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Abstract Thyroid hormones influence both bone formation and bone resorption. Clinical data and animal studies
provide evidence of skeletal site heterogeneity (hip vs. spine) of bone responses to thyroid hormones. In vitro studies also
demonstrate direct effects of thyroid hormones on cells of the osteoblast lineage. Transcriptional regulation by thyroid
hormone is mediated by ligand-dependent transcription factors called thyroid hormone receptors (TRs). Two genes,
c-ErbAa and c-ErbAb, generate at least four TR isoforms in the rat: TRa1, c-erbAa2, TRb1, and TRb2. Although functional
TRs have been identified in cells of the osteoblast lineage, it is still not known if TR isoform expression in bone differs
depending upon which skeletal site is examined. We have used ribonuclease protection assay and Northern blot
analysis to simultaneously examine the expression of TR isoform mRNAs in adult rat femoral and vertebral bone. TRa1,
c-erbAa2, and TRb1 are expressed in both femur and vertebra whole bone. Bone marrow cells from both skeletal sites
were also cultured under conditions whereby the osteoprogenitors differentiated into osteoblasts and formed a
mineralized extracellular matrix. TRa1, c-erbAa2, and TRb1 mRNAs are each expressed in both femoral and vertebral
osteoblast cultures. The presence of TRa1, c-erbAa2, and b1 proteins was confirmed by Western analysis of nuclear
protein extracts from femoral and vertebral cell cultures. These results indicate that the three predominant TR isoforms
are highly expressed in bone and osteoblasts from femurs and vertebrae. Whether there are distinct mechanisms of
thyroid hormone action mediated by TRa1, c-erbAa2, and TRb1 at these separate skeletal sites remain to be shown. J.
Cell. Biochem. 74:684–693, 1999. r 1999 Wiley-Liss, Inc.
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Bone is a target tissue for thyroid hormone
(triiodothyronine; T3), yet the precise mecha-
nisms of action in bone via nuclear thyroid
hormone receptors (TRs) have yet to be charac-
terized [Stern, 1996; Klaushofer et al., 1995;
Williams et al., 1994]. TRs are members of the
steroid/thyroid hormone nuclear receptor super-
family that bind to DNA on similar hormone
response element sequences. TRs can bind to
thyroid hormone- response elements to either

increase or decrease transcription of target
genes. Two TR genes (a and b) are expressed in
many tissues and their gene products may be
alternatively spliced to yield TRa1, c-erbAa2,
TRb1, and TRb2 isoforms in a tissue-specific
manner [Glass and Holloway, 1990]. C-erbAa2

lacks the ability to bind ligand, but may regu-
late transcription by its ability to inhibit TR-
mediated T3-dependent transactivation [Lazar,
1993]. While the molecular and cellular mecha-
nisms of T3 action in bone are unclear, in vitro
studies have shown that T3 acts directly on cells
of the osteoblast lineage [Britto et al., 1994;
Ohishi et al., 1994; Varga et al., 1994; Ishida et
al., 1995; Fratzl-Zelman et al., 1997]. Various
TR isoforms have been identified in human and
rat osteosarcoma cell lines [Williams et al.,

Grant sponsor: National Institutes of Health; Grant num-
bers: DK 39085, DK 18919, and DK 50300.
*Correspondence to: Moira Milne, Ph.D., Department of
Orthopedics, University of Massachusetts Medical Center,
55 Lake Avenue North, Worcester, MA 01655.
Received 3 March 1999; Accepted 26 March 1999

Journal of Cellular Biochemistry 74:684–693 (1999)

r 1999 Wiley-Liss, Inc.



1994; Allain et al., 1996], in neonatal primary
osteoblast cultures [Bland et al., 1997], and in
human bone [Abu et al., 1997].

