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Abstract. Growth plate chondrocytes are affected by
1,25(OH),D; and androgens, which may critically in-
teract to regulate proliferation and differentiation dur-
ing the male pubertal growth spurt. We investigated
possible interactions of 1,25(OH),D3 and the non-aro-
matizable androgen dihydrotestosterone (DHT) in pri-
mary chondrocyte cultures from young male rats. DHT
and 1,25(OH),D; independently stimulated DNA syn-
thesis and cell proliferation in a dose-dependent manner
with maximally effective doses of [10™° M] and [107"?
M], respectively. Both DHT and 1,25(OH),D; stimu-
lated the expression and release of IGF-I, and the pro-
liferative effects of each hormone were prevented by an
IGF-I antibody. DHT and 1,25(OH),D; increased
messenger RNAs (mRNAs) of their cognate receptors
and of IGF-I receptor mRNA (IGF-I-R). 1,25(OH),D;
also stimulated mRNA of the androgen receptor (AR),
whereas DHT did not affect mRNA of the vitamin-D
receptor (VDR). Coincubation with both steroid hor-
mones did not stimulate receptor mRNAs more than
either hormone alone. The proliferative effects of DHT
and 1,25(0OH),D3 were completely inhibited by simul-
taneous incubation with both hormones, despite po-
tentiation of IGF-I synthesis. In contrast, both
hormones synergistically stimulated cell differentiation
as judged by alkaline phosphatase activity, collagen X
mRNA, and matrix calcification in long-term experi-
ments. We conclude that DHT and 1,25(OH),Dj5 inter-
act with respect to chondrocyte proliferation and cell
differentiation. The proliferative effects of both hor-
mones are mediated by local IGF-I synthesis. Simulta-
neous coincubation with both hormones blunts the
proliferative effect exerted by either hormone alone,
in favor of a more marked stimulation of cell differen-
tiation.
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The pubertal growth spurt involves regulated changes in
endocrine systems such as the somatotropic and go-
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nadotropic hormone axes, but also in the paracrine and
autocrine milieu at the tissue level. Sex steroids influence
epiphyseal growth both via modulation of pituitary
growth hormone (GH) production [1] and by direct ef-
fects on chondrocytes [2] where androgen receptors
(AR) have been identified [3]. Androgen-induced GH-
independent pubertal growth has been described in
children with GH deficiency [4] and in GH receptor-
deficient Laron dwarfs [5]. It was hypothesized that
androgens modulate cartilage growth via induction of
local IGF-I synthesis [6].

1,25(0H),D5 is another important regulator of en-
chondral growth [7-11]. Vitamin D deficiency per se is
associated with impaired longitudinal growth [12]. Low
doses of 12,25(OH),D; stimulate proliferation in cul-
tured growth plate chondrocytes [8§—11]. In contrast,
high concentrations have an antiproliferative effect [9]
and activate markers of the differentiation process [7,
13] in vitro. In vivo, high-dose 1,25(OH),D; inhibits
GH-driven longitudinal growth both in the uremic rat
model and in children with chronic renal failure [14, 15].
The mechanisms by which 1,25(OH),D; modulates
proliferation and differentiation have not yet been
identified.

Interactions between 1,25(OH),D; and androgens in
the regulation of enchondral growth have been demon-
strated in vitro [16, 17]. In cultured chondrocytes, pre-
treatment with 1,25(OH),D3; or DHT synergistically
enhanced each other’s proliferative capacity [17]. Si-
multaneous coincubation with both hormones has not
yet been investigated.

In the present study we further investigated the
mechanisms by which DHT and 1,25(0OH),D; alone and
in combination affect proliferation and differentiation of
cultured growth plate chondrocytes. Moreover, we
studied whether local IGF-I synthesis was regulated by
the two hormones and whether their effects were de-
pendent on IGF-I action. Finally, we investigated au-
tologous and heterologous effects of the hormones on
vitamin D, androgen and IGF-I receptor expression.
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Materials and Methods

Sa-dihydrotestosterone, low gelling temperature agarose, Tri-
ton X-100, tris-borate-EDTA-buffer, Actinomycin D and gel
loading solution were obtained from Sigma Chemical Co
(Munich, Germany). 1,25(OH),D; and 16,25(OH),D; were
gifts from Drs. A. Calcanis and M. R. Uskokovic (Hoffmann-
La Roche, Nutley, NJ and Grenzach, Germany). Fetal calf se-
rum (FCS), PBS, Trypsin-EDTA and penicillin-streptomy-
cin were purchased from Biochrom KG (Berlin, Germany). F-
12 and DMEM medium, Na-Pyruvat and L-Glutamin
were obtained from Bio Whittaker Europe (Verviers, Belgium),
and charcoal FCS from ccpro (Neustadt, Germany). Clostri-
dium collagenase, DNase I, trypan blue and ALP system for
measurement of alkaline phosphatase (AP) were from Boeh-
ringer (Mannheim, Germany) L-Cystein was from Bachem
(Heidelberg, Germany). [*H]-thymidine (25 Ci/mmol) was ob-
tained from Amersham (Braunschweig, Germany). Standard-
low-agarose-m, was from Bio-Rad (Richmond, VA, USA).
CaCl, and AgNO; were obtained from Merck (Darmstadt,
Germany). Polyclonal antibody for IGF-I (Ab-I) was supplied
by W. Blum (GieBlen, Germany). The IGF-I radioimmunoassay
was from Mediagnost (Tuebingen, Germany). Rneasy mini kit
and QIAshredder were from Quiagen (Hilden, Germany).
MulLV reverse transcriptase, Rnase inhibitor, Ampli taq gold
DNA polymerase, nucleotides and oligo d(T),s were purchased
from Perkin Elmer (Langen, Germany). Primers were from
MWG-Biotech GMbH (Ebersberg, Germany) and 100 base-
pair-ladder was obtained from Pharmacia Biotech (Freiburg,
Germany).

