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Abstract

Objectives: The aim of this study was to determine
whether normal human embryonic stem cells (hESC)
would secrete factors that arrest growth of human
epithelial cancer cell lines.

Materials and methods: Cell proliferation was
examined using the MTT assay then haemocytometer
cell counts. Staining with propidium iodide followed
by flow cytometry was used to detect cell cycle
stages. Heat denaturation and molecular fractionation
experiments were also performed.

Results: We found that hESC conditioned medium
(hESC CM) inhibited SKOV-3 and HEY cell proli-
feration. Similar results were also obtained when we
used breast and prostate cancer cell lines, whereas
little or no inhibitory effect was observed when
human fibroblasts were tested. Moreover, a co-culture
model confirmed that inhibition of cancer cell proli-
feration is mediated by soluble factors produced by
hESCs. We also determined that the proportion of
cancer cells in G, phase was increased by hESC CM
treatment, accompanied by decrease in cells in S and
G,>/M phases, suggesting that the factors slow pro-
gression of cancer cells by cell cycle inhibition. Heat
denaturation and molecular fractionation experiments
indicated a low molecular weight thermostable factor
was responsible for these properties.

Conclusions: Our findings provide evidence that the
human embryonic microenvironment contains solu-
ble factor(s) that are capable of inhibiting growth of
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cancer cells, and that exposure to such factors may
represent a new cancer treatment strategy.

Introduction

Epithelial cancers account for the deaths of approximately
250 000 North Americans annually. These tumours are
thought to arise from cancer stem cells (1-5), a concept
developed to explain clonality of many tumours. Most
malignant neoplasms consist of heterogeneous cell popu-
lations, including tumour stem cells (initiating cells) that
are rare, and the rest being tumour non-initiating cells (6—
8). Tumour initiating cells or cancer stem cells (CSC) have
the capability of unlimited self-renewal, are resistant to
drugs and retain markers that are expressed by normal
stem cells. It has been suggested that CSCs originate from
normal stem cells or from progenitor cells, as a conse-
quence of genetic and epigenetic changes. CSCs can also
originate from somatic tumour cells by dedifferentiation
or reprogramming to a stem-like cell. It is possible that
both mechanisms are involved in the origin of CSCs. One
of the requirements for development of cancer is dysregu-
lation of stem cell self-renewal (6,7). Normally, through
asymmetrical cell division, a single stem cell gives rise to
one stem cell and one progenitor cell, which will give rise
to a large number of cells all progressing towards a termi-
nally differentiated state (9).

Despite human embryonic stem cells (hESC) and can-
cer cells sharing many similarities, hESCs do not form
tumours following blastocyst implantation. This could be
explained by the fact that hESCs are protected from
tumorigenesis in vivo because they differentiate when
present in an environment that otherwise would drive
them to tumorigenesis (10). Thus, it is believed that this
microenvironment termed ‘the stem cell niche’ is able to
regulate stem cell fate (9,11). In normal physiological con-
ditions, the stem cell niche provides an interactive envi-
ronment that helps maintain a balance between cell
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proliferation, differentiation and apoptosis, thereby pre-
serving tissue homeostasis (12). In this tightly controlled
situation, stem cells provide replacement cells throughout
life but only as needed. In contrast, the CSC has unlimited
proliferation potential, due to genetic abnormalities and a
malignant (or reactive) stem cell niche (13). It remains
possible that components of stem cells in the normal stem
cell niche are lost in cancer and that CSCs retain the
ability to be controlled if the niche is restored.

We hypothesized that stem cells may produce an auto-
crine or paracrine factor that limits their ability to prolifer-
ate. It is possible that cancer cells or CSCs have lost such
factor(s); thus, these factors, as part of the hESC micro-
environment, could be used to inhibit malignant cell
growth. In support of this hypothesis, previous studies
have demonstrated that embryonic microenvironments
suppress the tumorigenicity of several cancer cell lines
(14-18), for example, a tumour suppressive effect of
embryonic zebrafish microenvironment on melanoma cells
has been shown (16). Other studies have demonstrated that
hESCs grown in a three-dimensional microenvironment
were able to reverse invasion of human metastatic mela-
noma cells into a three-dimensional matrix (17).