Observations in patients and mature ani-
mals emphasize that different anatomic sites in
the skeleton respond differently to thyroid hor-
mone. In women with thyroid carcinoma, the
high doses of thyroid hormone required to sup-
press thyroid-stimulating hormone release
cause a greater loss of bone mass at the hip
than the spine [Diamond et al., 1991]. In adult
rats, femoral and vertebral bones are also differ-
entially affected by long-term excessive thyroid
hormone administration [Ongphiphadhanakul
et al., 1992, 1993; Suwanwalaikorn et al., 1996].
Recently, we reported the development of a
culture model to study the nature of osteoblasts
derived from different skeletal sites. The in vivo
observations of skeletal site heterogeneity in
response to thyroid hormone are supported by
our in vitro studies. Adult rat bone marrow
osteoprogenitors from femurs and vertebrae
both develop into functional osteoblasts, yet T3

differentially affects alkaline phosphatase activ-
ity and the gene expression of osteocalcin, colla-
gen type I, and insulin-like growth factor-I
(IGF-I) in these cultures [Milne et al., 1998a].

The genes in bone and in osteoblasts that are
directly responsive to T3 have yet to be identi-
fied, and the regulatory mechanism(s) respon-
sible for the skeletal site heterogeneity in gene
response remains unexplained. The purpose of
this study was to characterize and compare the
expression patterns of TRs in rat femur and
vertebrae whole bones and in osteogenic cul-
tures derived from the two skeletal sites. Since
T3 acts directly on osteoblastic cells, an osteopro-
genitor cell culture model developed from bone
marrow stromal cells of adult rat femurs vs.
vertebrae was used to investigate TR isoform-
specific mRNA and protein expression.

MATERIALS AND METHODS

All procedures involving animals were per-
formed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. Ani-
mals were sacrificed by exsanguination follow-
ing injection with xylazine/ketamine. The ex-
perimental protocol was approved by the
Institutional Animal Care and Use Committee
at the University of Massachusetts Medical
School in Worcester, MA.

Cell Culture

Cultures were established to study gene and
protein expression of TR isoforms in femoral
and vertebral osteoblasts. Unless otherwise
stated, all cell culture reagents were purchased
from Sigma Chemical Company (St. Louis, MO).
The procedures for establishing primary osteo-
blast cultures from adult rat femoral and verte-
bral bone marrow cells have been described in
detail previously [Milne et al., 1998a,b]. Briefly,
femurs and lumbar vertebrae were removed
from adult (100–125 g) female Sprague-Dawley
rats. The marrow was collected separately from
femurs and vertebrae into aMEM medium
supplemented with 20% heat-inactivated fetal
bovine serum (FBS, Atlanta Biologicals, Nor-
cross, GA) and antibiotics. Marrow cells were
pelleted, resuspended in fresh medium, and
seeded (day 0) at 5 3 106 total marrow cells/ml
(9 3 105 cells/cm2) onto 100 mm uncoated cul-
ture dishes (Corning, Cambridge, MA). On day
1 in culture, dexamethasone (10-8 M) and ascor-
bic acid (50 µg/ml) were added to all dishes.
b-glycerophosphate (b-GP; 10 mM) was added
to cultures beginning on day 8. Both femoral
and vertebral marrow cells maintained under
these osteogenic culture conditions exhibited
the osteoblast phenotype [Milne et al., 1998a].
After 5 days in primary culture, cells were
,50% confluent, were weakly AP positive, and
had not yet begun to form nodules. After 10
days, cultures were ,80% confluent and tightly
packed cuboidal cells were observed within colo-
nies. At this time, cells from each skeletal site
had high alkaline phosphatase enzyme activity
and significant levels of osteocalcin gene expres-
sion. Cultures from this time point (day 10
primary culture) were chosen for the isolation
of RNA to study TR isoform gene expression in
osteoblasts. Total RNA was prepared from the
cultures by the method of Chomczynski and
Sacchi [1987]. Cultures were also harvested on
days 5, 10, and 15 for nuclear protein extraction
to analyze TR isoforms protein expression as a
function of osteoblast differentiation. Mineral-
ization in both cultures began on day 12 and
numerous mineralized nodules were observed
by day 15.

