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Amniotic membrane-derived cells inhibit proliferation of cancer
cell lines by inducing cell cycle arrest
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Abstract

Cells derived from the amniotic foetal membrane of human term placenta have drawn particular attention mainly for their plasticity and immuno-
logical properties, which render them interesting for stem-cell research and cell-based therapeutic applications. In particular, we have previ-
ously demonstrated that amniotic mesenchymal tissue cells (AMTC) inhibit lymphocyte proliferation in vitro and suppress the generation and
maturation of monocyte-derived dendritic cells. Here, we show that AMTC also significantly reduce the proliferation of cancer cell lines of hae-
matopoietic and non-haematopoietic origin, in both cell-cell contact and transwell co-cultures, therefore suggesting the involvement of yet-
unknown inhibitory soluble factor(s) in this ‘cell growth restraint’. Importantly, we provide evidence that the anti-proliferative effect of AMTC is
associated with induction of cell cycle arrest in GO/G1 phase. Gene expression analyses demonstrate that AMTC can down-regulate cancer cells’
mRNA expression of genes associated with cell cycle progression, such as cyclins (cyclin D2, cyclin E1, cyclin H) and cyclin-dependent kinase
(CDK4, CDK6 and CDK2), whilst they up-regulate cell cycle negative regulator such as p15 and p21, consistent with a block in G0/G1 phase with
no progression to S phase. Taken together, these findings warrant further studies to investigate the applicability of these cells for controlling
cancer cell proliferation in vivo.
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Introduction

In recent years, mesenchymal stromal/stem cells (MSCs) have been
extensively studied as a valuable tool for developing novel therapeutic
cell-based approaches [1]. MSCs have been isolated from bone mar-
row (BM) as well as from almost all other sites of the body, including
placenta [2]. One of the most intriguing properties of these cells is
their immunomodulatory activity, which targets virtually all types of
immune cells. Indeed, it has been demonstrated that MSCs are able
to suppress T-lymphocyte activation and proliferation in vitro, and
modulate B-cell functions and the proliferation and differentiation of
specific T-cell subsets [e.g. regulatory T cells, T helper (Th)1 and Th2
cells]. MSCs can also affect the cytotoxic activity of natural killer cells,
and also interfere with differentiation, maturation and function of den-
dritic cells (DCs) [3-5].
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The question of whether cell types other than immune cells
could be targets of the inhibitory effects of MSCs is attracting ever
increasing attention. Of particular interest are the anti-proliferative
actions of MSCs on cancer cells, which could have important impli-
cations on cancer treatment. In this regard, conflicting results have
been obtained to date for both MSCs and cancer cells of different
origins. For example, it has been shown that BM-derived MSCs are
able to inhibit the in vitro proliferation of cancer cells of both hae-
matopoietic and non-haematopoietic origin [6-9]. Meanwhile, other
authors have reported that adipose tissue-derived MSCs do not sup-
press lymphoblastic leukemic cell line proliferation [10], but may
exert different effects (either inhibition, increase or no effect on pro-
liferation), on various cancer cells derived from human or murine
sources [11].

Conflicting results have also been obtained regarding the effect
of MSCs on cancer cell apoptosis, i.e. promotion of survival from
spontaneous or induced apoptosis [12, 13] versus increased apopto-
sis of human hepatoma cell lines [14, 15] or lymphoma cells
[15-17].

Several groups have also shown that MSCs are capable of homing
towards primary and metastatic tumour locations within the body
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[18-20], suggesting that MSCs might be an attractive tool for
developing novel cancer treatments. However, although some studies
on MSC tumour homing and treatment in vivo have led to demonstra-
tions that MSCs possess anti-tumoural effects (e.g. injection of low
number of MSCs completely abolished adenocarcinoma tumour for-
mation) [11], it has also been reported that these cells may enhance
growth and development, as well as metastatic potency, of tumours
of different origins [3, 12, 13, 21, 22].

Through in vitro studies, we have previously shown that human
amniotic membrane-derived MSCs (herein referred to as AMTC, for
amniotic mesenchymal tissue cells), strongly inhibit lymphocyte pro-
liferation induced by allo-antigens or via T-cell receptor cross-linking
[23, 24], suppress the generation and maturation of monocyte-
derived DCs and abolish the production of inflammatory cytokines
[25]. In addition, we and others have demonstrated that foetal mem-
brane-derived cells (including AMTC) can migrate and successfully
engraft long-term in several organs and tissues [23], and display
enormous potential for treating inflammatory and fibrotic diseases
after transplantation in vivo [26]. Notably, the potential effects of
AMTC on cancer cells have never been investigated before.

In this study, we evaluated the effects of AMTC on the prolifera-
tion of different cancer cell lines and provide evidence that these cells
block cancer cells in the GO/G1 phase of the cell cycle, but they do
not induce apoptotic cell death.