Cell Cultures

Isolation of Chondrocytes. Epiphyseal chondrocytes from male
25-35-day-old Wistar rats (60—80 g) were isolated and cultured
as described earlier [8, 10] using a modified technique of Benya
et al. [18] and Lindahl et al. [19]. The procedure was in com-
pliance with the Guiding Principles in the Care and Use of
Animals, approved by the Council of the American Physio-
logical Society.

Monolayer Cultures. First passage cells were cultured in 96-
well plates (Nunc, Wiesbaden, Germany) for radiothymidine
assays, 35-mm plastic dishes for determination of local IGF-I
synthesis, 60-mm dishes for mRNA extraction, 24-well plates
(Nunc, Roskilde, Denmark) for alkaline phosphatase (AP)
measurements, and in a culture chamber mounted on a glass
slide (Nunc) for light microscopy and von Kossa’s stain. At the
start of each experiment lst passage cells were subconfluent at a
density of 40,000 cells/cm?. The medium used contained F-12/
DMEM: 7/5, supplemented with 1 mM sodium pyruvate, 2
mM N-acetyl-L-alanyl-L-glutamine, 50 pg/ml penicillin-strep-
tomycin, 1 mM L-cystein and 10% FCS at 37°C gassed with
95% air/5% CO,. The nominal calcium concentration, meas-
ured with an ion-selective electrode of a Fresenius lonometer
EF (Fresenius, Oberursel, Germany) was 1.2 mM. DHT and
1,25(0OH),D3 were dissolved in ethanol (0.1% final concentra-
tion). All experiments in monolayer culture except von Kossa’s
stain were performed under serum-free conditions.

Agarose-Stabilized Suspension Cultures. Cells were cultured in
60 mm dishes (Becton Dickinson) in agarose according to Be-
nya and Schaffer [18] as described earlier [8, 10]. At the start of
culture all cells were dissociated. Two milliliters of F12/DMEM
medium containing 5% Ch-FCS, i.e., delipidated FCS, and
hormones dissolved in ethanol or ethanol alone as solvent
control were added on top and changed every other day.

Pellet Cultures. One ml media aliquots containing 1.5 x 10°
first passage cells each were centrifuged in conical tubes
(Becton Dickinson) forming a pellet, as described by Ballock et
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al. [20]. Chondrocytes were cultured in medium containing 25
pg/ml ascorbic acid and 2% Ch-FCS for 28 days. Medium was
changed every other day and hormones were added as indi-
cated. For RNA analysis 300 pl lysis buffer (RNeasy kit) was
added at the end of culture and cells were homogenized in an
ultrasound generator (Transsonic T700, Hans Schmidbauer
KG, Singen, Germany). RNA was processed as described be-
low. For von Kossa’s stain, pellets were cut into slices (5 pm
thick) on a Jung Microtome at the end of culture and stained
as described below.

Assays of Chondrocyte Growth and Proliferation

[PH]-Thymidine Assay. Incorporation of [*H]-thymidine was
determined in serum-free cultures as described previously [8].
Before the start of the experiment cell cycles were synchronized
in serum-free medium for 24 hours. Medium was changed to
F-12/DMEM with 0.2% (w/v) BSA and hormones or solvent
control For the last 3 hours of a 48-hour incubation period, 2
uCi [*H]-thymidine was added to each well.

Colony Formation in Agarose-Stabilized suspension Culture.
Suspension cultures were terminated at the times indicated.
Colonies from parallel cultures were counted on a 2-mm grid
of 100 squares using an inverted light microscope. A cell col-
ony was defined as a cluster of cells as described previously [8,
19].

IGF-I RIA. 1IGF-I concentrations were measured in the sup-
ernatant of subconfluent, synchronized serum-free cultures
(0.02% BSA) using a commercially available highly sensitive
(0.02 ng/ml), specific IGF binding protein (IGFBP)-blocked
RIA (abstract, 74th Annual Meeting of the American Endo-
crine Society 293, 1992).

