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Abstract

 

Objectives

 

: Somatic stem cells can be obtained
from a variety of adult human tissues. However, it was
not clear whether human parathyroid glands, which
secrete parathyroid hormones and are essential in
maintaining homeostasis levels of calcium ions in
the circulation, contained stem cells. We aimed to
investigate the possibility of isolating such parathyroid-
derived stem cells (PDSC).

 

Materials and methods

 

: Surgically removed parath-
yroid glands were obtained with informed consent.
Cell cytogenetics was used to observe chromosomal
abnormalities. Surface phenotypes were characterized
by flow cytometry. Telomerase repeat amplification
protocol (TRAP) assay was performed to observe the
telomerase activity. RT-PCR and real-time PCR was
was used to detect gene expressions. Real-time calcium
uptake imaging was performed for extent of calcium
uptake and transmission electron microscopy and
immunofluorecent staining for smooth muscle actin.

 

Results

 

: After enzymatic digestion and primary cul-
ture, plastic-adherent, fibroblast-like cells appeared in
culture and a morphologically homogeneous popula-
tion was derived from subsequent limiting dilution
and clonal expansion. Karyotyping was normal and
doubling time of clonal cell growth was estimated
to be 70.7 ± 14.5 h (mean ± standard deviation).
The surface phenotype of the cells was positive for
CD73, CD166, CD29, CD49a, CD49b, CD49d, CD44,
CD105, and MHC class I, and negative for CD34,
CD133, CD117, CD114, CD31, CD62P, EGF-R,
ICAM-3, CD26, CXCR4, CD106, CD90 and MHC

class II, similar to mesenchymal stem cells (MSC).
Detectable levels of telomerase activity along with
pluripotency 

 

Sall4

 

 gene expression were observed
from the isolated PDSCs. Expression of calcium-
sensing receptor gene along with alpha-smooth
muscle actin was induced and cellular uptake of
extracellular calcium ions was observed. Further-
more, PDSCs possessed osteogenic, chondrogenic
and adipogenic differentiation potentials.

 

Conclusions

 

: Our results reveal that PDSCs were
similar phenotypically to MSCs and further studies
are needed to formulate induction conditions to dif-
ferentiate PDSCs into parathyroid hormone-secreting
chief cells.

 

Introduction

 

During early mammalian developmental processes, the
parathyroid forms from the third and fourth pharyngeal
pouches derived from the foregut endoderm, and then
migrates to its final position along the ventral midline of
the pharyngeal and upper thoracic region (1). Several genes
have been implicated in development of the parathyroid.
The transcription factor 

 

Hoxa3

 

 gene is expressed in the
third pharyngeal pouch endoderm (2) and inactivation of

 

Pax9

 

 results in failure of parathyroid formation. Normal
parathyroid development is also compromised by reduced

 

Gcm2

 

 expression by E11.5 due to 

 

Pax

 

–/–

 

 mutants (3) and
Eyes absent 1 (

 

Eya1

 

) mutants in mice fail to form the
parathyroid.

Parathyroid glands are the primary regulators of
blood calcium level through its detection then secretion of
parathyroid hormone within a controlled physiological
range (4). This tight regulation is specifically managed by
eosinophilic chief cells arranged in semi-acinar structures
and dense cords around abundant capillaries in the
parathyroid that detect calcium by its trans-membrane
calcium-sensing receptors (CaSR) and subsequently secretes
parathyroid hormone. Parathyroid hormone regulates blood
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calcium levels by several processes, including the induction
of calcium release from bone into the circulation, enhancing
calcium absorption from the small intestine, and suppression
of calcium loss in urine (5).

It has been demonstrated that stem cells exist in a
number of human postnatal tissues, including the bone
marrow (6–9), adipose tissue (10), synovium (11), umbilical
cord blood (12), heart (13,14), brain (15), skeletal muscles
(16), pancreas (17), skin (18), and dental pulp (19). However,
there are no literature reports on identification and
isolation of stem cells from human parathyroid tissue. For
this reason, we set out to isolate and characterize putative
stem cells capable of self-renewal and multi-differentiational
ability, from human parathyroid gland. We hypothesized
that parathyroid-derived stem cells (PDSC) could be
obtained by the same techniques used to isolate stem cells
from other adult somatic tissues (12,20).