The objective of the present study was to determine
whether early-passage hESCs would secrete soluble fac-
tors into the culture medium that arrest or slow population
growth of human epithelial cancer cells; a variety of ovar-
ian, prostate and breast cancer cell lines was studied. We
also investigated the effect of hESC conditioned medium
(hESC CM) on non-malignant fibroblast cell population
growth. We were able to demonstrate that a soluble factor
(or factors) secreted by hESCs, inhibited population
growth of all the cancer cell lines tested, whereas feeder-
cell conditioned medium had no effect. In addition, little
or no inhibitory effect of hESC CM was observed for
benign human fibroblast cells. Our data suggest that our
factors act by slowing progression of cancer cells through
the cell cycle.

Materials and Methods

Materials

The SKOV-3 cell line obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA) is a
moderately well differentiated ovarian adenocarcinoma
cell derived from ascites fluid of a 64-year-old Caucasian
woman. HEY cells were provided by Dr Alexander Marks
(Banting and Best Research Institute, University of
Toronto, Toronto, Ontario, Canada) and were orthotopi-
cally established from a moderately well differentiated
papillary (serous) cystadenocarcinoma of the ovary (19).
PC-3 and DU145 cells obtained from ATCC were derived
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from a grade IV prostate adenocarcinoma and a lesion of
the brain of a patient with widespread metastatic prostate
carcinoma, respectively. MCF-7 and T47D breast adeno-
carcinoma cells obtained from ATCC were derived from
pleural effusion from a 69-year-old and 54-year-old
woman, respectively.

hESC lines (CA1 and CA2 hESCs) were derived from
two separate human embryos at Mount Sinai Hospital,
Samuel Lunenfeld Research Institute, Toronto, Ontario,
Canada. The International Stem Cell Initiative has charac-
terized both cell lines (20). Mouse primary embryonic
fibroblasts (MEF) were obtained from the embryo-
nic stem cell facility (Mount Sinai Hospital, Samuel
Lunenfeld Research Institute). Human embryonic fibro-
blasts were obtained from human tissue derived at Mount
Sinai Hospital, Samuel Lunenfeld Research Institute.
Unless otherwise stated, all culture media and supplements
were purchased from Gibco-BRL (Gaithersburg, MD,
USA). Cell culture inserts (0.4 pm high pore density)
were obtained from Becton Dickinson (Franklin Lakes,
NJ, USA) and MTT (3,[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) was purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Propidium iodide
(PI), RNase type A and annexin V were purchased from
Sigma Chemical Co. Amicon Ultra 50 K and Amicon Ultra
10 K centrifugal filter devices were purchased from Milli-
pore (Bedford, MA, USA). Dimethyl sulphoxide (DMSO)
was obtained from Fisher Scientific (Pittsburgh, PA, USA).

Cell culture conditions

Cancer cell lines were maintained in RPMI 1640 medium
supplemented with 10% foetal bovine serum (FBS),
L-glutamine (2 mm), penicillin (100 U/ml), streptomycin
(100 pg/ml), and fungizone (250 pg/ml). Medium for
T47D was supplemented with 0.16 U/ml insulin. CAl
and CA2 hESCs were grown in 90-mm dishes coated with
a feeder monolayer of MEFs that had been mitotically
inactivated with mitomyecin. In this study, we used hESCs
between passages 14 and 40. hESCs were cultured in
knockout Dulbecco’s modified Eagle’s medium supple-
mented with 18% knockout serum replacement, 4.5%
Plasmanate, 2 mm GlutaMAX 1, 50 U/pg/ul Penstrep,
55 uM B-mercaptoethanol, 0.1 mm non-essential amino
acids and 0.02 pg/ml FGF2 (Gibco-BRL). All cells were
grown at 37 °C in a humidified incubator in an atmo-
sphere of 5% CO; in air.

Conditioned medium culture

Control conditioned medium was produced by incubating
MEFs with stem cell medium for 24, 48 or 72 h (day 1,
day 2, day 3 MEF CM). hESC CM was obtained by
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overlaying MEF cells with hESCs in stem cell medium
for 24, 48 or 72 h (day 1, day 2, day 3 MEF + -
hESC CM). hESCs were analysed for stem cell markers
SSEA3 (anti-stage-specific embryonic antigen-3), TRA-1-
60 and Oct-3/Oct-4 and SSEA1 (anti-stage-specific
embryonic antigen-1) to verify that they did not differenti-
ate over this time (Appendix S1, Supporting Information).
Feeders and hESCs were grown on 90-mm plates with
10 ml of stem cell medium. Feeders were plated at
800 000 cells per plate and hESCs were plated at 200 000
cells per plate. CM was harvested and passed through a
0.2-um syringe filter to remove any cellular debris.