Materials and methods

All biological samples (placenta, BM and skin biopsy) were obtained
with informed consent according to the guidelines of the Ethical Com-
mittee of the hospital Fondazione Poliambulanza-Istituto Ospedaliero
(Brescia, Italy).

Isolation of amniotic mesenchymal tissue cells

Placentas (n = >30) were obtained from healthy women after vaginal
delivery or caesarean section. AMTC were isolated according to a well-
established protocol, as previously described [24, 27]. Immediately after
isolation, AMTC were plated in RPMI complete medium composed of
RPMI 1640 medium (Lonza, Basel, Switzerland), supplemented with
10% heat-inactivated foetal bovine serum (FBS; Sigma-Aldrich, St.
Louis, MO, USA), 2 mM L-glutamine (Lonza), 100 U/ml penicillin and
100 pg/ml streptomycin (both from Euroclone, Whetherby, UK). The
cells were used according to the different experimental settings as
described below. The phenotype of cells used is described in supple-
mentary section (Table S1 and Fig. S1).

Isolation of human dermal fibroblasts

Human fibroblasts were isolated from a skin biopsy. The biopsy was
diced into small fragments, layered onto six-well plates (Corning, NY,
USA) and incubated in DMEM complete medium: DMEM (Sigma-
Aldrich) supplemented with 20% FBS, 2 mM L-glutamine and 1 mM Na-
Pyruvate (Lonza), 100 U/ml penicillin and 100 pg/ml streptomycin, at
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37°C in a humidified atmosphere of 5% CO,. When fibroblasts reached
confluency (after about 10 days), cells were trypsinized (0.25% trypsin-
EDTA solution; Sigma-Aldrich) and from passage 2 expanded in RPMI
complete medium to be consistent with AMTC, cancer cell lines and all
co-culture experiments. Cells were sub-cultured at a density of 10—
15 x 10° cells/cm? and used for experiments during passages 6 to 20.

Isolation of BM-derived MSCs

The BM was aspirated from the femoral heads of patients undergoing
orthopaedic surgery and BM-MSCs were isolated as previously
described [27], with some modifications. BM samples were diluted
(1:4) in phosphate-buffered saline (PBS) (Sigma-Aldrich) and centri-
fuged at 900 x g for 15 min. After discarding the fat layer and super-
natant, the cells were layered on a Lymphoprep gradient (Axis Shield,
Oslo, Norway) and centrifuged at 670 x g for 30 min. Recovered
mononuclear cells were plated at a density of 1 x 10° cells/cm? in
DMEM complete medium, and incubated at 37°C, 5% CO,. After 3 days,
non-adherent cells were removed and adherent cells were cultured until
they reached confluency. Cells were then trypsinized and sub-cultured
at a density of 8 x 10° cells/cm?, and were used for experiments dur-
ing passages 6 to 11.

Cancer cell lines

The following cancer cell lines were obtained from the Centro Substrati
Cellulari, Istituto Zooprofilattico of Brescia (ltaly): KG1 cells (human
acute myelogenous leukaemia cell line), KG1a cells (an undifferentiated
variant of the KG-1 cell line) [28], Jurkat cells (human T-cell leukaemia
cell line), U937 cells (human monocytic cell line obtained from histio-
cytic lymphoma), Girardi heart cells (human heart cell line), HelLa cells
(human cervical epithelioid carcinoma cell line) and Saos cells (human
osteosarcoma cell line). All cells were cultured in RPMI complete med-
ium at 37°C in 5% COs.

Proliferation assays

Effects of AMTC on the proliferation of cancer cell lines.
Cancer cell lines (KG1, KG1a, Jurkat, U937, Girardi heart, HeLa and
Saos) were cultured alone or in the presence of different concentrations
of AMTC (at a ratio of cancer cells: AMTC of 1:0.25, 1:0.5, 1:1, 1:2 or
1:4), either in direct contact or with physical separation using transwell
chambers. For direct contact experiments, 1.25 x 10 2.5 x 10,
5 x 10%, 10 x 10* or 20 x 10* AMTC at passage 0 were plated in flat-
bottom 96-well plates (Corning) in RPMI complete medium, and then
gamma-irradiated (30 Gy). AMTC were irradiated to block cell prolifera-
tion, so that any proliferation observed could be attributed solely to the
not-irradiated cell line. After 1 day, 5 x 10* tumour cells were added to
each well. For non-contact experiments, co-cultures were established by
using a transwell (0.4 pm pore, polycarbonate membrane, Corning) of
24-wells. AMTC (6.25 x 10%, 125 x 10%, 25 x 104 50 x 10* or
100 x 10* cells in 300 pl of RPMI complete medium) were plated in
the upper compartment and cancer cell lines were plated in the lower
compartment (25 x 10* cells in 1 ml of RPMI complete medium).