 

Materials and method

 

Cell isolation and culture

 

Surgically removed human parathyroid glands were
obtained from patients after institutional review board
approval and informed consent. Tissues were minced and
digested with type II collagenase (Sigma-Aldrich, St. Louis,
MO, USA) for 30 min at 37 

 

°

 

C and cultured in expansion
medium consisting of Iscove’s modified Dulbecco
medium (IMDM; Sigma-Aldrich) with 10% foetal bovine
serum (HyClone, Logan, UT, USA), supplemented with
10 ng/ml basic fibroblast growth factor (R&D Systems,
Minneapolis, MN, USA), 100 U penicillin, 1000 U
streptomycin, and 2 m

 

m

 

 

 

l

 

-glutamine (Invitrogen, Carlsbad,
CA, USA).

 

Limiting dilutions

 

To obtain single cell-derived, clonally expanded cells,
plastic adherent cells were serially diluted and cultured in
to 96-well plates (Becton Dickinson, Franklin Lakes, NJ,
USA) in expansion medium at a final density of 30 cells
per 96-well plate. Colonies that grew were culture-
expanded and tested for their differentiation potential.
Cells were either maintained in expansion medium or
cultured in keratinocyte medium (Invitrogen) with or
without additional calcium (0.5 

 

μ

 

m

 

) and/or vitamin D (20 n

 

m

 

)
for 3 weeks. Media were changed twice a week.

 

Cytogenetic analysis

 

Five hundred thousand PDSCs were harvested when cells
reached 30 population doublings and karyotyped by the
Giemsa method using a standard protocol (21).

 

Flow cytometry

 

For cell surface phenotyping, fifth-passage cells were
detached, stained with fluorescein- or phycoerythrin-
coupled antibodies, and analysed using a FACSCalibur
(Becton Dickinson) flow cytometer. Antibodies against
human antigen CD26, CD29, CD31, CD34, CD44, CD49a,
CD49b, CD49d, CD50, CD62P, CD73, CD105, CD106,
CD114, CD117, CD166, EGF-R, HLA-ABC, HLA-
DPDQDR were purchased from Becton Dickinson.
Antibodies against CD133 were purchased from Miltenyi
Biotec (Bergisch Gladbach, Germany).

 

Telomere repeat amplification protocol assay

 

Cell extracts were assayed for telomerase activity with a
telomere repeat amplification protocol (TRAP) based on
polymerase chain reaction (PCR) (22) with slight modifica-
tions, and prepared by lysing 1 

 

×

 

 10

 

6

 

 cells with 1

 

×

 

 CHAPS
lysis buffer. Cell extracts were first reacted with TSG4 primer
(5

 

′

 

-GGGATTGGGATTGGGATTGGGTT-3

 

′

 

; 0.05 

 

μ

 

g/

 

μ

 

l) at
30 

 

°

 

C for 30 min, 94 

 

°

 

C for 3 min in 10

 

×

 

 TRAP buffer
(Chemicon International Inc., Temecula, CA, USA), dNTP
(10 m

 

m

 

), and 

 

Taq

 

 polymerase. Reaction was paused and
Cx primer (0.05 

 

μ

 

g/

 

μ

 

l), NT primer (0.05 

 

μ

 

g/

 

μ

 

l) and TSNT
primer (10

 

–3

 

 

 

μ

 

M) were then added as control to a total
volume of 50 

 

μ

 

l. PCR amplification was continued for 50
cycles at 94 

 

°

 

C for 30 s, 50 

 

°

 

C for 30 s, and 72 

 

°

 

C for 45 s.
Reaction products were analysed using 5% acrylamide gel.

 

Real-time calcium imaging

 

Real-time calcium (Ca) ion imaging was carried out by
staining cells with 5 

 

μ

 

m

 

 Fura-2 dye for 30 min and cover-
ing with phosphate-buffered solution containing 0.5 

 

μ

 

m

 

CaCl

 

2

 

, before they were observed by real-time fluorescence
microscopy (Olympus, Center Valley, PA, USA) in which
emission wavelengths were measured and calculated as a
ratio of 340/380 nm. Ratiometric calcium levels were
measured by using 10-nm-wide filters centred on 340 and
380 nm, capturing emitted light (485–540 nm) at each
excitation wavelength by microscopy at 

 

×

 

400 and direct-
ing it to a cooled CCD camera on the microscope. The ratio
within each cell was computed using SimplePCI software
(Hamamatsu, Sewickley, PA, USA) from images obtained
at 340 and 380 nm excitation wavelengths and subtracting the
appropriate background fluorescence at each wavelength.
Ratios were computed every second for a duration of 2 min.