Cell proliferation assay

Cell proliferation was determined by the MTT reduction
method (21) and by direct cell counts. Cells were plated at
a density of 5000 or 6000 cells/well in 200 pl of growth
medium in 96-well plates, at a density of 70 000 or
100 000 cells/well in 2 ml of growth medium in 6-well
plates. Cells were allowed to attach overnight. Twenty-
four hours later, the medium was removed and cells were
then incubated with different conditioned media as indi-
cated, for each experiment. For MTT assays, 30 pl of
5 mg/ml solution of MTT in phosphate-buffered saline
(PBS) was added to each well to be analysed. Cells were
incubated for 4 h with MTT at 37 °C, after which the
medium was aspirated and dimethyl sulphoxide was
added to each well. Plates were placed in a microplate sha-
ker for 5 min and absorbance at 570 nm was determined
using an ELISA microplate reader (pQuant Microplate
Spectrophotometer, Bio-Tek, Instruments, Winooski, VT,
USA). Direct cell counting was performed using a haemo-
cytometer and trypan-blue dye exclusion. Cells were har-
vested using trypsin-EDTA (Gibco-BRL) and counted
using a light microscope. Stained cells were also counted
to determine the level of dead cells present.

DNA cell cycle analysis

Cells were plated at a density of 40 000-100 000 cells/
well in 2 ml of growth medium in 6-well plates and were
allowed to attach overnight. On reaching 50-60% conflu-
ence, cell cultures were synchronized by serum depriva-
tion as follows. Medium was aspirated and cells were
rinsed in PBS. They were then overlaid with 2 ml of 0.5%
stripped serum in RPMI 1640 and incubated for 48 h. At
the end of the synchronization process, medium was
replaced by one of the conditioned media: day 3 MEF CM
as control and day 3 MEF + hESC CM. Cells were har-
vested into 15 ml sterile conical tubes, centrifuged and
washed in ice-cold PBS. Cells (1 x 10° per test) were fixed
in 70% cold ethanol for 30-60 min at —20 °C, washed in

cold PBS and resuspended in PBS solution containing
50 pg/ml of PI and 100 units/ml of RNase type A. Cells
were then left to incubate in the dark for 30-60 min at
room temperature. Samples were filtered using a 50-pm
nylon membrane and flow cytometry analysis was per-
formed after gating, to eliminate doublets and debris.

Annexin Vassay

Cells were plated at a density of 100 000 cells/well in
2 ml of RPMI 1640 in 6-well plates and were allowed to
attach overnight. Twenty-four hours later, medium was
removed and cells were then incubated with different con-
ditioned media as indicated previously. Cells were har-
vested into 15 ml sterile conical tubes, centrifuged and
washed in PBS. Then they were resuspended in 1x bind-
ing buffer (10 mm HEPES/NAOH containing 0.14 m
NaCl and 2.5 mm CaCly) at a concentration of 1 x 10°
cells/ml. Five microlitres of annexin V-FITC (Sigma
Chemical Co.) and 10 pl of PI solution were added to cell
suspensions. Cells were then left to incubate in the dark
for 10 min at room temperature. Samples were filtered
using a 50 pm nylon membrane, and flow cytometric
analysis was performed.

Flow cytometry analysis

DNA cell cycle and annexin V were evaluated by flow
cytometry using a FAC-Scan flow cytometer (Becton
Dickinson) equipped with a 488 nm argon laser as light
source. Two fluorescence detectors were used according to
which assay utilized, to measure fluorescence correspond-
ing to green (FL-1 detector 525 nm wavelength band) and
to red (FL-3 detector 670 nm wavelength band). In all,
10 000 events were measured for each sample at a flow
rate of 100-200 events per second. Cellular debris was
gated out by drawing a region on forward versus side scat-
ter dot plots enclosing the population of cells of interest.