RNA Isolation From Femur and Vertebra Bone

We incorporated aspects of several methods
for RNA extraction [Chirgwin et al., 1979;
Chomczynski and Sacchi, 1987; Han et al., 1987;
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Nemeth et al., 1989] and modified the guani-
dine thiocyanate method used for isolating RNA
from tissue with high RNase activity [Chirgwin
et al., 1979]. All reagents were from Fisher
Scientific, unless otherwise noted. Femurs of
6-week-old male and female Sprague Dawley
rats were used to study the gender-specific ex-
pression of TRs. Femurs and lumbar vertebrae
of female adult rats were used to study skeletal-
site specific TR expression. The bones were
removed quickly, trimmed of muscle and connec-
tive tissue, chilled in liquid nitrogen, and then
pulverized with a mortar and pestle prechilled
in liquid nitrogen. RNA was extracted from the
bone powder by homogenization in guanidine
thiocyanate solution (GT solution) containing
4.5M guanidine thiocyanate, 25 mM sodium
citrate, pH 7.0, 25 mM EDTA, pH 7.0, and
8% final concentration of b-mercaptoethanol
(b-ME).

Ice-chilled 20% N-laurylsarcosine (50 µl/ml
GT Soln) and 2M sodium acetate, pH 4.0 (100
µl/ml GT Soln) were added to the homogenate
and mixed thoroughly. Phenol, buffer-satu-
rated, pH 4.3, was added at 1 ml/ml GT solution
and ice-cold chloroform/isoamyl alcohol (49:1)
was then added (220 µl/ml GT Soln). The con-
tents were centrifuged at 12,000g 4°C for 20
min. The upper (aqueous) phase was trans-
ferred to a fresh tube, an equal volume of 100%
isopropanol (-20°C) was added and the RNA
was precipitated at –20°C for 15 min. The sam-
ple was centrifuged at 12,000g for 15 min, -10°C.
The supernatant was removed entirely and the
RNA pellet was completely dissolved in pellet
solution (6M guanidine hydrochloride, 25 mM
EDTA, pH 7.0, and 720 µl b-ME/100 ml pellet
solution). The dissolved RNA was precipitated
with an equal volume of cold isopropanol, then
centrifuged at 12,000g for 15 min. The result-
ing RNA pellet was redissolved and reprecipi-
tated two more times. The final RNA pellet was
washed with ethanol, and dissolved in RNAse-
free water. A final volume of 1 ml water to 1 g of
original bone material gave an approximate
concentration of 1 mg RNA/ml. Each RNA sam-
ple was prepared from one femur or three verte-
brae. Concentrations and purity of the final
RNA samples were calculated from A260 and
A280 readings.

Total RNA preparations (2 µg aliquots) were
evaluated on 1% agarose gels to verify the isola-
tion of intact RNA. For Northern analyses, the
total RNA was enriched for mRNA by use of a

commercial kit (PolyATtract mRNA isolation
System II, Promega, Madison, WI). For RPA
analysis, a phenol-chloroform extraction step
was added to remove trace proteins, which are
known to interfere with RPA.

Probe Preparation

Labeled antisense RNA transcripts (ribo-
probes) were synthesized from linearized cDNA
templates using the Riboprobe II in vitro tran-
scription kit (Promega). The probes were radio-
labeled using [a-32P] UTP (8,000 Ci/mmol; NEN,
Boston, MA). An antisense riboprobe comple-
mentary to rat cyclophilin RNA (pTRI-cy-
clophilin-rat; Ambion, Austin, TX) was used as
the internal standard for RPA. The full-length
cyclophilin transcript was 165 nucleotides (nt)
and protected a fragment of 103 nt. The TRa1

cRNA was 369 nt in length and generated a
protected fragment of 289 nt. The c-erbAa2

cRNA was 396 nt in full-length and protected a
fragment of 310 nt. The TRb1 cRNA was 489 nt
and protected a 459 nt fragment. The TRb2

cRNA was 618 nt in length and protected a 512
nt fragment of mRNA. The TRa1 [Thompson et
al., 1987], c-erbAa2 [Lazar et al., 1988], TRb1

[Weinberger et al., 1986], and TRb2 [Hodin et
al., 1989] probes were designed to be specific for
the region of the mRNA in which the nucleotide
sequences differ between the four isoforms, so
that there was no cross-hybridization of ribo-
probes.