After 3 days, proliferation of cancer cells was assessed by adding
[®H]-thymidine (1 uCi/well; Perkin Elmer, Life Sciences, Zaventem,
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Belgium) for 16-18 hrs. Cells were then harvested with a Filtermate
Harvester (Perkin EImer) and thymidine incorporation was measured by
using a microplate scintillation and luminescence counter (Top Count
NXT; Perkin Elmer).

Effects of different cells on the proliferation of cancer cell
lines.

Cancer cells (Jurkat and U937) were cultured alone or in the presence
of AMTC, fibroblast dermal cells, BM-MSCs, KG1a, Jurkat or U937 cells
(herein referred to as ‘modulators’), in either direct contact or transwell
settings, at a ratio of tumour cells: modulators of 1:2. For contact
experiments, 10 x 10* modulators were plated in flat-bottom 96-well
plates in RPMI complete medium, and then gamma-irradiated (30 Gy
for AMTC, fibroblast dermal cells and BM-MSCs; 60 Gy for KG1a, Jur-
kat and U937 cells). After 1 day, 5 x 10* tumour cells were added to
each well. For non-contact experiments, modulators (10 x 10 cells in
80 pl of RPMI complete medium) were plated in the upper compart-
ment (0.4-um pore, polycarbonate membranes, 96-well plates, Corning)
and cancer cells were plated in the lower compartment of transwell
chambers (5 x 10* cells in 200 ul of RPMI complete medium). Prolif-
eration of cancer cells was assessed after 1, 2 and 3 days by measur-
ing thymidine incorporation, as described above.

Apoptosis analysis

Jurkat and U937 cells (25 x 10%) were cultured alone or in the pres-
ence of AMTC in 24-well plates (Corning), in either direct contact or
transwell settings, at a tumour cell: AMTC ratios of 1:1 and 1:2. After 5,
24 and 48 hrs, cancer cells were harvested and analysed for cell apop-
tosis by Annexin-V and propidium iodide (PI) staining, using the FITC
Annexin V apoptosis detection kit (BD Biosciences, San Jose, CA, USA),
according to the manufacturer’s instructions. To avoid the possibility
that the analysis of cancer cell apoptosis might be confounded by the
presence of AMTC (collected when plated in contact with cancer cells),
the cancer cells were stained with an allophycocyanin (APC)-conjugated
antibody specific for human CD45 (APC-CD45), (clone 2D1, BD Bio-
sciences) prior to the Annexin V/PI staining, and the analysis was
restricted to the CD45-positive cancer cells. Specifically, cells were col-
lected and washed with FACS buffer [0.1% sodium azide (Sigma-
Aldrich) and 0.1% bovine serum albumin (BSA), (Promega Corporation,
Madison, WI, USA) in PBS]. To block non-specific binding, cells were
then incubated with 20 mg/ml polyglobin (Gammagard®; Baxter, Deer-
field, IL, USA) prepared in PBS with 1% BSA, and then with APC-CD45
for 20 min. at 4°C. After two washes in PBS, cells were incubated with
FITC-Annexin V and PI for 15 min at room temperature. Samples were
acquired and CD45-positive tumour cells were analysed with a FACS
Calibur and the CellQuest Software (BD Biosciences).

Cell cycle analysis

Jurkat and U937 cells were synchronized in the G1/S phase of the cell
cycle by aphidicolin blocking [29]. Specifically, U937 and Jurkat cells
(6 x 10° cells/ml) were incubated for 24 hrs with 2.5 and 5 pg/ml
aphidicolin (Sigma-Aldrich), respectively, in RPMI complete medium
containing 1% heat-inactivated FBS instead of 10%, at 37°C and 5%
C0,. Synchronized Jurkat and U937 cells (25 x 10%) were cultured

2210

alone or in the presence of AMTC in 24-well plates, in either direct con-
tact or transwell settings, at a cancer cell: AMTC ratio of 1:2. After 16,
24 and 48 hrs, cancer cells were harvested and analysed for cell cycle
with the APC bromodeoxyuridine (BrdU) flow kit (BD Biosciences),
according to the manufacturer’s instructions. Samples were acquired
and analysed with a FACS Calibur and the CellQuest Software (BD Bio-
sciences).

