Fig. 3e).

3.3. Changes of TPDsy values depending on the time course

The tumor development of HeLa cells in nude and NOG mice
under various conditions are shown as the transition of TPDsg at

weekly intervals. Nude and NOG mice inoculated with HelLa cells
without Matrigel demonstrated only a slight decrease in TPDsq
values from 8 weeks following injection (Fig. 4). On the other hand,
TPDso values rapidly decreased until 12 weeks and then almost
reached a plateau until 16 weeks when NOG mice were inoculated
with cells in combination with Matrigel. These results suggest that
Matrigel is able to support the growth of transplanted small
number of tumor cells that cannot survive without Matrigel, and a
tumor originated from small number of tumorigenic cells takes
time to form visible mass.

3.4. Soft agar colony formation assay for detection of HeLa cell
contamination

The soft agar colony formation assay is a suitable method to
monitor anchorage-independent cell growth and a well-known
in vitro assay for the detection of malignant transformed cells
{17,18]. Hela cells enclosed by soft agar showed progressive for-
mation of colonies (Fig. 5a), whereas hMSCs did not form any col-
onies in a soft agar media with 1 x 10 cells/well by day 20 (Fig. 5b
and c). We next spiked several concentrations of Hela cells into
1 x 10* hMSCs to determine the minimum number of HeLa cells
required for growth in a soft agar media. More than 0.2% spiked
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Fig. 2. Characterization of subcutaneous tumors formed by transplantation with HeLa cells in nude and NOG mice. Growth curves of subcutaneous tumors formed by inoculation
with various dosages of Hela cells were presented in respective mice (a: nude; b: NOG w/o Matrigel; c: NOG w/Matrigel). The tumor volume (TV) was calculated using the formula
volume = 1/2 x length (mm) x (width [mm])2 The successive engraftment was determined according to progressive nodule growth at the injection site. Mice were euthanized and
necropsied when tumors reached approximately 20 mm in any dimension or when a sign of deconditioning was noted. Representative images from histology and immunohis-
tochemistry analyses of subcutaneous tumors in NOG mice formed by transplantation with 1.0 x 102 Hela cells suspended in Matrigel (d and e). Serial sections were stained with

H&E (d) and HLA antibody (e) (magnification, 40x; scale bars, 1 mm).