Assays of Chondrocyte Differentiation

Assay of Alkaline Phovphatme (AP) Activity. Cells were cul-
tured as described for the [PH]-thymidine assay. Cell cultures
were exposed to DHT, 1¢,25(OH),D3; and their combination
for a total duration of 24 hours. AP activity was analyzed as a
function of release of para-nitrophenol from para-nitrophenol
phosphate at pH 10.2.

Von Kossa’s Stain. First passage cells were cultured in
monolayer on chamber slides (Nunc) or as pellets in conical
tubes as described above. L-ascorbic acid (25 pg/ml) and 8-
glycerophosphate (5 mM) were added starting on day 7. Cul-
tures were incubated with DHT, 1,25(OH),D3; and their
combination for 5 weeks. Medium containing 6% Ch-FCS was
changed every 48 hours. At the end of incubation, cultures
were stained using von Kossa’s method, which visualizes fo-
cuses of calcified matrix as dark brown-black areas. Clusters of
positive stained cells per visual field (magnification x380) were
assessed by an inverted light microscope.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Subconfluent cells were kept in 3% FCS for 24 hours and
thereafter were incubated in serum-free medium for 24 hours,
and hormones were added to the medium for 8 hours. The
RNeasy kit® was used for isolation of total RNA. RNA was
quantified by measuring the absorbency at 260 nm.
Oligonucleotide primers were made for the following genes
according to the rat-specific gene sequences published in
Genbank: AR (M23264), CII (L48440) and CX (S79214),
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Fig. 1. Effect of combined administration of DHT and
10,25(0H),D5 on [*H]-thymidine incorporation. Subconfluent
chondrocytes were incubated with DHT [107!° M—-10"> M]
alone (-@- solid line) or simultaneously together with
10,25(0H),D5 [107' M] (-A- broken line) for 48 hours under
serum-free conditions, and [*H]-thymidine incorporation was
determined. Data are mean £ SEM, n = 5 per group, sta-
tistics by ANOVA, *P < 0.05 vs. solvent control; # P < 0.05
DHT vs. DHT + 1,25(0OH),Djs.

IGF-I and IGF-I-R [21] and VDR [22]. Total RNA (1 pg) was
reversely transcribed with MuLV reverse transcriptase using
oligo d(T)-primers. After cDNA synthesis, PCR amplification
was performed using 4 ul cDNA template with specific primer
pairs (IGF-I: F1: 5-CAT TCG GAG GGC ACC ACA GA-%
and R1: 5-GCA GGT GTT CCG ATG TTT TG-3"; IGF-IR:
F1: ¥-TCC ACA TCC TGC TCA TCT CC-3’ and RI1: 5-
TCG CTT CCC ACA CAC ACT TG-3; AR: F1: 5-TGG
CGA GAG ACA GCT TGT AC-3" and RI1; 5-TCT TGC
AAT AGG CTG CAC AG-3; VDR: FI: 5¥-GCC CAC CAC
AAG ACC TAT-3 and R1: 5-CCT TTT GGA TGC TGT
AACTG-3; CX: F1: 5-TGC CTC TTG TCA GTG CTA AC-
3’ and Rl: 5-GCG TGC CGT TCT TAT ACA GG -3%; CII:
F1: 5-CTC CAG GTG TGA AGG GTG AG-3 and RI: 5-
GAA CCT TGA GCA CCT TCA GG -3"). GAPDH cDNA
was co-amplified as a control using specific primer pairs [23]
(F1: 5-GCT GGG GCT CAC CTG AAG GG-3" and R1: 5-
GGA TGA CCT TGC CCA CAG CC-3"). Amplification was
performed in a Perkin Elmer Gene Amp PCR System 9600 and
consisted of 30 cycles (32 for VDR) of 30 s. denaturation at
95°C, 30 s. annealing at 58°C and 30 s. extension at 72°C
(terminal extension 7 min at 72°C) after an initial denaturation
step at 95°C for 10 min. The amplified products (IGF-I 303 bp,
IGF-IR 490 bp, AR 490 bp, VDR 297 bp, CX 248 bp, CII 261
bp and GAPDH 343 bp) were visualized in a 1.5% agarose gel
by staining with ethidium-bromide under ultraviolet transil-
lumination. Optical densities were analyzed using the Molec-
ular Analyst computed program (Bio-Rad, Vilbert Lourmat,
France). Routine control reactions performed by omitting re-
verse transcriptase or cDNA template showed no reaction
product. For each product of interest, amplification curves
were obtained and the cycle number midway in the linear
logarithmic phase of amplification was used in the experi-
mental series. Moreover, linearity of the dose-PCR product
relationship was confirmed by serial dilutions of total RNA
(0.1-1 pg) for the IGF-1, IGF-1 receptor, androgen receptor,
collagen X and collagen II products. For the vitamin D re-
ceptor, dose-product linearity had been shown previously [11].
Moreover, serial dilutions of standard DNA fragments (0 X-
174 RF DNA-Hinc II Digest, 79-1057 bp) were co-amplified.
The slope of the standard OD curve was identical with those of
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Table 1. Effect of DHT, 12,25(OH),D3, 18,25(0OH),D3 and
their combination on colony formation