Quantitative (real time) RT-PCR-based gene
array assays

Jurkat and U937 cells (25 x 10* cells/ml in RPMI complete medium)
that were synchronized in the G1/S phase were cultured in the presence
of AMTC in a transwell system, at a cancer cell: AMTC ratio of 1:2. After
24 hrs, cancer cells were harvested to analyse the expression of a panel
of genes related to cell cycle by using the Cell Cycle PCR Array kit (Su-
perArray Biosciences, Qiagen, Frederick, MD, USA). Samples were anal-
ysed according to the manufacturer’'s instructions by using an ABI
Prism 7000 Sequence Detection System (Applied Biosystems, Carlsbad,
CA, USA). Total RNA was purified from 1 x 10° cells by using the EZ1
RNA cell Mini Kit protocol (Qiagen), in a BioRobot EZ1 Workstation.
The RT2 First Strand Kit was used for cDNA synthesis (Sabiosciences,
Qiagen) from 500 ng of RNA. The cDNA template was mixed with 2X
SABiosciences RT2 qPCR Master Mix and water, in a final volume of
25 ul. The real-time PCR cycling program was as follows: 10 min. at
95°C, 40 cycles of 15 sec. at 95°C, 1 min. at 60°C. Data were analysed
with the Excel-based PCR Array Data Analysis Template provided by the
manufacturer.

Statistical analysis

Data are expressed as mean + S.D. Analysis of variance was used to
assess differences between groups. Raw P-values were adjusted by
Holm-Bonferroni’s procedure for multiple comparison. P-values < 0.05
were considered statistically significant.

Results

Effect of AMTC on the proliferation of cancer cell
lines

We first investigated the effects of AMTC on the proliferation of differ-
ent cancer cell lines of both haematopoietic and non-haematopoietic
origin. Specifically, AMTC were co-cultured in direct contact with
KG1, KG1a, Jurkat, U937, Girardi heart, HeLa or Saos cells at different
ratios. AMTC reduced the proliferative activity of all of the cancer cell
lines investigated and this effect was cell-dose-dependent. The prolif-
eration of all of the cancer cell lines tested was significantly inhibited
at a cancer cells: AMTC ratio of 1:1. Meanwhile, the proliferation of
KG1 and U937 cell lines was also significantly reduced with a ratio of
1:0.25 (Fig. 1, upper panel).

This anti-proliferative effect was also observed when AMTC and
cancer cell co-cultures were physically separated in a transwell sys-
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Fig. 1 AMTC reduce the proliferation of cancer cells of both haematopoi-
etic and non-haematopoietic origin. Haematopoietic and non-haematopoi-
etic cancer cell lines were cultured alone (control), or with AMTC either in
direct contact (upper panel) or with physical separation (transwell setting,
lower panel). Different cancer cell: AMTC ratios were used. After 3 days
of culture, cancer cell proliferation was assessed by [2H]-thymidine incor-
poration and reported as a percentage of cell proliferation in comparison
with control cancer cell proliferation. Data are expressed as mean + S.D.
of at least four independent experiments. *P < 0.05, **P < 0.01,
**%P < (0.001 versus corresponding control sample.

tem (Fig. 1, lower panel). In the non-contact setting, proliferation was
significantly reduced when the ratio of cancer cells: AMTC was 1:1 for
Jurkat, U937 and Girardi heart cells and 1:2 for KG1, KG1a, and Hela
cells. AMTC were able to significantly alter the proliferation of Saos
cells only at a ratio of 1:4 (Fig. 1, lower panel). Taken together, these
data indicate that AMTC-induced reduction of cancer cell proliferation
is not strictly dependent on cell-to-cell contact, but may be mediated
by soluble factors released by AMTC.

Effect of different cells on the proliferation of
cancer cell lines

To further explore the anti-proliferative properties of AMTC, we
focused our studies on the effects of AMTC on representative haemat-
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opoietic cell lines of lymphocyte origin and monocyte precursor ori-
gin, namely, Jurkat and U937 cells.

First, we compared the effects of AMTC on the proliferation of
these cells with the effects exerted by other cells, namely, primary
stromal cells (BM-MSCs, dermal fibroblast cells) and cancer cell lines
(KG1a, as well as Jurkat and U937 themselves) after 1, 2 and 3 days
of co-culture. A statistically significant inhibitory effect was detected
for AMTC on both Jurkat and U937 cells in both contact and transwell
co-culture settings, at all of the different time points analysed
(Fig. 2). BM-MSCs significantly reduced the proliferative ability of the
two tumour cell lines only in a contact co-culture system, and mean-
while, under this same condition, human dermal fibroblasts only had
a significant effect on U937 proliferation (Fig. 2). When co-cultures
were performed with combinations of two different cancer cell lines,
no inhibitory effects on cancer cell proliferation were observed

(Fig. 2).

Effect of AMTC on cancer cell apoptosis

To assess whether the reduction of cancer cell proliferation induced
by AMTC was associated with an increase in cell apoptosis, we analy-
sed the apoptotic rate of Jurkat and U937 cells at different time points
(5, 24 and 48 hrs) after they had been co-cultured with AMTC in both
contact and transwell settings. The percentages of both early and late
apoptotic cells were not significantly increased in comparison with
those registered when Jurkat and U937 cells were cultured alone
(Table 1).