Cancer and hESCs co-cultures

SKOV-3 and HEY cells were plated at a density of 80 000
and 50 000 cells/well, respectively, in 2 ml RPMI 1640
medium supplemented with 10% FBS in 6-well plates.
Separately, hESCs on feeder layers, and feeders only, were
plated at a density of 100 000 cells/insert. Cells were
allowed to attach overnight. Twenty-four hours later, RPMI
1640 was replaced with stem cell medium and inserts con-
taining feeders only or hESCs on feeders were placed in
wells containing the cancer cell lines. Co-culture occurred
for 72—120 h wherein medium was changed every 24 h.
Cell number was assessed at each time point using the
MTT dye-reduction method and by direct cell counts.
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Rescue experiment

SKOV-3 and HEY cells were plated at a density of 80 000
and 50 000 cells/well, respectively, in 2 ml of RPMI
1640 containing 10% FBS in 6-well plates. Twenty-four
hours later, RPMI 1640 was replaced with one of the fol-
lowing media: MEF CM, MEF + hESC CM or stem cell
medium. After 72 h, media were aspirated and cells were
rinsed in PBS. Cells were overlaid with fresh stem cell
medium and were left to incubate for another 72 h. Cell
number was assessed using the MTT dye-reduction
method.

Heat inactivation and size fractionation of MEF CM and
MEF + hESC CM

Day 3 MEF CM and day 3 MEF + hES CM samples
were heated at 55 °C, 65 °C or 90 °C for 5, 10, 20 or
30 min to study the impact of heat denaturation on growth
inhibitory effect of MEF + hES CM. To determine molec-
ular size of the inhibitory factor or factors, MEF CM and
MEF + hESC CM were fractionated using Amicon Ultra
50 K and Amicon Ultra 10 K sieves (Millipore). Media
were ultrafiltered through a 50 kDa membrane and centri-
fuged at 4000 g for 45 min. This step was repeated twice
to recover concentrated > 50 kDa fraction. Eluates were
then ultrafiltered through a 10 kDa membrane (concen-
trate = fraction > 10 kDa). The procedure was repeated
as above. The final eluate represented the < 10 kDa
fraction. Concentrates were then diluted in fresh stem
cell medium. Cell number was assessed using the MTT
dye-reduction method.

Statistical analysis

Results are reported as mean =+ standard error of the mean
of four to eight replicates per group. Data were analysed
using one-way and two-way analysis of variance followed
by the Student—-Newman—Keuls multiple range test using
SPSS 11.0 for Windows (SPSS Inc., Chicago, IL, USA).
A statistically significant difference was accepted when
the P-value was lower than 0.05.

Results

Effects of hESC CM on SKOV-3 and HEY cell proliferation

To determine whether embryonic stem cells secrete factors
that affect cancer cells, we tested the impact of day 1, day 2
and day 3 MEF + hESC CM on HEY and SKOV-3 cell
population growth in culture. CM was collected from either
MEFs alone (control) or MEFs and hESC cells after 24, 48
or 72 h of incubation. The undifferentiated state of CA1
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and CA2 hESCs was demonstrated by expression of three
stem cell markers: SSEA3, TRA-1-60 and Oct-3/Oct-4
(Fig. S1, Supporting Information). Since CA1 hESC CM
was able to inhibit cancer cell proliferation similar to that
observed among the CA2 hESC CM (Fig. S2, Support-
ing Information), the study was carried out using the CA2
cell line only. Non-conditioned embryonic stem cell med-
um and RPMI medium + 10% serum were used as addi-
tional controls. Since the cell lines consistently grew as
well in stem cell medium conditioned by MEF cells alone
as in stem cell medium or RPMI 1640, these controls were
eventually discontinued. Media from SKOV-3 and HEY
cells seeded into 96- or 6-well plates 24 h earlier was
replaced with embryonic stem cell medium, RPMI 1640,
MEF CM, or MEF + hESC CM, and MTT dye-reduction
assay or haemocytometer counting were performed at 0,
24, 48, or 72 h. Medium conditioned with MEF + hESC
for only 24 h was sufficient to reduce proliferation of
SKOV-3 cells after 48 or 72 h of culture but not after 24 h.
Use of 48 and 72 h CM resulted in stronger inhibition than
was apparent with 24 h CM (Fig. 1a). Virtually identical
results were obtained for HEY ovarian cancer cells
(Fig. 1b). There was no difference between cells exposed
to MEF CM and both ES and RPMI 1640 at 24—72 h. Here
we show results obtained at 72 h with both MTT
(Fig. 1c,d) and direct cell counts (Fig. le,f).

