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ABSTRACT Understanding the crosstalk mechanisms between perivascular cells
(PVCs) and cancer cells might be beneficial in preventing cancer development and
metastasis. In this study, we investigated the paracrine influence of PVCs derived
from human umbilical cords on the proliferation of lung adenocarcinoma epithelial
cells (A549) and erythroleukemia cells (TF-1¢. and K562) in vitro using Transwell®
co-culture systems. PVCs promoted the proliferation of A549 cells without inducing
morphological changes, but had no effect on the proliferation of TF-1a. and K562
cells. To identify the factors secreted from PVCs, conditioned media harvested from
PVC cultures were analyzed by antibody arrays. We identified a set of cytokines,
including persephin (PSPN), a neurotrophic factor, and a key regulator of oral
squamous cell carcinoma progression. Supplementation with PSPN significantly
increased the proliferation of A549 cells. These results suggested that PVCs produced
a differential effect on the proliferation of cancer cells in a cell-type dependent
manner. Further, secretome analyses of PVCs and the elucidation of the molecular
mechanisms could facilitate the discovery of therapeutic target(s) for lung cancer.

this work.

INTRODUCTION the prevention of tumor growth and metastasis [1,3].
PVCs are enclosed within the basement membrane of blood
The tumor microenvironment (TME) is the noncancerous vessels. Crisan et al. and others [4-6] have reported that PVCs
cellular region in which tumors exist [1]. The TME is composed are ancestors of multipotent mesenchymal stem cells (MSCs)
of the extracellular matrix and various cell types, including in multiple tissues of both fetal and adult origin, and have
endothelial cells (ECs), fibroblasts, macrophages, and perivascular greater regenerative potential compared to MSCs. The use
cells (PVCs) [1,2]. These cells are involved in regulating tumor of PVCs has increasingly gained attention as an alternative
growth, invasion, angiogenesis, and metastasis, both through therapeutic candidate for the treatment of various diseases [4-
direct cell-to-cell contact and by a paracrine signaling mechanism 6]. In normal and developmental contexts, PVCs contribute to
[3]. Therefore, understanding the communication between the tissue homeostasis and repair by regulating vascular stability
tumor and TME is critical to identifying therapeutic agent(s) for and contractility [3]. PVCs are also key components of the TME,
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and are therefore able to induce the onset of angiogenesis and
apoptosis through crosstalk with ECs in pathological conditions
such as cancer and hyperglycemia [1].

For example, in tumors, angiopoietin-2 (ANG?2) is primarily
secreted from activated ECs to destabilize blood vessels by
inducing PVC detachment and EC sprouting via the antagonizing
factor ANGI [7-9]. In ECs exposed to high glucose, miR-503
transcriptionally activated and modulated p75NTR, affecting
the migration and proliferation of PVCs via the reduction of
ephrin-B (EFNB2) and vascular endothelial growth factor A
(VEGFA) expression [10]. Therefore, the modulation of PVC-EC
interactions could provide a therapeutic strategy to inhibit cancer
growth and/or manage diabetes complications.

Although the underlying molecular mechanisms of the
angiogenic contribution of PVCs are relatively well defined, the
effects and molecular mechanisms of PVCs on the proliferation
of cancer cells are still unclear. Paracrine signaling pathways
between PVCs and cancer cells have been suggested as an
important mechanism in tumor growth and metastasis [1].
Therefore, the identification of key secretory factors that regulate
the proliferation of cancer could provide valuable insight into
the prevention and development of tumors. In the present
study, we isolated PVCs from human umbilical cords (HUCs)
and investigated their paracrine influences on the proliferation
of human lung adenocarcinoma (A549) and erythroleukemia
cell (TF-1a and K562) lines in vitro using Transwell® co-
culture systems. PVCs promoted the proliferation of lung
adenocarcinoma cells, but not erythroleukemia cells, which was
mediated by the release of soluble factors from the PVCs.