Cell cycle analysis in cancer cells co-cultured
with AMTC

To determine whether AMTC could affect cell cycle progression, Jur-
kat and U937 cells, which had been aphidicolin-synchronized in the
G1/S phase, were co-cultured in contact or in transwell setting with
AMTC. After 16, 24 and 48 hrs, cell cycle assay by flow cytometry
showed that for Jurkat cells cultured with AMTC, the percentage of
cells in the GO/G1 phase was higher than that of cells cultured alone
(Fig. 3). This was also accompanied by a considerable reduction in
the percentage of Jurkat cells in the S phase (Fig. 3 and Table 2).
When U937 cells were co-cultured with AMTC, there was a statisti-
cally significant accumulation of U937 cells in the GO/G1 phase, and
the percentage of cells that entered the S phase was clearly reduced
in comparison with control cells cultured without AMTC (Fig. 3 and
Table 2).

Cell cycle gene expression in cancer cells
co-cultured with AMTC

To obtain further insight into the AMTC-induced cell cycle arrest of
Jurkat and U937 cells, we compared the expression of a panel of
genes related to cell cycle in cells cultured alone versus cells cultured
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in transwell with AMTC. We adopted a cell cycle PCR array because of
its advantage in concurrently detecting the expression of many genes
(84 pathway-focused genes), which are key to cell cycle regulation.
Our preliminary analysis indicates that in the presence of
AMTC, the expression of genes involved in the GO/G1 transition,

as well as the expression of genes important in the S phase and
DNA replication were all down-regulated in comparison with cells
cultured without AMTC. Specifically, the down-regulated genes
were cyclins (CCND2, CCNE1, CCNH), cyclin-dependent kinases
(CDK4, CDK6 and CDK2), components of the minichromosome

Table 1 AMTC-induced inhibition of cancer cell proliferation is not mediated by tumour cell apoptosis

Cancer cell line,

Cancer cell line + Cancer cell line +

% + S.D. AMTC contact, % + S.D. AMTC transwell, % <+ S.D.

JURKAT 5 hrs Early apoptosis 20.3 £ 2.88 8.03 +1.95 15.6 £ 4.42
Late apoptosis 17.1 £ 8.27 11.6 £ 8.25 16.0 + 8.58

24 hrs Early apoptosis 11.8 £ 5.00 6.10 + 3.38 9.69 +1.27

Late apoptosis 18.1 + 6.08 16.0 + 10.2 26.3 + 8.21

48 hrs Early apoptosis 7.25 £1.17 2.61 +1.41 469 + 2.11

Late apoptosis 12.9 £7.25 10.0 £ 7.19 21.3 +11.7

U937 5 hrs Early apoptosis 2.47 £ 0.75 489 + 414 3.36 + 1.69
Late apoptosis 410 £ 4.35 3.40 + 3.10 440 + 4.71

24 hrs Early apoptosis 2.65 + 1.21 5.99 + 0.56 7.01 £2.92

Late apoptosis 313 £ 2.24 430 +1.18 434 +2.88

48 hrs Early apoptosis 2.42 +0.35 3.00 +2.33 8.1 +5.52

Late apoptosis 3.72 = 0.81 5.73 = 4.01 11.3 £7.30

The results are expressed as percentages and represent the mean = S.D. of at least three independent experiments.
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cell nuclear antigen (PCNA).

Moreover, the expression of Cullin1, which has an important role
in ubiquitination and degradation of different proteins, including p21
[30, 31], was also down-regulated. In contrast, the expressions of cy-
clin-dependent kinase inhibitor 1A (also known as p21), cyclin-depen-
dent kinase inhibitor 2B (p15) and cyclin G2 were all up-regulated.

The pattern of gene up- or down-regulation in the presence of
AMTC was comparable between U937 and Jurkat cells (Table 3).

© 2012 The Authors

In this study, we demonstrate for the first time that cells isolated from
the mesenchymal region of the amniotic membrane (AMTC) exert a
significant anti-proliferative action on different cancer cell lines, and
that AMTC halt these cells in the GO/G1 phase of the cell cycle.

