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We studied the interaction between different categories of hemopoietic precursors with
parathyroid hormone-activated stromal microenvironment. Improved survival of early
precursors capable long-term hemopoiesis maintenance and increased number of later
short-term repopulating precursors was demonstrated on the model of co-culturing of
human bone marrow cells on a layer of adherent cells of long-term bone marrow cultures
treated with parathyroid hormone. These changes correlate with increased expression
of genes involved in the maintenance of the hemopoietic stem cells in the sublayer
activated by parathyroid hormone. Simultaneously, the expression of some stromal
differentiation genes, adhesion molecules for hemopoietic stem cells, and growth factors
increased in adherent cell layers treated with parathyroid hormone. These findings attest
to activating effect of parathyroid hormone on cells forming the niches for both early
and later hemopoietic precursors, and hence parathyroid hormone can be used as a
potential agent promoting expansion of early hemopoietic stem cells ex vivo.
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The niche for stem cells consists of microenviron-
ment cells maintaining their viability and preser-
ving tissue homeostasis [7]. Hemopoietic stem cells
(HSC) are regulated by specialized stromal cells
and extracellular matrix and growth factor pro-
duced by these cells. Direct and continuous contact
with the niche is essential for preserving the resting
state of HSC, its self-maintenance and differen-
tiation capacity. Spindle-shaped osteoblasts pro-
ducing H-cadherin are the only cell type in the
hemopoietic microenvironment whose role in the
self-maintenance of HSC is proven [2,12]. These
cells express a set of proteins necessary for the
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regulation of HSC, e.g. Ang-1 (holds HSC in the
niche), Bmi-1 (is responsible for cell proliferation),
Jagged-1 (determines self-mainenance) etc. [10].
Parathyroid hormone (PTH) activates osteoblasts
and stimulates their division, increases expression
of Jagged-1 on the surface of osteoblasts and indi-
rectly (via the interaction between Notch-1 and
Jagged-1) regulates physiological status of HSC
[11]. Experiments on mice showed that PTH treat-
ment of adherent cell layers from long-term bone
marrow culture considerably improves HSC survi-
val on these layers [1]. The potency of PTH to sti-
mulate proliferation of early hemopoietic precur-
sors can be used for the expansion of HSC. Despite
successful use of PTH for the treatment of osteo-
porosis, the mechanisms underlying its effects on
human HSC and stromal cells are poorly studied.
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Here we studied a correlation between the ex-
pression of genes essential for HSC survival in
response to PTH-treatment of stromal microenvi-
ronment and expansion of HSC on these cells.

MATERIALS AND METHODS

Experiments were performed on donor bone mar-
row cells, obtained by aspiration biopsy from the
iliac bones for subsequent transplantation at the
Department of Bone Marrow Transplantation, He-
matological Research Center, Russian Academy of
Medical Sciences. The samples were obtained from
23 donors (11 women and 12 men) aged 19-54
years (median 32 years).

For preparing long-term bone marrow culture,
10° bone marrow cells were placed in a well of 24-
well plate containing complete nutrient medium
consisting of 80% oMEM (ICN), 10% fetal calf
serum (HyClone), 10% equine serum (GibcoBRL),
2 mM L-gluthamine (ICN), 100 U/ml penicillin,
50 pg/ml streptomycin (both from Ferane), 2x10—°
M 2-mercaptoethenol (Sigma), and 10— M hydro-
cortisone (Sigma). The first 3 days the cells were
cultured at 37°C at 5% CO,, and then at 33°C. The

TABLE 1. Primers used for identification of genes
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medium was half-replaced weekly. Cobblestone area-
forming cells (CAFC) were determined as described
earlier [8] on a MS5 cell feeder maintaining CAFC
growth [5]. The test samples were implanted in 4
serial dilutions (usually 50, 25, 12.5, and 6.25 thou-
sands cells per well, 15 wells for each dilution). The
incidence of CAFC was determined by the number
of negative wells (not containing CAFC ) [8].