Effect of serial dilutions of day 3 hESC CM on ovarian
cancer cell proliferation

In the next series of experiments, we ruled out the possi-
bility that observed inhibitory effect could be due to
depletion of essential nutrients from the CM, due to pres-
ence of hESC cells. First, dilutions of day 3 hESC CM
with fresh medium were tested. Dilution of CM 1 : 1 with
fresh medium (50%) would be sufficient to replenish
nutrients in the medium and cell proliferation should not
be inhibited if the effect was simply due to cell starvation.
At 70%, 50% and 25% dilution, we observed a statisti-
cally significant inhibitory effect of MEF + hESC CM on
SKOV-3 and HEY cell proliferation as determined by
both MTT (Fig. 2a,b) and direct cell counts (data not
shown). Cell numbers decreased in a dose-dependent
manner with slight reductions at 10% and 5% CM dilution
not attaining statistical significance. This dose-response
relationship suggests that the inhibitory effect of
hESC CM was not due to nutrient depletion.

Effects of day 1, day 2, and day 3 hESC CM on breast
and prostate cancer cell proliferation

Breast cancer cell lines MCF-7 and T47D were tested
under the same conditions as the ovarian cell lines.
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Figure 1. Human embryonic stem cell conditioned medium (hRESC CM) inhibits SKOV-3 and HEY cell proliferation. SKOV-3 and HEY cells
were treated with day 1, day 2, day 3 mouse primary embryonic fibroblast (MEF) CM or MEF + hESC CM, ES and RPMI media and incubated for
24-72 h. Cell number was determined by MTT assay (a—d) or by direct cell counting (e,f). Bars represent mean + standard error of the mean of four to

eight replicates. *Significantly different from control values (P < 0.05).

Results were identical to those of the ovarian cancer
lines tested (Fig. 3a,b). Forty-eight- and 72-h MEF + -
hESC CM were capable of reducing cell proliferation
significantly at the 24-72 h culture time points. The
most pronounced effect with the 48 and 72 h CM was
observed within the first 24 h. 24 h MEF + hESC CM
induced a significant inhibition of proliferation only
after 48—72 h. PC-3 and DU145 human prostate cancer

cells responded similarly as ovarian and breast cancer
cell lines (Fig. 3c,d). Medium conditioned with
MEF + hESC for 48 or 72 h was able to reduce cell
proliferation after 24-72 h of culture, with 72 h
MEF + hES CM evoking the strongest response. 24 h
MEF + hESC CM produced no effect on the cells
within the first 24 h of culture, reducing cell prolifera-
tion after 48—72 h only.
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Figure 2. Effect of serial dilutions of day 3 mouse primary embry-
onic fibroblast (MEF) + human embryonic stem cell conditioned
medium (hESC CM) on ovarian cancer cell proliferation. SKOV-3
and HEY cells were treated with day 3 MEF + hESC CM at 70%, 50%
and 25% dilution for 72 h. Cell number was determined by MTT assay
(a,b). Bars represent mean + standard error of the mean of eight repli-
cates. Means with different letters are significantly different (a, b, c, d, e:
P <0.05).

hESC CM did not alter population growth of fibroblasts

As a first step in determining the potential therapeutic
index of the as yet unidentified growth suppressive factor
or factors, we tested ability of hESC-CM to inhibit popu-
lation growth of normal human fibroblasts. The cells were
tested under the same conditions described for the malig-
nant cells. Of the various treatments, only 72 h MEF +
hESC CM resulted in decreased fibroblast cell number;
however, this was a slight effect and observed only after
3 days of culture (Fig. 3e). These findings provide a preli-
minary indication that the inhibitory effect was not gener-
alizable to non-malignant human cells.

Effect of MEF + hESC CM on cell death

We observed that 72 h MEF + hES CM had the strongest
effect on cancer cell proliferation, within the first 24 h. On
the basis of these data, we investigated whether cancer
cells underwent early apoptosis. SKOV3 and HEY cells
were treated with MEF + hECS CM or MEF CM for
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624 h prior to harvesting. Cells were stained with
annexin V-FITC and PI and were analysed by flow
cytometry. Annexin V-FITC binds to phosphatidylserine,
which is normally found on the inner plasma membrane,
and becomes translocated to the external membrane sur-
face at the onset of apoptosis. PI binds to DNA in cells
where the cell membrane has been totally compromised.
Cells that do not stain with either annexin V—FITC or PI
are live cells (Annexin V~ PI"); cells positive for annexin
V-FITC and negative for Pl uptake represent early
apoptotic cells (Annexin 5 PI7), while cells positive for
annexin V-FITC and positive for PI uptake represent late
apoptotic/necrotic cells (Annexin V' PI"). We found no
significant increase in the number of early apoptotic cells
(4.24% compared to 4.05%) or in the number of late apop-
totic/necrotic cells (2.4% compared to 1.91%) when
SKOV-3 cells were treated with MEF + hESC CM, com-
pared to MEF CM control (data not shown). Similar
results were obtained with HEY cells. We observed no
significant increase in the number of early apoptotic cells
(4% versus 3.8) or late apoptotic/necrotic cells (3.2%
versus 2.9) when HEY cells were treated with MEF +
hESC CM (data not shown). These data indicate that
MEF + hESC CM does not mediate its growth inhibitory
effects through increased apoptosis.