Colonies/1000

cells % of control
Control 29 £ 1.5 100 £ 5.2
DHT [107% M] 53 £ 2.4° 183 + 4.5°
1,25(0H),D5 [107!2 M] 55 + 2.9° 190 + 5.3
DHT [107* M] 30 + 0.9° 103 + 3.0°

+ 10,25(0H),D; [107'2 M]

1B,25(0H),D; [1072 M] 28 + 1.8 96 + 6.4
DHT [107° M] 47 + 1.9° 162 + 4.0°

+ 1B,25(0H),D5 [10712 M]

Chondrocytes were cultured in agarose-stabilized suspension
cultures for 15 days, as described in Methods. The medium
contained 5% Ch-FCS. Cells were incubated with DHT,
10,25(OH),D3, 18,25(0OH),D5 and their combination dissolved
in ethanol or ethanol alone as solvent control, as indicated.
Data are mean = SEM, n = 6, statistics by ANOVA

P < 0.05 vs. solvent control

® P < 0.05 vs. DHT and 12,25(0H),D5 given alone

the IGF-1 and the IGF-1 receptor, and deviated slightly for the
androgen receptor PCR product.

Statistics. Data are given as mean + SEM. Data were
checked for Gaussian distribution using the Kolmogorov-
Smirnov test (Sigmastat, Jandel Cooperation, USA). Two-
tailed unpaired Student’s z-tests were applied for comparison
of two normally distributed groups; comparisons between
more than two normally distributed groups were made by one-
way ANOVA followed by pairwise multiple comparison
(Student-Newman-Keuls method). For non-parametrically
distributed data the Kruskal-Wallis test, followed by all-pair-
wise comparison (Dunn’s test) was used. P < 0.05 was con-
sidered statistically significant.

Results

Proliferation Assays

Incubation for 48 hours with increasing concentrations
of DHT had a stimulatory effect on [°H]-thymidine in-
corporation by chondrocytes in serum-free monolayer
culture, with a maximally effective dose of [10™® M] (Fig.
1). Consistent with previous results of our group [7, 11],
1¢,25(OH),>D5 had a dose-dependent biphasic effect on
DNA synthesis. At 107" M, [*H]-thymidine incorpo-
ration was 175 + 3.2%, at 107! M, 138 + 3.7%, and at
107* M, 91 + 3.1% of solvent control (each group P <
0.05 vs. control; [107'2 M] vs. [107'° M]: P < 0.05;
[107'2 M] vs. [107® M]: P < 0.05; n = 5 per group).
Simultaneous coincubation of cultures at the maximally
proliferative dose of 1x,25(OH),D5 [107'2 M] with DHT
prevented the stimulation of DNA synthesis induced by
DHT alone at doses of [107° M] to [10~® M] (Fig. 1).
When coadministered at [107'°] or [107° M],
1¢,25(OH)>D5 completely inhibited the proliferative
action of DHT over the entire dose range studied (co-
incubation with 107 M 10,25(OH),D5: 103-116% of
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Fig. 2. Regulation of IGF-I mRNA by DHT and
12,25(0OH),D; (1,25 D). Chondrocytes were incubated for 8
hours under serum-free conditions with DHT [107M] and
16,25(0H),D5 [107!2 M] either separately or combined. IGF-I
mRNA was analyzed by RT-PCR. The graph shows the ratio
of IGF-I/GAPDH PCR products as percent of control. Data
are mean = SEM, n = 5, statistics by ANOVA, *P < 0.05
vs. solvent control, #P < 0.05 vs. DHT and 1¢,25(OH),D;3
given alone.

Table 2. IGF-I concentration in the supernatant after incu-
bation with DHT, 1,25(OH),D3 and their combination for 20
hours in serum-free medium

IGF-I [ng/

5 % 10° cells] % of control 1
Control 0.86 + 0.43 100 + 49
DHT [1078 M] 6.45 + 0.8* 749 + 12.4
1,25(0H),D;[107"* M] 7.2 + 0.23° 837 + 3.1
DHT [1078 M] 14.93 + 1.79%* 1732 + 12

+ 1,25(0OH),D; [107? M]

Data are mean = SEM, n = 5
4 P < 0.05 versus control
® P < 0.05 versus DHT and 1,25(0OH),D;

control; with 107 M 12,25(OH),D5: 91-105% of con-
trol; NS for each experiment).