METHODS
Cellisolation and cultures

HUC tissues were obtained from full term births after
Caesarian section with informed consent using the guidelines
approved by IRB (IRB approval number: KNUH-2012-11-003-
008) at the Kangwon National University Hospital. PVCs were
isolated and cultured as previously described [11]. A549, K-562,
and TF-1a, cell lines were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). A549 cells were
grown in Dulbecco's Modified Eagle Medium (DMEM; Hyclone,
Logan, UT, USA) supplemented with 10% fetal bovine serum
(FBS; Hyclone) and 1% penicillin/streptomycin (Sigma-Aldrich,
St. Louis, MO, USA). K562 cells were grown in Iscove's Modified
Dulbecco's Media (IMDM; Hyclone) supplemented with 10%
FBS and 1% penicillin/streptomycin. TF-1o cells were cultured in
RPMI (Hyclone) supplemented with 10% FBS and 1% penicillin/
streptomycin. The cells were cultured at 37°C and 5% CO, and
subcultured at 80~90% confluency.
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Flow cytometry

The phenotypes of PVCs were analyzed by flow cytometry as
previously described [12]. Briefly, single cell suspensions (passage
2) were incubated with CD31-phycoerythrin, CD34-fluorescein
isothiocyanate (FITC), CD45-allophycoerythrin (APC), CD44-
APC, CD90-APC, and CD146-FITC for 60 minutes at 4°C
in the dark. The cells were rinsed with 1% FBS-phosphate-
buffered saline (PBS) and analyzed on a BD FACSCanto™ 11
flow cytometer (BD Biosciences, San Jose, CA, USA). Dead cells
were excluded by staining with 7AAD viability staining solution
(BD Biosciences). Acquired data were analyzed using FlowJo
software (Tree Star, Inc., Ashland, OR, USA). All antibodies were
purchased from BD Biosciences.

Osteogenic and adipogenic differentiation

The multilineage differentiation potentials of the PVCs were
evaluated as previously described [13]. Briefly, PVCs from
passage 3 were seeded at 4x10" cells/well in expansion medium.
When the cells reached 80% confluency, they were treated
with osteogenic or adipogenic induction medium (StemPro®,
ThermoFisher Scientific, San Jose, CA, USA) for 21 days at which
time the medium was changed every 3 days. PVC cultures were
stained with Alizarin Red S (CM-0058; Lifeline Cell Technology,
Carlsbad, CA, USA) or Oil Red O (CM-0055; Lifeline Cell
Technology) and the dye contents were quantified using a
spectrophotometer.

Transwell® co-cultures

Transwell® plates (Corning, Corning, NY, USA) with 0.4
um pore polycarbonate membrane inserts were used for the
co-culture experiments. A549 cells (7x10") were co-cultured
for 48 hrs with PVCs at a ratio of 1:1 and 1:3 (A549:PVCs). TE-
1o and K562 cells (2x10° and 3x10°, respectively) were also co-
cultured for 48 hrs with PVCs at a ratio of 1:1 and 1:3 (TF-1a
or K562:PVCs, respectively). PVCs were seeded into the lower
chamber, and cancer cells were placed in the upper chamber. Cell
number and size were measured using the MOXI Z automated
cell counter kit (ORFLO Technologies, Carlsbad, CA, USA).

Antibody arrays

Antibody arrays (Human L507 array kit, AAH-BLG-1; Ray-
Biotech, Norcross, GA, USA) were used to profile the secretions
from PVCs. When PVCs reached 90% confluency, the cells were
cultured in defined serum-free medium for 24 hrs to condition
the growth medium. The resulting conditioned medium (CM)
was harvested, centrifuged, and filtered using 0.2 pm filters
to remove any cell debris. The CM was concentrated using an
Amicon Ultra-0.5 centrifugal filter unit with a cutoff of 3 kDa
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(EMD Millipore, Hayward, CA, USA), and the concentrated
CM was stored at —-80°C. Non-CM was used as a control. The
concentrated medium was used for the antibody array analyses
according to the manufacturer’s instructions. Secretion factors
that were 1.5-fold or greater relative to the control were scored as
significant.

Persephin (PSPN) treatment and inhibition of PSPN

To determine the effect of PSPN on the proliferation of A549
cells, A549 cells were seeded at a density of 2x10° cells into 6-well
culture plates and cultured in the presence of PSPN (10, 20, and
40 ng/ml) for 48 hrs. In experiment blocking PSPN signals, anti-
PSPN antibody (MyBioSource, San Diego, CA, USA) at a final
concentration of 500 ng per mL was added in A549 cultures.
Cell number and morphology were evaluated using the MOXI Z
automated cell counter (ORFLOW Technologies).