Effect of RESC CM on ovarian cancer cell cycle

We tested the effect of day 3 MEF + hESC CM on
SKOV-3 and HEY cell cycle progression. Cells were
treated with day 3 MEF CM or MEF + hESC CM and
harvested 24-72 h later and stained with PI for fluores-
cence-activated cell sorting analysis. PI binds DNA and
detects the percentage of cells in each phase of the cell
cycle. We found an increase in SKOV-3 cell number in G
phase from 55% to 68%, decrease in cell number in
S phase from 23% to 16% and in G»/M from 18% to 13%,
when cell were treated with day 3 MEF + hESC CM
(Fig. 4a,b).

Similar results were obtained with HEY cells. Increased
proportion of cells treated with day 3 MEF + hESC CM
were in G; phase as compared to MEF CM-treated cells
(68% versus 54%). Decreased proportion of cells in S (17%
compared to 25%) and G,/M phases (13% compared to 19%)
due to MEF + hESC CM was also observed (Fig. 4c,d).

Co-culture of ovarian cancer cells with hESC results in
decreased cell population growth

Co-culture experiments were performed to confirm that
soluble factors produced by hESCs rather than nutrient
depletion affects SKOV-3 and HEY cell proliferation.
Feeder cells only and feeder + hESCs were plated in
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Figure 3. Effect of day 1, day 2, day 3 mouse primary embryonic fibroblast (MEF) + human embryonic stem cell conditioned medium
(hESC CM) on cancer and human embryonic fibroblast cell proliferation. Breast cancer (MCF-7 and T47D), prostate cancer (PC3 and DU145) and
human embryonic fibroblasts were treated with day 1, day 2, day 3 MEF CM or MEF + hESC CM for 24-72 h. Cell number was determined by MTT
assay (a—e). *Significantly different from control values (P < 0.05). Bars represent the mean + standard error of the mean of eight replicates.

inserts placed over cancer cells, in culture. Inserts sepa-
rated hESCs from cancer cells by a 0.4 um pore high-
density membrane, thus allowing soluble factors secreted
by hESCs to diffuse to the environment of the cancer
cells, but preventing direct contact between stem cells and
cancer cells. Co-culture lasted for 72-120 h and MTT
assays and cell counts were carried out at each time point.
By 72 h, hESCs caused inhibition of SKOV-3 cell proli-

feration, and the effect was observed also at 96 and 120 h
(Fig. 5a,b). At 120 h, direct cell counts showed increase
in dead cells compared to 72 h. There was no difference
in the number of dead cells between MEF + SKOV-3 only
(control) and MEF + hESCs + SKOV-3 treated cultures
(Fig. 5b). MTT assay showed similar results with HEY
cells (Fig. 5c). At 120 h, there was an increase of dead
cells compared to 72 and 96 h (Fig. 5d).
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Figure 4. Effect of human embryonic stem cell conditioned medium
(hESC CM) on ovarian cancer cell cycle. SKOV-3 and HEY cells were
treated with day 3 mouse primary embryonic fibroblast (MEF) CM or
MEF + hESC CM for 2472 h. Cells were harvested, fixed, stained with
propidium iodide and analysed by flow cytometry. DNA histograms
show percentage of cells in G, G,/M and S phases (a—d). Results shown
were representative of three independent experiments.

Characterization of inhibitory factors: susceptibility to
heat inactivation. To further characterize the secreted
factors, heat inactivation studies were performed. When
the MEF + hESC CM was heat inactivated at 65 °C for 5,
10 or 30 min, there was no difference in SKOV-3 and
HEY cell population growth, when compared to untreated
MEF + hESC CM (data not shown). Heat inactivation
at 90 °C for 5-30 min demonstrated loss of growth
inhibition (as shown by direct cell count) as compared
to untreated MEF + hESC CM, although the 90 °C
treatment did not completely block the growth inhibitory
effect (Fig. 6a).