In recent years, placenta-derived cells have drawn particular
attention mainly for their plasticity and immunological properties,
which render them interesting for stem-cell research and cell-based
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Table 2 AMTC arrest the cell cycle of cancer cells

Cancer cell Cancer cell line + Cancer cell line
line, % =+ S.D. AMTC contact, % =+ S.D. + AMTC transwell, % =+ S.D.
JURKAT 16 hrs GO/G1 phase 48.2 + 6.65 61.6 + 12.0 55.27 + 1.84
S phase 219 + 7.41 18.1 £ 9.76 15.7 + 0.46
G2/M phase 27.8 £ 5.44 18.8 + 2.46 25.5 £ 1.51
24 hrs GO/G1 phase 44.3 + 8.99 70.2 £ 3.77* 51.9 £ 10.0
S phase 30.3 £ 121 13.47 £ 2.85 24.8 + 8.91
G2/M phase 21.2 £ 418 13.3 £ 0.99 18.3 £ 1.66
48 hrs GO/G1 phase 412 £10.8 62.2 + 5.69* 56.7 + 5.09
S phase 34.0 £ 10.2 11.86 + 4.32* 17.8 £ 11.6
G2/M phase 20.0 = 1.00 21.2 + 8.36 19.5 £ 517
U937 16 hrs GO/G1 phase 74.3 £ 558 86.0 = 11.41 85.6 + 4.45
S phase 121 £ 0.99 2.88 + 2.67* 6.18 + 1.39*
G2/M phase 11.3 + 5.62 7.39 £ 0.11 727 £ 284
24 hrs GO/G1 phase 61.2 + 6.52 86.5 + 6.29** 81.7 + 8.40%**
S phase 209 £ 11.9 3.01 + 1.95* 6.58 + 3.57*
G2/M phase 16.3 £ 9.25 9.41 £ 7.45 10,4 £ 7.27
48 hrs GO/G1 phase 60.1 + 7.56 90.4 £ 4.79*x 83.9 & 6.17%*x*
S phase 235 + 1241 410 + 4.40%* 4.01 £ 3.7%*
G2/M phase 14.4 + 6.97 483 +1.25 10.7 £ 4.13

The results are expressed as percentages and represent the mean = S.D. of at least three independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding control sample.

therapeutic applications [26, 32]. In particular, we have previously
demonstrated that AMTC inhibit lymphocyte proliferation in vitro [23,
24] and, more recently, that these cells suppress the generation and
maturation of monocyte-derived DCs [25]. The mechanism that
underlies inhibition of DC differentiation by AMTC involves arrest of
the stimulated monocyte in the GO phase of the cell cycle and may
occur in the absence of cell-cell contact, strongly suggesting the
involvement of some soluble factor(s) [25]. In this study, we provide
clear evidence that the anti-proliferative activity of AMTC can also tar-
get cancer cell lines of both haematopoietic [lymphoid (KG1a, Jurkat)
and myeloid (KG1, U937)] and non-haematopietic origin (Girardi
heart, Hela, Saos). This anti-proliferative effect was observed not only
when the AMTC and cancer cells were cultured in direct contact, but
also when they were physically separated (transwell system). This
strongly suggests that the inhibitory effects evoked by AMTC may
entail the release of yet-unknown soluble factor(s) by these cells, con-
sistent with similar results obtained for cancer cells cultured with
MSCs isolated from sources other than placenta [6, 33]. This hypoth-
esis is also supported by co-culture experiments, which we have per-
formed with AMTC fixed with paraformaldehyde, where AMTC were
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not able to inhibit the proliferation of KG1, KG1a and Jurkat cells (data
not shown). Studies aimed at characterizing the soluble anti-prolifera-
tive factor(s) secreted by MSC are ongoing in different laboratories,
but no clear results have yet been obtained. Cytokines such as granu-
locyte-macrophage colony-stimulating factor (GM-CSF), interleukin-6
(IL-6), and o/p interferons (IFNo/B) are reported to be constitutively
secreted by MSC [22]. We and others have demonstrated production
of IL-6 also in amniotic mesenchymal cells [25, 34]. These factors
have been described to exert anti-tumour effects [35-37] and there-
fore could participate in the mechanisms involved in the control of
cancer cell proliferation, even though it remains controversial because
the use of antibodies against TNFa, [FNo: and TGF did not inhibit the
MSC-anti-proliferative effect [33, 38]. A recent report suggests that
the dickkopf-1 (DKK-1), secreted by MSC obtained from adipose tis-
sue, plays an important role in suppressing K562 proliferation, but
the growth rate of K562 was not fully restored to the normal level by
RNAi for DKK-1 or by neutralizing antibodies against DKK-1 [33]. It is
likely that a complex milieu is necessary for the antitumour mecha-
nism of MSC, and more studies are needed for the characterization of
this factor(s).