Human PTH, ;, (GenScript Corp.) was added to
long-term bone marrow cultures in concentrations
of 10—3, 5x10—®* and 10~7 M during seeding and
medium replacement.

Adhesion of CAFC to PTH-treated and irradia-
ted (40 Gy) sublayers was determined 2-5 days
after implantation of bone marrow cells on tested
adherent cell layers. The cells were harvested with
a scrapper and after 4-5 min the upper fraction was
collected. The number of precursors of different
maturity was analyzed by counting CAFC.

Gene expression in the long-term bone marrow
culture sublayer was semiquantitatively evaluated
using reverse transcription-polymerase chain reac-
tion. The adherent sublayer was washed with phos-
phate buffered saline (ISC), treated with denatura-
ting solution, and total RNA was isolated as de-

Gene

Primer sequence

Aggrecan

Ang-1

B-Actin

Bmi-1

FGF-2

Jagged-1

ICAM-1

Notch-1

Osteopontin

VCAM-1

VEGF

sense-GGGTCAACAGTGCCTATCAG
antisense-GGGTGTAGCGTGTAGAGATG
sense-GGTCAGAAGAAAGGAGCAAG
antisense-TGGTAGCCGTGTGGTTCTGA
sense-CCAAGGCCAACCGCGAGAAGATGAC
antisense-AGGGTACATGGTGGTGCCGCCAGAC
sense-GAGAATTATAACTGATGAT
antisense-AGTCCATCTCTCTGGTGACTG
sense-GCTACAACTTCAAGCAGAAG
antisense-CCAATTATCCAAACTGAGCTAT
sense-GAGGACAACACCACCAACAA
antisense-TCCAAGTCTCTGTTGTCCTG
sense-CCG GAA GGT GTA TGA ACT G
antisense-TCC ATG GTG ATC TCT CCT C
sense-GCCGTCATCTCCGACTTCAT
antisense-TCCAGCAGCCTCACGATG
sense-CTAGGCATCACCTGTGCCATACC
antisense-CAGTGACCAGTTCATCAGATTCATC
sense-GAA GGA TGC GGG AGT ATA TGA
antisense-GAC ATA GAT GGG CAT TTC TTT
sense-TTATGCGGATCAAACCTCAC
antisense-TCACCGCCTCGGCTTGTC
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Fig. 1. Dynamics of the incidence of CAFC 7 (light bars) and
CAFC 28-35 (dark bars) after 2-5 day culturing of bone marrow
cells of adherent cell sublayer treated with PTH. Abscissa: PTH
concentration. Ordinate: Horizontal line: control level (without PTH
treatment). PTH concentration: 7) 10—8, 2) 5x10—%, 3) 10— M.

scribed previously [3]. After annealing of poly-T
primers the fist DNA chains were synthesized using
reverse transcriptase (M-MLV, Promega). Expres-
sion of genes was evaluated by polymerase chain
reaction with specific primers (Table 1).

The relative level of expression of some genes
in PTH-treated and non-treated sublayers was eva-
luated by Southern blot of fragments obtained after
polymerase chain reaction [6]. The yield of poly-
merase chain reaction products in the exponential
phase was determined by the number of fragments
after 20-30 cycles. We used 3 variants with a 20-
cycle step. The expression was analyzed using
Phospholmager device (Cyclone, Packard Bell).
The images were processed using the applied soft-
ware of the same company. Gene expression was
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standardized by B-actin expression. The data were
processed statistically using Student ¢ test.

RESULTS

Both the early precursors CAFC 28-35 and later
polypotent cells CAFC 7 better survived of PTH-
treated layer of adherent cells than on non-treated
cells. 1). They were 2-fold more incident after treat-
ment with 10—® M PTH. Increasing the concen-
tration of PTH in our experiment did not consider-
ably affect CAFC survival.