 

Transmission electron microscopy

 

Cells were fixed in 2.5% glutaraldehyde (30 min) and 3%
osmium tetroxide (20 min), and were then dehydrated
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in increasing concentrations of ethanol before routine
embedding in Spur resin (Electron Microscopy Science,
Fort Washington, PA, USA). Ultrathin sections were viewed
by transmission electron microscopy (JEM-1230, JEOL,
Tokyo, Japan) and photomicrographs were taken using a
multiscan CCD camera (791 MSC, Gatan, Pleasanton,
CA, USA).

In vitro

 

 differentiation

Osteogenic differentiation.

 

Fifth- to sixth-passage cells
were treated with osteogenic medium for 4 weeks in
which medium was changed twice weekly. Osteogenesis
was assessed at the second and fourth weeks. Osteogenic
medium consists of IMDM supplemented with 0.1 

 

μ

 

m

 

dexamethasone (Sigma-Aldrich), 10 m

 

m

 

 beta-glycerol
phosphate (Sigma-Aldrich), and 0.2 m

 

m

 

 ascorbic acid
(Sigma-Aldrich).

 

Chondrogenic differentiation.

 

Fifth- to sixth-passage
cells were transferred to 15-ml polypropylene tubing and
centrifuged at 0.2 

 

g

 

 for 5 min to form a pelleted micro-
mass at the bottom of the tube, which was then treated
with chondrogenic medium for 4 weeks. Medium was
changed twice weekly, and this consisted of high-glucose
IMDM (Sigma-Aldrich) supplemented with 0.1 

 

μ

 

m

 

dexamethasone, 50 

 

μ

 

g/ml ascorbic acid, 100 

 

μ

 

g/ml sodium
pyruvate (Sigma-Aldrich), 40 

 

μ

 

g/ml proline (Sigma-Aldrich),
10 ng/ml transforming growth factor-

 

β

 

1, and 50 mg/ml
ITS

 

+

 

 premix (Becton Dickinson; 6.25 

 

μ

 

g/ml insulin,
6.25 

 

μ

 

g/ml transferrin, 6.25 ng/ml selenious acid, 1.25 mg/ml
bovine serum albumin, and 5.35 mg/ml linoleic acid).

 

Adipogenic differentiation.

 

To induce adipogenic dif-
ferentiation, fifth- to sixth-passage cells were treated with
adipogenic medium for 18 days. Adipogenic medium
consisted of IMDM supplemented with 0.5 m

 

m

 

 3-isobutyl-
1-methylxanthine (Sigma-Aldrich), 1 

 

μ

 

m

 

 hydrocortisone
(Sigma-Aldrich), and 0.1 m

 

m

 

 indomethacin (Sigma-Aldrich).
Medium was changed twice weekly.

 

Cytochemical and immunocytochemical staining

 

For von Kossa staining, cells were washed in PBS and
fixed in 3.7% formaldehyde, washed in water and covered
with 1% silver nitrate (Sigma-Aldrich) and put under
ultraviolet light for 45 min. Cells were then washed in
water for 10 min, and covered with 3% sodium thiosulphate
for 5 min. Cell pellets from chondrogenic differentiation
were paraffin wax embedded, sectioned, and stained with
3% alcian blue solution for 30 min after dehydration in
increasing concentrations of ethanol. For oil red O staining,
cells were fixed in 3.7% formaldehyde and stained with

oil red O (Sigma-Aldrich) for 10 min. For immunofluo-
rescence staining, cells were washed in PBS and fixed in
3.7% formaldehyde (Sigma-Aldrich) for 15 min at room
temperature, then permeabilized with 1% Triton X-100
(Sigma-Aldrich) for 5 min. After several washes, cells
were blocked with 5% foetal bovine serum for 1 h at
37 

 

°

 

C, then incubated with mouse primary antibodies
against alpha-smooth muscle actin (1 : 400; Sigma-Aldrich)
or human albumin (1 : 50; Sigma-Aldrich) for 1 h at 37 

 

°

 

C.
After washing, cells were incubated with Cy-5-labelled
goat anti-mouse immunoglobulin G secondary antibody
for 1 h (1 : 100; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); 4

 

′

 

-6-diamidino-2-phenylindole (DAPI; Santa
Cruz Biotechnology) was used to stain nuclear DNA at
1 : 1000 for 1 h.