Characterization of the inhibitory factors: molecular
size. To determine the molecular sizes of the growth
inhibitory factor, components within the conditioned med-
ium were fractionated, based on molecular size, ranging
from 0-10 kDa, between 10-50 kDa and greater than
50 kDa. Fractions were tested on SKOV-3 cells for 72 h.
Unfractionated MEF + hESC CM showed the previously
demonstrated significant reduction in proliferation of
SKOV-3 cells (Fig. 6b). MEF + hESC CM was then
fractionated and compared to unfractionated MEF +
hESC CM. Fractionated and unfractionated MEF CM was
used as control in order to identify an effect on cell prolif-
eration, resulting from the fractionation procedure itself or
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the unidentified soluble factor. The > 50 kDa fraction and
the < 10 kDa fraction were both capable of maintaining
the inhibition of cancer cell proliferation similar to the
unfractionated MEF + hESC CM and statistically differ-
ent from the controls (Fig. 6b). The > 10 kDa component
showed no difference in cell proliferation when compared
to control medium. Data were similar for HEY cancer
cells (data not shown). Bovine serum albumin from the
serum replacement found in medium segregates with the
50 kDa + fraction and made up the major protein content
of the medium, as determined by two-dimensional
gel electrophoresis (data not shown). It is possible that the
inhibitory factor is a protein complex or that the BSA
(65 kDa) found in the > 50 kDa fraction acts as a carrier
for the same small protein isolated in the < 10 kDa frac-
tion, resulting in co-segregation of some of the small pro-
tein with the BSA. We also tested the fractions by diluting
them in fresh stem cell medium (data not shown). This
demonstrated that the inhibition was not due to depletion
of medium but due to presence of the active factor,
capable of inhibiting cell proliferation.

Discussion

The potential use of hESCs as a cell source for tissue
replacement is based on their capacity for self-renewal in
the undifferentiated state on the one hand and their ability
to differentiate into the entire spectrum of specialized cell
types of the body, on the other (22,23). Control of the cell
cycle is essential to maintain a proper balance between
proliferation and differentiation in most cells. To prevent
inappropriate cell proliferation, cyclin-dependent kinase
plays a role as a gatekeeper (24). The cell cycle phases
have checkpoints that regulate cell cycle progression or
arrest. At all the checkpoints, cells remain arrested until
damage is repaired. Cancer cells arise when these check-
points fail and damaged cells survive. Restoring the cell
cycle checkpoints or blocking cancer cells in the G; phase
will prevent the growth of the cancer. In the present study,
we determined that there was an increased percentage of
the ovarian cancer cell lines SKOV- 3 and HEY in the
G, phase when the cells were treated with MEF + -
hESC CM. This increase was accompanied by the
expected decrease of cells in the S and G,/M phases com-
pared to cells cultured in control CM. Therefore, it
appears that our factor blocked the progression of cancer
cells through the cell cycle, resulting in growth inhibition.

Here, we have demonstrated that the strongest effect
on inhibition of ovarian cancer cell proliferation was at
72 h when day 3 MEF + hESC CM was used. Moreover,
we performed experiments using different dilutions of
day 3 MEF + hESC CM. It was found that 25%, 50%
and 70% dilution caused decrease in cell proliferation
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Figure 5. Effect of human embryonic stem cells (hRESC) on ovarian cancer cells in a co-culture model. Mouse primary embryonic fibroblasts
(MEF) only and MEF + hESCs were plated in inserts placed over cancer cells in culture. Inserts separated hESCs from cancer by a 0.4 um pore high-
density membrane. Co-culture occurred for 72—120 h. Cell number was determined by MTT assay (a,c) or by direct cell counting (b,d). Bars represent
mean * standard error of the mean of four to six replicates. Means with different letters are significantly different. Alive cells: a, b, ¢, d, e, f, g: P < 0.05.