Real-time quantitative PCR

Total RNA from cancer cell lines was extracted with the
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Relative absorbance (fold)

RNeasy Mini Kit (Qiagen Inc., Valencia, CA) and converted
to first strand cDNA with TOPscript™ RT DryMIX kit
(Enzynomix). The cDNA of GFRa4 mRNA was amplified
and quantified using AccuPower® PCR PreMix reagents
(Bioneer Corp). Primer sequence was as follow: GFRa4,
forward 5>-AGGAGGCATCTTGGTTGTAA-3 and
reverse 5-GGGTCTCCAGAGAGGTCTCA-3’, GAPDH,
forward 5-TGCACCACCAACTGCTTAGC-3’ and reverse
5-GGCATGGACTGTGGTCATGAG-3". The expression level
of GFRa4 was normalized to GAPDH and data analysis was
performed by the comparative CT method.

Statistical analyses

Data are presented as the mean+SD. Statistically significant
differences were determined by the Student’s t-test. Significance
levels were set at p<0.05.

Adipogenic

Osteogenic

Fig. 1. Isolation and characterization
of PVCs derived from HUCs. (A)
The morphology of the PVCs in cul-
ture. Fibroblast-like colonies were
subcultured and expanded. Bars=100
um. (B) Representative flow cytometry
histograms for phenotypes of PVCs
(passage 2) are shown. The pink histo-
gram indicates the isotype control. (C)
Evaluation of multilineage differentiation
potentials of the PVCs. Representative
images of Oil Red O staining for adi-
pocytes, Alizarin Red S staining for
osteocytes, and Alcian Blue staining
for chondrocytes are shown. Bars=100
um, or 500 um. (D) Quantification of
the dye (Oil Red O and Alizarin Red
S) content using spectrophotometry.
PVCs, perivascular cells; HUCs, human
umbilical cords; CON, control cultures;
EXP, experimental cultures with differen-
tiation conditions.

HCON
WExp

Adipogenic  Osteogenic
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RESULTS

Phenotypic and functional identification of human
PVCs derived from human UCs

PVCs were isolated and cultured from vessels of umbilical
cords by a non-enzymatic isolation method [11]. Isolated PVCs
displayed spindle-shaped, fibroblast-like morphology as seen in
MSCs (Fig. 1A). PVCs were phenotypically identified as strongly
positive for the expression of CD44 (99.8%, MSC marker), CD90
(100%, MSC marker), and CD146 (87.2%, PVC marker) and as
negative for the CD34 (hematopoietic progenitor marker), CD31
(endothelial cell marker), and CD45 (mature hematopoietic cell
marker) (Fig. 1B). In addition, we confirmed that the PVCs had
multilineage differentiation potentials, including for adipocytes,
osteocytes, and chondrocytes (Fig. 1C and 1D). These results
indicated that the isolated and expanded cells consisted of PVCs.

PVCs significantly increased the proliferation of
human lung adenocarcinoma cells

To determine the effects of PVCs on the proliferation of
cancer cells, PVCs were indirectly co-cultured with human lung
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adenocarcinoma cells (A549) and erythroleukemia cells (TF-1a,
and K562) using Transwell® co-culture systems. We assumed
that PVCs can differentially regulate the growth of adherent
(A549) and non-adherent (TF-1o. and K562) cancer cells. Cancer
cell lines were co-cultured with PVCs at a ratio of 1:1 and 1:3 for
48 hrs. The proliferation of all cancer cells was not affected by
co-culture at a ratio of 1:1. The proliferation of TF-1a, and K562
cells was also not affected by co-culture at a ratio of 1:3. However,
the number of A549 cells increased approximately two-fold after
indirect co-culturing with PVCs at a ratio of 1:3 (Fig. 2A). Cell
morphology and diameter of all cancer cell lines were not altered
by co-culturing with PVCs at both ratios (Fig. 2B and 2C). These
findings suggested that PVCs had differential effects on the
proliferation of cancer cells in a cell-type dependent manner, and
they promoted the proliferation of human lung adenocarcinoma
cells via paracrine actions.