 

Reverse transcriptase–PCR

 

Total RNA was extracted from 3 

 

×

 

 10

 

5

 

 differentiated cells
using RNeasy Kit (Qiagen, Stanford, Valencia, CA, USA)
according to the manufacturer’s instructions. Concentration
of RNA samples was quantified using a spectrophotometer
(Eppendorf, Hamburg, Germany) at OD260/280 and RNA
samples were reverse-transcribed using reagents (Genemark
Technology, Tainan, Taiwan) according to the manufacturer’s
instructions. cDNA was amplified after initial denaturation
at 94 

 

°

 

C for 2 min using Nucleic Acid Purification/Ampli-
fication Kit (Genemark Technology) at 94 

 

°

 

C for 1 min,
61.9 

 

°

 

C for 1 min, and 72 

 

°

 

C for 2 min for 32 cycles for
osteocalcin, osteopontin and osteonectin, 35 cycles for CaSR,
and 28 cycles for GAPDH. Primers used for amplification
are osteocalcin: ACATCTATCCGGGAGGAAATC (sense),
CTGGCGGTCTCCTCACTC (anti-sense); osteonectin:
AGGTATCTGTGGGAGCTAATC (sense), ATTGCTGCA
CACCTTCTC (anti-sense); osteopontin: GACCTGACA
TCCAGTACCC (sense), GTTTCAGCACTCTGGTCATC
(anti-sense); type I collagen: GTGATGCTGGTGCTAAA
GG (sense), GGTCCAGCATTTCCAGAG (anti-sense);
type II collagen: GCTGTCCTTCGGTGTCAG (sense),
CCAGCTTCACCATCATCAC (anti-sense); CaSR: GCAC
TGGCATCTGTCTCATC (sense), GTTCTCCAGGGAGC
CACTC (anti-sense); fatty acid-binding protein: GGAAA
GTCAAGAGCACCATAAC (sense), CATGACGCATTCC
ACCAC (anti-sense); peroxisome proliferator-activated
receptor: CTTCTCCAGCATTTCTACTCC (sense), GAA
GAAACCCTTGCATCC (anti-sense); and GAPDH:
GAGTCCACTGGCGTCTTC (sense), GACTGTGGTCAT
GAGTCCTTC (anti-sense).

 

Real-time PCR

 

Two hundred nanograms of PDSC cDNA was used for
relative quantification of 

 

Sall4

 

 gene expression with SyBr
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green as a reporter. Primer sequences were designed by
Applied Biosystems software Primer Express 3.0 and
amplified by ABI 7700. Sequences were Sall4: GGTGG
ATGTCAAACCCAAAGAC (sense), AGTCCCAAAAA
CCTTGCTACAGTACT (anti-sense); and GAPDH:
CCAGGTGGTCTC CTCTGACTTC (sense), GTGGTC
GTTGAGGGCAATG (anti-sense).

 

Results

 

Cell morphology and population growth kinetics

 

Over the course of the study, surgical specimens of partial
parathyroid glands were obtained from five donors. All of
the specimens were enzymatically digested and plated
with an average of 30 cells onto each 96-well plate after
limiting dilution. On average, only 2–3 cells out of 30 per
plate proliferated and expanded into colonies. We obtained

a total of 55 proliferating clones from five donors and
randomly chose 10 clones for further differentiation
into mesodermal lineages. However, not all the clones
differentiated and, thus, did not possess stem cell charac-
teristics. Out of the 10 clones, only six differentiated into
all three mesodermal cell types. Subsequently, we used
only clones that underwent differentiation for further
characterization studies. We analysed four clones from
two different donors (two clones per donor) for cell
population growth kinetics. Clonally expanded cells were
plate-adherent and spindle-shaped (Fig. 1a). Population
doubling times of single cell colonies were calculated to
be 70.7 ± 14.5 h (mean ± standard deviation) and were
able to be passaged at least 19 times from 1 to 3 flasks
upon 60% confluence, before reaching a maximum number
of 2.5 