© 2012 The Authors
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Table 3 Cell cycle gene expression in Jurkat and U937 cell lines cultured with AMTC

Jurkat U937
Functional gene Mean of fold Mean of fold
groupings mRNA change P value mRNA change P value
Positive regulators G1 phase and CCNE1 -2.30 g CCNE1 —-2.13 o
of cell cycle G1/S transition
CCNH —1.28 * CCNH -1.32 ok
CCND2 1.03 n.s. CCND2 —5.60 T
CDK2 1.03 n.s. CDK2 —1.66 S
CDK4 —1.53 o CDK4 -2.70 T
CDK6 —2.26 2 CDK6 -2.82 Rk
CcuL1 —1.67 2 CuL1 -1.33 2
SKP2 —1.45 2 SKP2 -3.08 2
RBL1 —1.46 2 RBL1 -2.50 *
S phase and MCM2 —4.92 s MCM2 —2.48 s
DNA replication
MCM3 1.09 n.s. MCM3 —2.42 e
MCM4 —1.49 * MCM4 -3.40 *
MCM5 -3.71 * MCM5 -2.40 ok
PCNA -1.31 S PCNA -2.16 e
DDX11 -3.68 g DDX11 —4.32 g
G2 phase and CCNH —1.28 @ CCNH -1.32 ek
G2/M transition
CDK5R1 -2.35 * CDK5R1 —2.67 *
DDX11 —-3.68 * DDX11 —4.32 *
Negative regulators G1 phase and CCNG2 2.00 g CCNG2 2.08 &
of cell cycle G1/S transition
CDKN1A 1.66 o CDKN1A 12.2 T
CDKN2B 2.66 g CDKN2B 3.14 g
RB1 1.22 * RB1 2.10 *
G2 phase and CDKN1A 1.66 ok CDKN1A 12.2 ok

G2/M transition

Jurkat and U937 cell lines were cultured alone (control) or in the presence of AMTC (treated group). Data are expressed as mean fold change
in mRNA expression in the treated group versus control from at least three separate experiments. n.s.: not significant; CCNE1: Cyclin E1; CCNH:
Cyclin H; CCND2: Cyclin D2; CDK: Cyclin-dependent kinase; CUL1: Cullin 1; SKP2: S-phase kinase-associated protein 2 (p45); MCM: Minichro-
mosome maintenance complex component; PCNA: Proliferating cell nuclear antigen; DDX11: DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 11;
CDK5R1: Cyclin-dependent kinase 5, regulatory subunit 1 (p35); RBL1: Retinoblastoma-like 1 (p107); CCNG1: Cyclin G1; CCNG2: Cyclin G2;
CDKN1A: Cyclin-dependent kinase inhibitor 1A (p21, Cip1); CDKN2B: Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4); RB1: Retinoblas-
toma 1. *P < 0.05, **P < 0.01, ***P < 0.001.

Consistent with other results reported for the effects of BM-MSCs  cancer cells need at least a ratio of 1:1 in the transwell system;
on cancer cells [6], the ratio of cancer cells: AMTC sufficient to obtain ~ Fig. 1). It is conceivable therefore that cell-cell contact might
a significant inhibitory effect was lower in contact co-cultures than  enhance/stimulate the production of inhibitory soluble factors by
that required in transwell settings (in contact KG1 and U937, cell lines  AMTC, and/or that cell-cell contact may engage AMTC in other path-
were significantly inhibited also with a ratio of 1:0.25, while the same ~ ways regulating cancer cell proliferation. On the other hand, the

© 2012 The Authors 2215
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observation that the anti-proliferative effect of AMTC is also exerted in
a transwell system excludes the possibility that the effect may be due
to radiation-induced bystander effects of irradiated AMTC in contact
experiments. Moreover, given that the addition of cancer cells (KG1a,
Jurkat and U937) as modulators did not result in the inhibition of can-
cer cell proliferation, another conclusion of this study is that the
reduction in proliferation observed with AMTC is due to specific
effects of these cells, and not to medium exhaustion of nutrients or
molecular and cellular crowding in the well.

Our analyses demonstrated that both BM-MSCs and AMTC pos-
sess anti-proliferative effects on cancer cells under contact co-cul-
ture conditions; while in transwell culture settings, only AMTC were
able to inhibit cancer cell proliferation. Previous studies have indi-
cated that BM-MSCs do not modulate T-cell proliferation [39, 40] or
exert anti-proliferative effects on cancer cell lines [20] in a transwell
system. Our findings regarding the inhibitory effects of dermal fibro-
blasts are in accordance with results indicating that human fibro-
blasts share immunosuppressive properties with MSCs, probably
associated with the common mesodermal origin of these cell types
[41, 42].