Similar results were obtained for colony formation in
agarose-stabilized suspension culture. While DHT and
1¢,,25(OH),>D5 given alone stimulated colony formation
dose-dependently with a maximum at 10 M and 1072
M, respectively (data not shown), coincubation with
maximally stimulatory concentrations of each hormone
(DHT, [107® M]; 1a,25(OH),D5, [10™'* M]) did not in-
crease colony formation above control levels after 15
days of culture (Table 1). The effect of 1¢,25(0OH),D3
was stereospecific, since the stereoisomer 18,25(OH),D;
was inactive and a coincubation with DHT [10™® M] and
1B,25(0OH),D5 [107'2 M] did not attenuate DHT-driven
colony formation (Table 1).
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403

12 -

10 1

o ]

Counts per minute (x10°)
(=)

200

Co Abl DHT DHT+ 125D 125D+
Ab-1 Ab-1

Fig. 3. IGF-I polyclonal antibody inhibits DHT- and
12,25(0OH),Ds-driven cell proliferation ([*H]-thymidine incor-
poration). The graph shows radiothymidine incorporation
(counts per minute) after incubation with DHT [107% M] or
16,25(0OH),D5 [107'2 M] and coincubation of each hormone
with the polyclonal IGF-I antibody (Ab-1) [1 pg/ml] for 48
hours. Data are mean + SEM, n = 4, statistics by ANOVA
*P < 0.05 vs. solvent control, # P < 0.05 vs. DHT and
12,25(0OH),D; given alone.

Local IGF-I Synthesis

We investigated whether the proliferative effects of DHT
and 1a,25(0OH),D3; were mediated by stimulation of
IGF-I synthesis. IGF-I mRNA levels were significantly
increased after incubating serum-deprived chrondro-
cytes in monolayer with DHT [107 M] or 12,25(0H),D;
[107'2 M] for 8 hours. Coincubation of DHT [107% M]
and 10,25(0OH),D; [107'2 M] increased IGF-I mRNA
levels to a significantly higher degree than either hor-
mone alone (Fig. 2). Earlier time-course studies had
shown that IGF-I mRNA levels were maximally stim-
ulated by both hormones after 6-8 hours of incubation
and decreased again after longer periods of incubation
(data not shown). Actinomycin D [2 ug/ml] prevented
DHT [10™® M]- and 10,25(0OH),D;5 [107'* M] driven
stimulation of IGF-I mRNA synthesis after an 8-hour
incubation (control + actinomycin D, 100 £+ 8.8%;
DHT + actinomycin D, 111 £+ 9.1%; 12,25(OH),D5 +
actinomycin D, 115 + 5.7%; DHT + 12,25(OH),D5 +
actinomycin D, 121 + 5.3%, mean £+ SEM, no statis-
tically significant difference between groups, n = 4).
Incubation with DHT [10™® M] or 10,25(0H),D;
[107'2 M] for 20 hours increased IGF-I peptide levels in
the supernatant seven- and nine-fold, respectively,
compared to solvent control (Table 2). Coincubation
with DHT [107® M] and 10,25(OH),D5 [10~'? M] raised
IGF-I secretion 16-fold compared to solvent control.
The effect of coincubation was significantly stronger
than the effects of either hormone alone (Table 2). To
assess whether the proliferative action of DHT and
1¢,25(OH),D5 was dependent on stimulation of IGF-I
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Fig. 4. Regulation of the androgen receptor (AR)-, vitamin D
receptor (VDR)- and type I IGF receptor (IGF-I-R)-mRNA
by DHT, 1«,25(OH),D3 (1,25) and their combination. The
graph shows the expression of AR (A), VDR (B) and IGF-I-R
(C), normalized for GAPDH expression, as percent of solvent
control. Chondrocytes were incubated with DHT [107% M],

synthesis, [’H]-thymidine incorporation was determined
in chondrocytes incubated with DHT [10™ M] or
10,25(0H),D5 [107'2 M] in the presence or absence of a
polyclonal IGF-I antibody (Ab-1). While the IGF-I
antibody alone did not alter basal [*H]-thymidine in-
corporation compared to solvent control, it prevented
DHT- and 1«,25(OH),D3-driven DNA synthesis (Fig. 3).

Regulation of Androgen Receptor (AR), Vitamin D Receptor
(VDR) and Type-1 IGF Receptor (IGF-I-R) Expression

Chondrocytes in monolayer were incubated with DHT
[107® M], 14,25(OH),D5 [107'? M] and their combina-
tion for 8 hours under serum-free conditions. AR
mRNA was upregulated by DHT, 1«,25(0OH),D; and
their combination (Fig. 4A). VDR mRNA was only
slightly increased by DHT, but strongly stimulated by

(% of control)
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16,25(0H),D5 [107'? M] and their combination for 8 hours
under serum-free conditions. AR, VDR and IGF-I-R mRNA
were analyzed by RT-PCR. Data are mean £ SEM, n = 3,
statistics by ANOVA, *P < 0.05 vs. solvent control, § P <
0.05 vs. DHT, # P < 0.05 vs. 1¢,25(OH),D3; + DHT and
DHT alone.

1¢,25(OH),D5 and the combination of the two hor-
mones (Fig. 4B). IGF-I-R mRNA was stimulated by
DHT and significantly more by 1¢,25(OH),D5. Coin-
cubation with both hormones also stimulated IGF-I-R
mRNA; the effect was similar to that of DHT alone,
but significantly less than that of 1x,25(OH),D5 alone
(Fig. 40).