 

×

 

 10

 

9

 

 cells and corresponding to 31 population
doublings over 53 days 

 

in vitro

 

 culture (Fig. 1b). Cell
cytogenetic karyotypes of isolated clonally expanded cells
from a male donor revealed one X and one Y chromosome

Figure 1. Cell morphology, population growth kinetics and karyotype. Cells clonally expanded by limiting dilution were plate-adherent and spindle-
shaped (a; scale bar: 100 μm). Single cells rapidly proliferated and reached 31 population doublings in 53 days (b). Giemsa band karyogram showing
chromosomes with a normal karyotype (c).
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and normal diploid complement of autosomes (Fig. 1c)
with no obvious chromosomal rearrangements, as judged
by Giemsa banding after in vitro cell culture.

Cell surface phenotyping

Surface phenotype of the cells was characterized by flow
cytometric analysis and was positive for integrins CD29
(beta1 integrin), CD49a (alpha1 integrin), CD49b (alpha2
integrin) and CD49d (alpha4 integrin); positive for matrix
receptors CD44 (hyaluronate receptor) and CD105
(endoglin); and positive for CD73, CD166 and HLA-ABC.
Cells were negative for CD34, CD133, CD117 (c-kit) and
CD114, indicating that these cells were not of haematopoi-
etic origin. Cells were also negative for matrix receptors
CD31 (PECAM-1) and CD62P (P-selectin), and negative
for EGF-R, CD26, CD50, CD106 and HLA-DR (Fig. 2).

Telomerase activity and pluripotent gene expression

Fifth-passage PDSCs cultured in expansion medium were
harvested and cell lysates were analysed by TRAP assay
to demonstrate the level of telomerase activity. Cells
expressed higher levels of telomerase activity (Fig. 3a)
than FS-5 (a foreskin fibroblast cell line) under gel
electrophoresis which correlated to an earlier result that
PDSCs could be sub-cultured for a prolonged period of
time. Real-time PCR analysis revealed that PDSCs exhibited

higher levels of Sall4 expression (Fig. 3b) than FS-5 cells.
Student’s t-test statistical analysis was performed.

Real-time imaging of cellular uptake of extracellular 
calcium

After staining live cells in serum-free medium with 5 μm

Fura-2 dye for 30 min, cells were washed and covered
with PBS containing 0.5 μm CaCl2. A total of 24 PDSCs
from two different donors (12 cells per donor, two clones
per donor) were observed for real-time calcium uptake.
Representative imaging of four different cells is shown,
graph Fig. 4(a) where each cell is represented by a different
coloured line. During a time course of 2 min, the ratio of
340/380 nm was altered as cells took up extracellular
calcium and this corresponded to an increase in peak ratio
due to increase in 340 nm intensity (Fig. 4a). The first cell
that demonstrated uptake did so at around 45 s after
immersing cells with calcium, the second cell at around
60 s, and the third cell at around 100 s. No response was
recorded for the fourth cell in the 2-min cut-off observa-
tion period; however, calcium uptake was eventually
observed after 3 min. Of the 24 PDSCs, all demonstrated
calcium influx within 3 min, although at different time
points. Change in 340/380 nm ratio could be observed by
immunofluoresecence microscopy, in which cells were
yellow before calcium uptake (Fig. 4b) but turned red
after uptake (Fig. 4c).

Figure 2. Cell surface phenotypes. Cells are positive for CD29, CD49a, CD49b, CD49d, CD44, CD105, CD73, CD166 and HLA-ABC and negative
for CD34, CD133, CD117, CD114, CD31,CD62P, EGF-R, CD26, CD50, CD106 and HLA-DR.
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Upregulation of calcium-sensing receptor gene 
expression

After culturing cells in keratinocyte medium with or
without vitamin D or calcium for 3 weeks, cells were

analysed by RT-PCR for CaSR gene expression (Fig. 4d).
Cells cultured in keratinocyte medium with calcium
(0.5 μm) and vitamin D (20 nm; lane B), with calcium
only (0.5 μm; lane C), or with vitamin D (20 nm) only
(lane D) all demonstrated upregulation of CaSR when

Figure 3. Telomerase activity and Sall4 gene
expression of parathyroid-derived stem cells
(PDSC). Clonally derived cells demonstrated a
level of telomerase activity by TRAP assay (a).
H1299 (lung carcinoma cells; positive control).
(+) RNase (PDSC with RNase treatment). FS-5
(foreskin fibroblasts). Sall-4 gene expression of
PDSCs was significantly higher compared to
foreskin fibroblasts (FS-5) (b).