Expression of genes responsible for the
maintenance of HSC under the effect on PTH
also increased in cells of the stromal sublayer
independently of the increase in hormone con-
centration. PTH in a concentration of 5x10—% M
increased the expression of Bmi-1, Notch-1, and
Jagged-1 (Fig. 2, a). The absence of enhanced
reaction of hemopoietic precursors and increased
gene expression in microenvironmental cells in
response to higher concentration of PTH can be
explained by the fact that PTH depending on its
concentration can activate not only osteoblasts,
but also osteoclasts. The balance between the
number of activated osteoblasts forming niches
for hemopoietic cells and osteoclasts destroying
these niches is thus maintained in the organism
and, to a lesser extent, in cell culture. Self-main-
tenance of HSC is regulated via the interaction
of Notch-1 and Jagged-1. The expression of Jag-
ged-1 in the stromal sublayer can be induced by
PTH [11], while Notch-1 is expressed more in-
tensively in HSC remaining in the adherent cell
sublayer during isolation of stromal cells. Ex-
pression of Bmi-1 (transcription factor respon-
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Fig. 2. Gene expression in cells of stromal sublayer under the effect of PTH. a) genes responsible for HSC maintenance (light bars):
1) Ang-1, 2) Bmi-1, 3) Notch-1, 4) Jagged-1; b) gene of stromal differentiation, adhesion molecules, anf growth factors (dark bars): 5)
fibroblast growth factor-2; 6) vascular endothelium growth factor; 7) Osteopontin, 8) Aggrecan, 9) ICAM-1, 10) VCAM-1. Ordinate: changes

in gene expression compared to sublayer not treated with PTH.
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sible for HSC proliferation [4]) also most likely
increases in hemopoietic precursors remaining in
the sublayer.

PTH increases the expression of osteopontin
and aggrecan, markers of bone and cartilaginous
differentiation (Fig. 2, b).

Under normal physiological conditions HSC exist
in niches: early HSC capable of long-term main-
tenance of hemopoiesis, whose incidence correlates
with the incidence of CAFC 28-35, are located in
microenvironment consisting primarily of osteo-
blasts, while later short-term repopulating HSC cor-
responding to CAFC 7 proliferate and differentiate
in the stroma related to vascular endothelium [12].
Enhanced expression of adhesion molecules
ICAM-1 (adhesion to osteoblasts) and VCAM-1
(adhesion to endothelium) together with activation
of expression of vascular endothelium growth fac-
tor can explain improved survival of CAFC 7 and
CAFC 28-35 on PTH-activated sublayers.

We present the dynamics of HSC number after
co-culturing with the adherent cell sublayer treated
with PTH (Fig. 3, a). In parallel, we analyzed the
expression of genes maintaining HSC in cells of this
sublayer (Fig. 4). Increased expression of Bmi-1
and Jagged-1 activated proliferation of short-living
HSC, which 3.5-4-fold increased their number and
promoted survival of early precursors CAFC 35.
PTH treatment (in a concentration of 10~7 M) did
not decrease the number of CAFC 35 (as it did in
other variants of cell culturing), but increased it 1-5-
fold, which was probably related to enhanced ex-
pression of Ang-1 responsible for the maintenance
of HSC in the niche in the resting state. Ex vivo ex-
pansion of HSC usually decreases the number of
long-term repopulating HSC, which limits the use
of HSC in clinical practice. PTH treatment of stro-
mal microenvironment cells improved survival of
early HSC and stimulated proliferation of more
mature HSC ex vivo, which can be important in
case of low number of HSC for successful trans-
plantation of the bone marrow.
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Fig. 3. Number of CAFC 7 (light bars) and CAFC 35 (dark bars)
after culturing of bone marrow cells on PTH-treated sublayer.
Ordinate: changes in the number of CAFC 7 and CAFC 35
compared to the number of explanted precursors. Horizontal line:
number of CAFC in the initial bone marrow. Control (7), PTH in
concentration of 108 (2), 5x1078 (3), 107 M (4).
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Fig. 4. Expression of genes responsible for HSC maintenance on
stromal cell sublayer. Ordinate: changes in gene expression
compared to sublayer not treated with PTH. Horizontal line: control
level (without PTH treatment).
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