Regulation of AP Activity, Type II and X Collagen
mRNAs and Matrix Calcification

Incubation of chondrocyte monolayers for 24 hours
with DHT under serum-free conditions stimulated AP
activity in a dose-dependent fashion with a maximally
stimulatory effect at DHT [10~® M] (Fig. 5). The maxi-
mally stimulatory effect of DHT was compatible with
that of 1¢,25(OH),D5 [107'% M]. Coincubation with the
maximally stimulatory doses of both hormones in-
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Fig. 5. Induction of alkaline phosphatase activity by DHT,
10,25(OH),D3 and their combination. Chondrocytes cultured
in serum-free medium were exposed to DHT [107''-107° M]
(-@- solid line) alone, or in combination with 10,25(OH),D3
[10712 M] (-A- broken line) for 24 hours. Blot illustrations are
from one representative experiment. Data are mean + SEM,
n = 6 per group, statistics by ANOVA, *P < 0.05 vs. solvent
control, # P < 0.05 vs. DHT alone.

creased AP activity significantly more than DHT or
12,25(0OH),D3 alone (Fig. 5).

Short-term experiments showed that type X collagen
mRNA was already stimulated after 8 hours of incu-
bation with DHT [10™® M] or 10,25(0H),D; [107'> M],
and even more by coincubation of the two hormones
under serum-free conditions (data not shown). Similar
results were obtained in long-term cultures. Type X
collagen mRNA extracted from three-dimensional pellet
cultures was clearly stimulated by DHT [107® M] or
12,25(0OH),D5 [107'% M] and even more by their com-
bination after 28 days (Fig. 6A). Type II collagen
mRNA was slightly stimulated by DHT [10~® M] and
10,25(0H),D5 [107'2 M], and not affected by coincu-
bation of DHT and 1¢,25(OH),D3 in short-term (8
hours; data not shown) as well as in long-term cultures
(Fig. 6B).

Formation of calcified matrix, visualized by von
Kossa’s stain after 5 weeks of incubation in monolayer
culture, was clearly induced by 1¢,25(0OH),D5 [10712 M],
DHT [107® M], and their combination in an increasing
order (Fig. 7). The amount of positive stained cell
clusters per visual field was 1.6 £ 0.5 for control,
11.8 + 0.6 for 1¢,25(0OH),D; [107'> M], 17.8 + 0.6 for
DHT [107® M], and 23.0 £ 1.0 for DHT+
12,25(OH),D3 (each P < 0.05 vs. control; P < 0.05,
DHT vs. 1a,25(OH),D;; P < 0.05, DHT+ 12,25
(OH),D5 vs. each hormone alone, n = 5; mean %
SEM). Similar results were obtained in three-dimen-
sional pellet cultures. After 21 days in culture the
amount of calcified cell clusters per visual field was
21 + 3.2 for control, 70 + 3.0 for 1a,25(0H),D5 [107"2
M], 101 + 5.4 for DHT [10™® M] and 149 + 20 for
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DHT [10™® M] + 1a,25(0OH),D5 [107'% M] (each P <
0.05 vs. control, P < 0.05; DHT vs. 10,25(OH),D5; P <
0.05, DHT + 12,25(0OH),D3 vs. each hormone alone,
n = 6; mean = SEM).

Discussion

We were able to demonstrate a proliferative effect of
DHT on cultured growth plate chondrocytes of prepu-
bertal male rats. Short-term cultures in serum-free me-
dium and long-term cultures with low doses (5%) of
charcoal-treated FCS showed a dose-dependent stimu-
latory effect on chondrocyte growth with a maximum at
107® M. Since DHT cannot be aromatized to estradiol,
this is evidence for a direct, AR-mediated growth-pro-
moting effect of male sex steroids. Our findings are
consistent with reported effects of androgens on cultured
human fetal chondrocytes [2], rat embryonic chondro-
cytes [16] and isolated mandibular cartilage [24]. Direct
injection of testosterone increases the width of the
epiphyseal growth plate in rats [25]. On the other hand,
aromatizable testosterone did not induce proliferation in
chondrocytes from rats older than the ones in our study
[26], supporting the concept that androgen-mediated
effects on growth plate cartilage are age-dependent [27,
28]. Se-Reductase activity is highest during the time of
gonadal maturation and decreases afterwards. In older
animals, testosterone might therefore be preferentially
aromatized to 17B-estradiol, which hardly stimulates
[24] or even inhibits [29] cartilage growth of male rats.

The dual action of 1a,25(OH),Dj3 on epiphyseal car-
tilage with a maximal growth-stimulating concentration
of 10712 M, contrasting with an antiproliferative effect at
higher doses, has previously been described by our
group [9].

Both DHT and 1,25(OH),D5 are able to transacti-
vate target genes by binding of specific nuclear receptor
complexes to hormone response clements in the pro-
motor region of regulated genes [30, 31]. We hypothe-
sized that the gene encoding for IGF-I, a key regulator
of physiological growth at the tissue level, may be a
candidate for such regulatory mechanisms. Indeed, we
found evidence that both DHT and 1«,25(OH),D;
stimulate chondrocyte growth by induction of local
IGF-I synthesis. Both hormones enhanced gene ex-
pression and peptide secretion of IGF-1. The stimulation
of IGF-I mRNA levels by the two hormones was
blocked by coincubation with actinomycin D, giving
evidence for DHT and 1«,25(OH),Ds-induced de novo
synthesis of IGF-I mRNA. In addition, their prolifera-
tive action was completely blocked by administration of
a specific IGF-1 antibody, indicating that DHT- and
10.,25(OH),D5-driven proliferation are mediated by
autocrine/paracrine IGF-I action.