Figure 4. Extracellular calcium (Ca) ion
uptake by parathyroid-derived stem cells
(PDSC) and expression of Ca-sensing recep-
tor. Representative real-time cellular uptake of
extracellular Ca ion over 2 min (a). All treated
cells demonstrated Ca uptake by 3 min. Cells
numbered 1 to 4 in (c) correspond to yellow,
brown, green and red lines in (a), respectively.
Yellow cell fluorescence before Ca uptake
(b). Red cell fluorescence after Ca uptake (c).
CaSR gene expression (d). CaSR gene was
upregulated after 3 weeks culture in keratino-
cyte medium with vitamin D and Ca (lane B),
keratinocyte medium with Ca (lane C), and
keratinocyte medium with vitamin D (lane D)
compared to keratinocyte medium only (lane
A). An osteosarcoma cell line SaOS2 was used
as positive control (lane E).
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compared to cells cultured in keratinocyte medium only
(lane A).

Presence of intracellular alpha-smooth muscle actin

Cells cultured in keratinocyte medium with (Fig. 5d,e)
or without calcium (Fig. 5a–c) were trypsinized and
centrifuged at 600 r.p.m. and grown as pellet culture in
a 15-ml tube for 3 days prior to sectioning for trans-
mission electron microscopy. Cells demonstrated possible
alpha-smooth muscle actin (red arrows) in multiple,
intense dark regions. Antibody to alpha-smooth muscle
actin was used at fluorescence microscope level (Fig. 5a)
and presence of the fibres was demonstrated, expressed
as red immunofluorescence. Blue fluorescence indicates
DAPI staining of DNA.

In vitro differentiation

Cells were induced to differentiate in osteogenic media
for 4 weeks and RT-PCR analysis revealed upregulation in
gene expression of osteogenic genes for osteocalcin,
osteonectin, osteopontin and type I collagen compared to
undifferentiated PDSCs after 2 and 4 weeks of induction
(Fig. 6a). Calcium mineralization was also apparent after
4 weeks induction, revealed by von Kossa staining (Fig. 6b).
Increase in type II collagen expression was observed by

RT-PCR after 2 weeks chondrogenic induction (Fig. 6c),
and presence of acidic proteoglycans was demonstrated
by alcian blue stain (Fig. 6d,e). Upregulation of fatty
acid-binding protein and peroxisome proliferator-activated
receptor gamma gene expression (Fig. 6f) and presence of
fat droplets (Fig. 6g) was evident after 18 days adipogenic
differentiation.

Discussion

In this study, we successfully isolated stem cells from the
parathyroid gland that were capable of self-renewal and
could differentiate into mesenchymal lineages. PDSCs
also had normal chromosomal karyotyping after in vitro
culture. In order to achieve a relatively homogeneous
population of cells for further characterization, we clonally
expanded single cells for this study. Our results demonstrate
strikingly similar cell population growth characteristics to
previously reported postnatal mesenchymal stem cells
(MSC) from bone marrow (20) and umbilical cord blood
(12) in in vitro culture. Cells were spindle-shaped, plate-
adherent, and were able to be substantially sub-cultured
in vitro. Cell surface phenotype characterization by flow
cytometry showed them to be similar to those of previously
reported MSCs, in which a set of MSC-related markers,
such as CD73 and CD105, were apparent while endothelial
and haematopoietic lineage markers were absent. Presence

Figure 5. Alpha-smooth muscle actin. Red immunofluorescence staining of alpha-smooth muscle actin (a). DAPI stains DNA blue. Parathyroid-
derived stem cells (PDSC) cultured in keratinocyte medium only (a–c) or with calcium (d,e) demonstrates alpha-smooth mucle actin in the cytoplasm
(red arrows). Scale bars: A (50 μm), B (1 μm), C (0.2 μm), D (1 μm), E (0.2 μm).