Dead cells: w, X, y, z: P < 0.05.

when compared to MEF CM. Thus, we confirmed that the
effect of inhibiting cancer cell growth was not the result of
depleting culture medium of crucial growth factors over
the 3-day period. In addition, to determine the effect of
soluble factors produced by hESCs in mediating cancer
cell proliferation, hESCs were plated in inserts placed
over the cancer cells. The inserts allowed soluble factors
produced by hESCs to diffuse to the cancer cells, but pre-
vented direct contact between hESCs and the cancer cell
lines. This experiment, demonstrated that the observed
inhibitory effects were due to inhibitory factor (or factors)
secreted by hESCs. Moreover, we observed that cell popu-
lation growth inhibition of cells treated with MEF +
hESC CM was reversed once the cells were grown in
fresh stem cell medium. Together, these results confirmed
that inhibition of cancer cell proliferation can be mediated

by soluble factors produced by hESCs cells. Sub-
sequently, this study was extended to several other cancer
cell lines, in particular prostate and breast cancer cells. We
found that 48 and 72 h MEF + ES CM reduced PC3 and
DU145 prostate cancer cell line proliferation at each time
point examined. Breast cancer cell lines MCF-7 and T47D
were tested under the same conditions as the prostate and
ovarian cells. Results were similar to the population
growth inhibition seen of the other cancer cells used.
These findings suggest that the soluble factor (or factors)
will likely be effective in inhibiting proliferation of many,
if not all, epithelial tumour types.

In order to provide an initial assessment of the poten-
tial therapeutic index of the unidentified factor(s), we used
human fibroblasts cultured under the same conditions
described above for the other cells. Intriguing results were
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Figure 6. Heat inactivation and size fractionation of human embry-
onic stem cell conditioned medium (hESC CM). CM was heated at
90 °C for 5-30 min and then tested on SKOV-3 and HEY cells for 72 h.
Cancer cell number was determined by direct cell counting (a). CM was
fractionated based on molecular size ranging from 0-10 kDa (< 10),
between 10-50 kDa (> 10) and greater than 50 kDa (> 50). Fractions
were tested on SKOV-3 cells for 72 h. Cancer cell number was deter-
mined by MTT assay (b). Bars represent mean =+ standard error of the
mean of four to eight replicates. Means with different letters are signifi-
cantly different (a, b, ¢, d: P < 0.05).

obtained showing only slight inhibition of human fibro-
blast proliferation when day 3 MEF + hESC CM was
used after 72 h of culture. This finding demonstrates that
the factor may not affect proliferation of non-malignant
human cells and suggests a favourable therapeutic index
for the stem cell medium factor. This observation needs to
be extended to other cell types, initially using immortal-
ized non-malignant cell lines.

Of interest in regard to the present study, a complex
relationship has been shown to exist between stem cells
and their microenvironment, that plays an important role
in cell fate determination. Thus, it is important to study
the hESC microenvironment and specially its potential, on
several cell types. In this study, we showed that soluble
signals produced by hESCs played an important role in
cancer cell growth. Similarly, it has been shown that dif-
fusible factors derived from skin of a developing mouse
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embryo were also able to inhibit growth of melanoma
cells (15). In addition, there is evidence that human mes-
enchymal stem cells have an inhibitory effect on cancer
cell proliferation (25-28). For example, it has been dem-
onstrated that human mesenchymal stem cells have intrin-
sic tumour-inhibitory effects using an in vivo model of
Kaposi’s sarcoma (27). Others have found that human
mesenchymal stem cells are able to inhibit hepatoma cell
growth in vitro and in vivo (28).

The apparent paracrine findings described by us and
by previous studies may introduce a new dimension on
the use of stem cells in regenerative medicine and cancer
therapy. Instead of using cells themselves for therapy (29—
31), it will likely be possible to identify and synthesize the
specific tumour-suppressing factors secreted by embry-
onic stem cells, thereby bypassing the practical and ethical
issues currently associated with embryonic stem cell
therapy.

In conclusion, in this report we demonstrate that
hESCs produce soluble factors that are capable of block-
ing cancer cell proliferation by slowing progression of
cancer cells through the cell cycle, without affecting cell
death. Our challenge now is to identify the factor or fac-
tors involved and the mechanism of action. We have dem-
onstrated heat resistance and a molecular weight of less
than 10 kDa. Once the factor is identified, we will synthe-
size it for use in xenograph studies with cancer cell lines
as well as in existing mouse models of ovarian, breast
and prostate cancer, to test its ability to block cancer
progression.
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Figure S2. CA1 hESC CM inhibits SKOV-3 and HEY
cell proliferation.
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