Paracrine action of PSPN on the proliferation of A549
cells

To identify the secreted factors, the PVC-CM and non-CM
were analyzed using 507 antibody array chips for secreted soluble
factors. Secreted factors that had 1.5-fold or more expression
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Fig. 2. PVCs significantly increase the proliferation of human lung adenocarcinoma cells. (A) Indirect co-culturing of PVCs with human
erythroleukemia cell lines (TF-T1o and K562) and lung adenocarcinoma cell line (A549). The error bars indicate the standard deviation. **p<0.01. (B)
The morphology of the cancer cells co-cultured with PVCs for 48 hrs. Bars=50 um. (C) The diameter of the cancer cells was measured after co-culturing
with PVCs for 48 hrs. The error bars indicate the standard deviation. CON, control group; PVCs, perivascular cells.
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relative to the non-CM controls were considered as significantly
abundant. We found that 14 cytokines and growth factors were
significantly abundant in the PVC-CM compared with the non-
CM controls (Fig. 3A). Some cellular functions of these factors
are shown in Table 1. Some cytokines and growth factors, such as
IGFBP-7, THBSI, PSPN, INHBA, WIF-1, FGF20, and HB-EGF
play important roles in regulating tumor growth and metastasis
[14-20]. Of these identified factors, we further investigated the
effects of PSPN on the proliferation of A549 cells because its
effects on tumorigenesis are less understood. A549 cells were
treated with different concentrations of PSPN (10, 20, and 40

A B 5 2
. Fold change X 20
Antibody name (PVC-CM/Non-CM) =
<z 151
IGFBP-7 12.108 '
s
Thrombospondin-1 9.908 g
MIP-2 9423 E
z
Persephin 6.4
Tarc 2.809
MMP-7 2217
Activin A 2131 C
Glypican 5 2.050
WIF-1 199
Progranulin 1.703
FGF20 1.701 20 ng/ml
Decorin 1.672 S
IL-21 1.604
IL-7 1.567

Table 1. Cellular functions for the selected secreted cytokines

CON

o

ng/ml) for 48 hrs. Supplementation with 20 ng/ml or 40 ng/ml
of PSPN significantly promoted the proliferation of A549 cells
without inducing morphological changes (Fig. 3B and 3C). These
results indicated that the growth of lung adenocarcinoma cells
was influenced by PVCs and by PSPN via paracrine signaling. To
determine if the paracrine effect of PSPN on A549 proliferation
is mediated via its receptor signaling pathway, we compared
expression level of GFRa4 in A549, TF-1¢, and K562 cell cultures.
We found that GFRa4 transcripts was significantly more
abundant in A549 cells than TF-1a, and K562 cells (Fig. 4A). We
also confirmed the suppressive effect of a neutralizing anti-PSPN

*%

Fig. 3. PSPN contributes to the pro-
liferation of human lung adenocar-
cinoma cells. (A) Secretome analyses
of PVC-CM using antibody arrays. A
list of selected cytokines that had 1.5
fold or more expression relative to the
control sample (non-CM) is shown. (B)
A549 cells were plated at a density of
2x10° cells and treated with a variety of
concentrations of PSPN (10, 20, and 40
ng/ml) for 48 hrs. The error bars indicate
standard deviation. *p<0.05, **p<0.01.
(C) Representative images of A549 cells
cultured in the presence and absence
of PSPN for 48 hrs. Bars=50 um. CON,
control group; PSPN, Persephin; PCV-CM,
perivascular cell-conditioned medium;
non-CM, non-conditioned control me-
dium.

10ng 20ng 40ng

PSPN

Symbol Name Cellular functions Reference
IGFBP-7 Insulin-like growth factor Cell adhesion, tumorigenesis, and angiogenesis [14]
binding protein-7
THBS1 Thrombospondin-1 Platelet aggregation, angiogenesis, and tumorigenesis [15]
MIP-2 Macrophage inflammation protein 2 Chemotactic activity for inflammatory and immune effector cells [30]
PSPN Persephin Cell proliferation and tumorigenesis [24]
[16]
Tarc Thymus and Activation-Regulated Chemotaxis in T cells [31]
Chemokine (CCL17)
INHBA Activin A Reproduction, inflammation, and tumorigenesis [17]
GPC5 Glypican 5 Control cell division and growth regulation [32]
WIF-1 Wht Inhibiting Factor-1 Tumor growth and induction of apoptosis [18]
Progranulin  Pro-epitheliun and prostate cancer (PC)  Cell growth, wound healing, and anti-inflammation [33]
cell-derived growth factor
FGF20 Fibroblast growth factor 20 Cell growth, morphogenesis, and tumor growth [19]
DCN Decorin Angiogenesis and cell cycle regulation [34]
(35]
IL-21 Interleukin-21 Regulation of immune cells and cell proliferation [36]
IL-7 Interleukin-7 Development and homeostasis of immune cells [371
HB-EGF Heparin-binding EGF-like growth factor Regulation of mitotic activity and cancer metastasis [20]
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antibody on the proliferation of A549 cells (Fig. 4B), suggesting
that PSPN promotes proliferation of human adenocarcinoma
cells by its receptor-mediated pathway.