Northern Analysis

Polyadenylated mRNA(5 µg/lane) from whole
bone RNA preparations was size-fractionated
on 1.2% agarose/1.8% formaldehyde gels and
transferred to nitrocellulose membranes, follow-
ing procedures described previously [Milne et
al., 1998a]. The membranes were hybridized
with [32P]-labeled riboprobes at 62°C for 18 h,
followed by final stringency washes at 0.1 3
SSC/0.1% SDS at 75°C. Membranes were ex-
posed to BioMax MS film (Kodak, Rochester,
NY) with intensifying screen at –80°C for 48 h.

RNase Protection Assay

A high-speed hybridization ribonuclease pro-
tection assay kit (Hybspeed RPA: Ambion) was
used for all RPA reactions. For each assay, high
specific activity labeled TR riboprobe (1 3 105

cpm), cyclophilin probe (4 3 104 cpm), sample
RNA (25 µg total RNA), and yeast tRNA (25 µg)
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were co-ethanol precipitated at –20°C for 30
min. Each hybridization reaction step was then
followed according to the Hybspeed RPA proto-
col. The fragments protected from RNase A/T1

digestion were separated and detected on 5% or
6% polyacrylamide/8 M urea/1 X TBE denatur-
ing gels. Dried gels were exposed to XAR film
(Kodak) or Biomax MS film at –80°C for 10 to
24 h.

Nuclear Protein Preparation
and Western Analysis

Femoral and vertebral bone marrow cells
were harvested on days 5, 10, and 15 of primary
culture. Nuclear proteins were isolated and ana-
lyzed following procedures of Williams et al.
[1994]. Nuclear proteins (100 µg/lane) were re-
solved on 10% SDS-polyacrylamide gels and
transferred to Immobilon P membranes (Milli-
pore, Bedford, MA). Membranes were blocked
overnight at 4°C in TBS-T (10 mM Tris HCl [pH
7.8], 150 mM NaCl, 0.05% Tween-20) contain-
ing 3% (w/v) nonfat milk powder (Price Chop-
per) and 5% BSA (blocking buffer). The mem-
branes were rinsed twice in TBS-T and
incubated overnight at 4°C with primary anti-
body diluted 1:300 in blocking buffer. The pri-
mary rabbit polyclonal antibodies used are spe-
cific to each of the thyroid receptor isoforms
analyzed and were all purchased from Affinity
BioReagents (Golden, CO). Polyclonal antibody
clone TRa-1–403 reacts specifically with TRa1,
but not c-erbAa2 or TRb1. Clone TRva-2–431
reacts specifically with c-erbAa2 protein, while
clone TRb-62 reacts specifically with TRb1 [Fal-
cone et al., 1992; Macchia et al., 1992]. Follow-
ing primary antibody incubation and four 5-min
washes in TBS-T, membranes were incubated
with secondary antibody (goat anti-rabbit IgG-
horseradish peroxidase conjugated; Kodak) at
1:50,000 in TBS-T for 1 h at room temperature.
The membranes were again washed four times,
and the TR proteins were detected by enhanced
chemiluminescence (ECL; Amersham, Arling-
ton Heights, IL).

RESULTS

Total RNA samples extracted from rat fe-
murs and vertebrae were subjected to agarose
gel electrophoresis and stained with ethidium
bromide to evaluate the effectiveness of the
bone tissue isolation method. The resulting
sharp 28S and 18S ribosomal RNA bands indi-
cated that this RNA isolation method preserved

the integrity of the samples without evidence of
degradation (Fig. 1). The procedure also gave
consistently good yields of total RNA from both
femurs and vertebrae (0.5–1.0 mg RNA/g whole
bone).