Conflicting data have been reported with regard to the effects of
MSCs on cancer cell apoptosis and cell cycle regulation [13]. These
differences are likely due to different experimental designs and differ-
ent origin of MSCs tested. The diversity of the investigational out-
comes is also indicative of the complexity of mechanisms by which
MSCs interact with and regulate tumour cell growth. In this study, we
show that AMTC-induced inhibition of cancer cell proliferation in vitro
is not mediated by promotion of cancer cell apoptosis, but rather, by
cell cycle arrest. In contrast, it has been reported that the use of
supernatant from amniotic epithelial cells enhance Jurkat apoptosis
[43], and that placenta (i.e. trophoblast)-derived MSCs increase mye-
loma cell apoptosis [44], therefore suggesting that, within placental
tissues, different cell types may employ different mechanisms to inhi-
bit cancer cell proliferation. Our FACS analyses clearly indicate that in
the presence of AMTC, Jurkat and U937 cells accumulated in the GO/
G1 phase of cell cycle. This arrest was particularly evident in the
U937 cells, for which we observed that the proportion of cells which
remain in the GO/G1 phase was always higher than 80%, while the
percentage of cells which enter the S phase was very low. The differ-
ences in magnitude of the anti-proliferative effect of AMTC on U937
and Jurkat cells could be attributed to the fact that AMTC may employ
different regulatory mechanisms on these two cell types and/or, more
likely, that these cells respond to differing extent to the same inhibi-
tory cues.

To gain further insight into the mechanisms involved in cell cycle
arrest induced by AMTC, we explored the effects of AMTC on the
expression of a panel of genes that both positively and negatively
regulate the transition between each of the cell cycle phases, DNA
replication, checkpoints and arrest of cell cycle. We found that the
pattern of genes whose expression appeared modulated after exposi-
tion to AMCT was similar in both Jurkat and U937 cells, even though
the fold increase/decrease levels obtained were often higher in U937
cells.

Although this preliminary analysis of gene expression was per-
formed at the transcriptional level and requires further exploration in
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terms of changes in protein expression and phosphorylation, the
results obtained are consistent with a block in G0/G1 phase and with
no progression to S phase (Table 3). Notably, we observed a down-
regulation in the expression of some of the cyclins and CDKs that pro-
mote cell cycle progression, such as cyclin D2, cyclin E1, cyclin H,
CDK4, CDK6 and CDK2 [45]. Moreover, genes important in S phase
and DNA replication were also down-regulated. The down-regulation
of these positive regulators of cell cycle progression at G1 phase was
accompanied by the up-regulation of negative regulators of cell cycle,
specifically, the CDK inhibitor 1A (CDKN1A, or p21) and CDKN2B
(p15) [45-47]. These data are consistent with previous studies
reporting the ability of MSCs to inhibit cancer cell proliferation
through down-regulation of the expression of cyclin D2, cyclin E and
CDK4 accompanied by an up-regulation of p21 [6, 15, 33]. These
authors also reported the up-regulation of p27. In our setting, p21
and p15 (and not p27) seem to play a major role in blocking of the
cell cycle. Interestingly, we observed a down-regulation of Cullin-1
(CUL1), involved in the ubiquitination process and, consequently, in
the degradation of different proteins, including p21 [31]. The down-
regulation of CUL1 may contribute to the block of cell cycle progres-
sion. Furthermore, we also observed that the expression of cyclin G2
was up-regulated. Cyclin G2 is an unconventional cyclin whose
expression is not associated with promotion of cell proliferation, but
with cell cycle inhibition and arrest [48-50]. Finally, the expression of
the retinoblastoma protein (pRB), which is important for proper cell
cycle arrest in GO/G1 phase, was also up-regulated [51], while RB-like
1 (p107), whose levels are generally low in quiescent cells and high
when cells proliferate [52], was down-regulated in both U937 and
Jurkat.

In conclusion, the present study demonstrates that AMTC exert
inhibitory effects on the proliferation of different cancer cells in vitro,
probably via the release of yet-unknown soluble factors. Although fur-
ther studies are required to identify these factors and their signalling
pathways, here we have demonstrated that the inhibitory effects of
AMTC entail the arrest of tumour cells in the GO/G1 phase of the cell
cycle, with modulation of the expression of key genes involved in cell
cycle regulation, but that AMTC do not induce cancer cell apoptosis.
Indications from pre-clinical studies support the beneficial effects of
amniotic membrane-derived cells as anti-inflammatory and anti-fibro-
tic agents for the treatment of different pathologies [2]. The findings
reported in the present study increase the body of knowledge regard-
ing the properties of amniotic MSCs and highlight that these cells
could exert a profound effect also in the regulation of cancer cell pro-
liferation, fostering studies on their potential anti-cancer activities in
animal models and, prospectively, in clinical applications. However,
extensive investigations should be conducted into different aspects,
both for these cells and for MSC isolated from different sources.
Indeed, due to discrepancies reported in studies that directly investi-
gated the effects of MSCs on tumours in animal models [22], further
in vitro experiments aimed at isolating better-characterized and more
homogenous MSC populations should be carried out. /n vivo studies
to evaluate and compare the effects of MSC isolated from different
sources, passages and cell concentrations, as well as to monitor the
safety and lack of side effects of their transplantation are also funda-
mental.

© 2012 The Authors
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