468 Y-R. V. Shih et al.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd, Cell Proliferation, 42, 461–470.

of telomerase activity in the isolated cells showed their
distinction from terminally differentiated somatic cells,
which would otherwise not be detected. In addition,
telomerase activity in PDSCs was found from passage 5
PDSCs but not from passage 11 PDSCs (data not shown).
Adding further to the evidence, cells expressed a pluripotent
marker Sall4, this has recently found to be a transcriptional
activator of Oct4 and plays an important role in maintenance
of embryonic stem cell pluripotency by modulating Oct4
expression (23,24). In addition, it was found that the
Bmi-1 promoter is activated by Sall4 in a dose-dependent
manner in the adult haematopoietic system (25).

A previous report has demonstrated that parathyroid
cells can be isolated and cultured in vitro and are able to
regulate parathyroid hormone secretion through the
presence of CaSR responding to extracellular calcium (26).
The different time of response of individual PDSCs to
extracellular calcium is an interesting phenomenon and

must be further investigated as to whether time of response
would correspond to differentiation ability into potential
parathyroid hormone-secreting cells. CaSR gene expres-
sion in PDSCs was evident under culture in keratinocyte
medium with or without calcium or vitamin D. This
suggests that under our culture conditions, cells may be
induced to express CaSR on their cell membranes and
respond to extracellular calcium. Surprisingly, cells
cultured in keratinocyte medium with or without calcium
also expressed alpha-smooth muscle actin, which is a
common mesodermal marker of skeletal myoblasts, smooth
muscle precursors and pericytes (27–29), and suggests
that these cells may originate from the mesodermal lineage.
Furthermore, under in vitro induction, we were able to
differentiate PDSC cell fates into mesodermal lineages,
such as osteoblasts, chondrocytes and adipocytes. From
our results, PDSCs display a variety of characteristics that
are highly similar to MSCs. This leads to the question as

Figure 6. Osteogenic, chondrogenic and adipogenic differentiation of parathyroid-derived stem cells (PDSC). Upregulation of osteogenic gene
expression after 2 and 4 weeks of osteogenic differentiation (a) and presence of Ca mineralization by von Kossa stain (b; scale bar: 50 £gm) after
4 weeks of osteogenic induction. Upregulation of type II collagen gene expression after 2 and 4 weeks of chondrogenic differentiation (c) and alcian
blue stain in (d) (scale bar: 200 £gm) and (e) (scale bar: 50 £gm). Upregulation of adipogenic gene expression fatty acid-binding protein (FABP) and
peroxisome proliferator-activated receptor-gamma (PPARγ; f ) and presence of fat droplets after just 18 days of adipogenic induction in (g) (scale bar:
50 £gm).
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to whether isolated PDSCs occured as a result of culture
artefact or in fact supports the accumulating evidence of
stem cells residing in almost all postnatal tissues. Several
previous studies reporting isolation of stem cells in adult
human tissues, such as bone marrow (20,30,31), brain
(32), cornea (33), and thyroid (34), all support the presence
of stem cells in postnatal tissues and one study took a step
further to transplant umbilical cord blood-derived MSCs
into patients with Buerger’s disease (35). PDSCs with
their mesodermal fate under in vitro induction conditions
correlate to a recent finding in mice which implicates MSCs
as residing in virtually all postnatal organs including brain,
spleen, liver, kidney, lung, bone marrow, muscle, thymus and
pancreas (36). However, under current culture conditions,
it is possible that the cells may be reprogrammed from
a relatively mature state into one with greater differenti-
ation potential and therefore, facilitating differentiation
into mesodermal lineages. Another postulation remains to
be validated for resemblance of PDSCs to MSCs, is
whether these cells originate from the perivascular region
as suggested by many studies on MSCs (19,37,38). Never-
theless, it would be difficult to de-differentiate highly
differentiated cells, and our results suggest that there are
stem/progenitor cells in the parathyroid tissue.

Apart from determining the origin of PDSCs and
their role in postnatal tissues, future efforts will focus on
establishing in vitro induction conditions of PDSCs into
functional cells that secrete parathyroid hormone in
response to extracellular calcium ion regulation.
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