DISCUSSION

In the present study, we performed secretome analyses of
PVC-CM and identified a set of secreted cytokines known
to be important in regulating the cell cycle, tumorigenesis,
angiogenesis, and inflammation. The most abundant cytokine
in PVC-CM compared with non-CM was IGFBP-7, which is
linked to the suppression of growth and metastasis of tumors.
For example, the activation of the IGFBP-7 gene suppresses the
invasion of head and neck squamous cell carcinoma and acute
myeloid leukemia (AML) cells [21,22]. These studies suggest
that IGFBP-7 could be a prognostic factor for the probability of
invasion as well as a therapeutic target for the improvement of
AML patient survival. THBSI and PSPN are also highly detected
in the PVC-CM. THBSI, a glycoprotein, is implicated in the
regulation of tumor growth and metastasis [15,23]. PSPN was first
identified as a glial cell line-derived neurotrophic factor (GDNF)
that had neurotrophic effects on some neuronal cell types. For
example, PSPN enhanced the morphological differentiation
and phenotypic induction of dopaminergic neurons and could
be considered as a cell therapy for Parkinson’s disease [24-27].
However, very little is known about the role of PSPN in tumor
progression. To the best of our knowledge, only one study has
explored the effects of PSPN on the proliferation of cancer.
Baba et al. reported that PSPN was a key factor in proliferation
of human oral cancer through activation of RET-mitogen-
activated protein kinase [16]. Our study showed that, while
supplementation of PSPN promoted the proliferation of human
lung adenocarcinoma cells, it did not affect the proliferation of
erythroleukemia cells, because PVC co-culturing did not change
the growth of TF-1o and K562 cells. These results suggested a
differential effect of PVCs on the proliferation of cancer cells in a

Korean J Physiol Pharmacol 2017;21(2):161-168

CON

Fig. 4. Neutralization of PSPN in-
hibits proliferation of human lung
adenocarcinoma cells. (A) gPCR analysis
of relative GFRa4 expression in A549, TF-
T and K562 cells. (B) PSPN neutralizing
antibody (500 ng/mL) suppressed the
increased proliferation of A549 cells by
PSPN (40 ng/mL) treatment. The error
bars indicate the standard deviation.
**p<0.01, a, p<0.01. (control vs PSPN), b,
p<0.01. (PSPN vs PSPN+ADb).

PSPN  PSPN+Ab

cell-type dependent manner. Thus, an investigation of PSPN in a
broader range of tumor cell types should be done.

Although multipotent MSCs for use in clinical trials have
been shown to be safer and more effective than pluripotent stem
cells, their roles in cancer development remain controversial.
This could be attributed to the different MSC sources, variations
in donors, and the injection timing and dosage of MSCs [28].
Because PVCs have been proposed as common ancestors of
MSCs, they could provide an alternative source due to their
greater regeneration potential compared with other MSCs [4-
6]. Thus, the role of PVCs in cancer development should be
addressed prior to clinical applications, especially for patients
with cancer who are undergoing or have undergone treatment.
Sinha et al. reported that co-culturing with PVCs increased the
proliferation of ovarian cancer cells in vitro [29]. Similarly, our
results also showed that the proliferation of lung adenocarcinoma
cells was increased by co-culturing with PVCs, and this effect was
mediated by secreted factors from the PVCs. Thus, identification
of secreted factors and their functional evaluation related
with tumor growth could be critical to the discovery of novel
anticancer therapy.

In conclusion, PVCs significantly contributed to lung cancer
growth, and this could have been by paracrine signaling.
Further study is required using in vivo animal models and direct
injections of PVC-CM or selected paracrine factors to define the
role of PVCs in lung cancer growth and metastasis.
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