Several in vitro studies have reported effects of an-
drogens on IGF-I. In foreskin fibroblasts, testosterone
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Fig. 6. Long-term regulation of type X collagen (CX)- and
type II collagen (CII) mRNA by DHT, 10,25(0OH),D; and
their combination in pellet culture. Chondrocytes were cul-
tured in medium containing 2% Ch-FCS and incubated with
DHT [10™® M], 14,25(0H),D; [107'* M] and their combina-

stimulated IGF-I synthesis [32]. DHT was suggested to
induce So-reductase activity via stimulation of local
IGF-I synthesis in cultured fibroblasts [33]. In an oste-
oblast cell line, DHT increased IGF-1 gene expression
[34]. According to Maor et al. [24] testosterone stimu-
lates both growth and local IGF-I synthesis in man-
dibular condyle cartilage, but testosterone-mediated
proliferation was not blocked by a monoclonal IGF-I
antibody. This discrepancy with our findings may be due
to methodological differences, such as antibody specif-
icity, incomplete diffusion of the antibody in an isolated
organ culture system, or model-specific differences in the
interference of local IGF binding proteins with immu-
noblocking by IGF-I antibody. In addition, our exper-
iments were performed under serum-free conditions,
whereas Maor et al. used 2% FCS in their culture me-
dium. In summary, our data strongly support the con-
cept that DHT stimulates longitudinal bone growth by
induction of local IGF-I synthesis.

Very few investigations have addressed a potential
effect of 1,25(OH),D5 on systemic or local IGF-I pro-
duction. In osteoporotic women treated with
1,25(0OH),D3, IGF-I serum levels were increased [35]. In
cultured osteoblasts, 1,25(OH),D; was found to stimu-
late IGF-I synthesis in some studies [36, 37], but sup-
pressed it in others [38]. Our study is the first to
investigate the influence of 1,25(OH),D; on IGF-I pro-
duction in chondrocytes. It appears that 1,25(0OH),D;
at low, physiological concentrations has a facilitatory
action on autocrine IGF-I synthesis and release by
chondrocytes.

The molecular mechanisms by which androgens and
vitamin D increase steady-state IGF-1 mRNA levels are
as yet unknown. The Pl promoter, the predominant
regulator of IGF-1 gene expression in extrahepatic tis-
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tion for 28 days in three-dimensional pellet culture. Type X
collagen (A) and type II collagen (B) mRNA were analyzed by
RT-PCR. Data are mean £ SEM, n = 2 per group. Due to
the small size of groups ANOVA could not be performed.

sues, contains binding sites for proteins of the C/EBP,
AP-1, E2-F, and HNF transcription factor families as
well as a cAMP binding protein (CREB) binding site,
but lacks direct DNA binding sites for the vitamin D or
the androgen receptor [39]. However, steroid hormone
receptors can also affect transcriptional activities of
target genes indirectly by affecting the expression and/or
activity of other nuclear transcription factors. The vi-
tamin D receptor complex interacts with AP-1 to
transactivate target gene expression [40, 41]. The an-
drogen receptor is a co-activator of the CREB binding
protein (CBP) and modulates the action of other tran-
scription factors by competing for CBP binding [42].
The activated glucocorticoid receptor complex sup-
presses IGF-1 gene expression via upregulating the re-
pressive C/EBP-$3 and C/EBP-¢ in osteoblasts [43]. Since
the androgen receptor downregulates C/EBP-6 expres-
sion in androgen-dependent tissues [44], inverse regula-
tion of this nuclear factor may constitute a mechanism
for the contrasting effects of glucocorticoids and an-
drogens on IGF-1 gene transcription.

We found that the intrinsic proliferative effects ex-
erted by DHT and 1«,25-(OH),D; alone vanished
completely when chondrocytes were coincubated with
both hormones. 1¢,25(OH),D; was recently shown to
suppress the growth-promoting action of DHT in hu-
man ovarian cancer cells when administered at a phar-
macological, intrinsically growth-inhibitory dose [45].
Here, we provide evidence that this effect also occurs in
normal chondrocytes, and is present even at physiolog-
ical doses of 12,25(OH),D5. Since 10,,25(0OH),Dj5 itself
has an intrinsic growth-promoting effect at this con-
centration, the suppression of proliferation rates to
the control level observed without either hormone
upon coincubation demonstrates that DHT and
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12,25(OH),D; inhibit their
actions.

IGF-I synthesis was significantly higher during co-
incubation than it was under the influence of DHT or
12,25(OH), D3 alone. Interestingly, in vitro studies have
shown that the dose-response curve of the proliferative
effect of exogenous IGF-I on cartilage is not linear.
With increasing concentrations of exogenous IGF-I,
proliferation was decreasing or even inhibited [11, 46].
Exogenous and endogenous IGF-I action cannot be
compared directly, but it is tempting to speculate that
the lack of a proliferative effect of combined DHT and
1¢,25(OH),D5 administration was partly due to endog-
enous IGF-I production exceeding an optimal level.

We also investigated the possibility that the combi-
nation of the two hormones failed to stimulate prolif-
eration because their corresponding receptors were
downregulated. However, steady-state AR, VDR and
IGF-I-R mRNA levels were not down- but upregulated

mutually proliferative
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Fig. 7. Effect of DHT, 1¢,25(OH),D5 and their
combination on calcification of intercellular matrix
in monolayer culture. Chondrocytes were cultured
in chamber slides for 6 weeks with medium
containing 6% Ch-FCS. Cells were incubated with
ethanol as solvent control (A), 1¢,25(0OH),D;
[107!2 M] (B), DHT [10™® M] (C) and their
combination (D) for the last 5 weeks. Matrix
calcification was visualized by von Kossa’s staining
and appears dark brown-black (arrows).
Calcification was clearly induced by 1¢,25(OH),Ds,
DHT, and by the combination of the two
hormones in an increasing order. Magnification
%380 (left) and x650 (right).

by the combination of DHT and 1¢,25(OH),D;. Both
DHT and 1¢,25(0OH),D5 stimulated AR gene expres-
sion, in keeping with previous findings in osteoblasts [47,
48] and prostate carcinoma cells [49]. Moreover, we
confirmed our previous finding of an autologous up-
regulation of VDR mRNA [11] by 1¢,25(OH),D3,
whereas DHT had little effect on VDR gene expression.
12,25(0OH),D; and DHT also increased IGF-I-R gene
expression. The combined administration of both hor-
mones had a stimulatory effect similar to DHT alone,
rendering downregulation of the IGF-I-R an unlikely
mechanism of the observed inhibition of proliferation.
Consistent with previous observations in cultured
chondrocytes or isolated cartilage [9, 15, 26, 27] DHT
and 1¢,25(OH),D; induced not only the proliferation,
but also the differentiation of cultured chondrocytes.
The differentiation process involves extracellular matrix
synthesis, induction of ALP and matrix calcification [50,
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51]. We investigated potential effects of DHT and
12,25(0OH),D3 on the pattern of type II and X collagen
gene expression, AP activity, and the induction of ma-
trix calcification. Both DHT [10™® M] and 10,25(OH),D;
[107'2 M] markedly stimulated collagen X mRNA levels
in short-term (8 hours) and in long-term cultures (25
days), whereas collagen II mRNA levels were hardly
affected by the two hormones. Coincubation with both
hormones had an additive stimulatory effect on type X
collagen mRNA levels, whereas type II collagen
gene expression was not increased above control levels.
DHT and 1¢,25(OH),D; also induced AP activity
and matrix calcification as visualized by von Kossa’s
staining. Combined administration of both hormones
had additive effects on these markers of chondrocyte
differentiation.

Type II collagen is mainly expressed at earlier stages
of chondrocyte maturation, with levels decreasing dur-
ing hypertrophy and the onset of calcification [51, 52]. In
contrast, type X collagen is localized in the hypertrophic
region of the growth plate [52], and is apparently ex-
clusively expressed in cartilage undergoing endochon-
dral ossification [52]. AP activity increases with the
beginning of differentiation and is maintained at the
same level during mineralization [51]. Hence, our results
suggest that DHT and 10,25(OH),D; have synergistic
effects on the differentiation of cultured chondrocytes,
whereas they antagonize each other with respect to
proliferation.

Our results were obtained from an animal cell culture
model and cannot easily be compared with the in vivo
situation. Interestingly however, low-dose testosterone
treatment of boys with constitutional delay in growth
and development effectively accelerated growth velocity
without loss of height potential [53, 54]. In contrast,
low-dose testosterone advanced skeletal maturation
more than growth in boys with chronic renal failure and
delayed puberty in those who received treatment with
the vitamin D metabolites dihydrotachysterol or alfa-
calcidol, resulting in a loss of height potential [55]. The
latter finding might indicate that the predominant cell
differentiating effect of the combined application of
DHT and 1«,25(OH),D5 observed in our in vitro study
might also be relevant in vivo.

In summary, our study demonstrates that DHT
stimulates proliferation of cultured growth plate
chondrocytes dose-dependently with a maximum at 1073
M. DHT and 1¢,25(0OH),D5 each induced proliferation
via stimulation of local IGF-I synthesis. However,
combined administration of the two hormones in their
maximal stimulatory concentrations prevented the pro-
liferative effect exerted by either hormone alone; this
effect was not mediated via receptor or IGF-I down-
regulation. In contrast, differentiation was most effec-
tively induced by coincubation with DHT and
1¢,25(OH),D5 and to a lesser extent by either hormone
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alone. We conclude that androgens and vitamin D in-
teract to regulate growth and differentiation of en-
chondral cartilage.
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