Since the transcripts for TR genes have been
reported to be in low abundance in many tis-
sues [Williams et al., 1994; Chamba et al., 1996;
Hodin et al., 1990], we examined the expression
of TR genes using the extremely sensitive RNase
protection assay (RPA). The assays were ini-
tially performed with bone RNA preparations
from individual male or female adult rats ob-
tained from two different commercial sources in
order to determine possible sample-to-sample
variability in the detection of TR transcripts.
The femurs from both male and female adult
rats possessed detectable levels of TRa1 mRNA,
and the vertebral sample was also positive for
TRa1 expression (Fig. 2A). In addition, c-erbAa2

transcripts were observed in femur and verte-
bral samples from both sexes (Fig. 2B). The
signal for c-erbAa2 in vertebrae was very faint.
This was most likely due to some loss of sample

Fig. 1. The ethidium bromide staining pattern of total RNA
isolated from the femurs and vertebrae of adult rats. The RNA
extraction procedures are described in Materials and Methods.
Each lane contains 2 µg total cellular RNA prepared from femurs
(F) or vertebrae (V). The RNA samples (each containing 5 µg of
ethidium bromide) were denatured by heating at 65°C for 5 min
and subjected to electrophoresis on a 1% agarose gel.
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RNA, since the cyc internal control signal was
also faint.

We then used RPA with TR isoform-specific
riboprobes to examine total RNA extracted from
femoral- and vertebral-derived bone marrow
stromal cells, which had been cultured to differ-
entiate into osteoblasts. We have shown previ-
ously that both femoral and vertebral marrow
cells grown in medium containing 20% FBS
supplemented with dexamethasone, ascorbic
acid, and b-GP have high levels of the enzyme
alkaline phosphatase, express genes of the os-
teoblast phenotype (osteocalcin and collagen
type I), develop bone nodules which mineralize,
and respond to T3 in vitro [Milne et al., 1998a,b].
Shown in Figure 3, riboprobes for both TRa1

and c-erbAa2 detected transcripts present in
RNA derived from whole femur, whole verte-
brae, femoral and vertebral osteoblast cultures,
and liver tissue. As has been reported [Thomp-
son et al., 1987; Chamba et al., 1996; Hodin et
al., 1990], the level of expression of TRa1 and
c-erbAa2 was low in rat liver. We observed that
TRa1 transcripts were at comparable levels be-

tween whole femur and whole vertebrae RNAs
and between femoral and vertebral osteoblast
culture RNAs (Fig. 3A). This was also true for
c-erbAa2 mRNA levels (Fig. 3B).

As shown in Figure 4, RPA analysis also
detected mRNA for the TRb1 isoform in femur,
in vertebrae, and in both femoral and vertebral
osteoblast cultures. Although a positive signal
was detected in both whole bone tissue and in
osteoblast cultures, TRb1 mRNA expression lev-
els were lower in cultured cells compared to
whole bone. In agreement with previous stud-
ies [Chamba et al., 1996; Hodin et al., 1990],
TRb1 mRNA was also abundantly present in rat
liver tissue. Femurs, vertebrae, and osteoblast
cultures were each negative for TRb2 expres-
sion (data not shown).

Northern analysis of poly (A)1 RNA prepared
from femurs and vertebrae provided informa-
tion about the sizes of the mRNAs for TRa1,
c-erbAa2, and TRb1 in bone (Fig. 5). The TRa1

probe hybridized to a predominant 5.3-kilobase
(kb) band found in both femurs and vertebrae
(Fig. 5A). A 2.8-kb transcript was detected with

Fig. 2. TRa1 and c-erbAa2 transcripts in the femurs of adult
female and male rats. Total RNA was analyzed for the presence
of TRa1 (A) or c-erbAa2 (TRa2) (B) mRNA by RPA, as described
in Materials and Methods. Each lane marked ‘‘femur’’ represents
analysis of 25 µg RNA from the femur of an individual animal.
Samples labeled (1) and (2) were from animals obtained from
two different commercial sources; Charles River and Harlan,
respectively. The lane marked ‘‘vertebrae’’ indicates analysis of
RNA (25 µg) pooled from several adult female rats. The ribo-
probe specific for rat cyclophilin (CYC) mRNA was included in
all assays as the internal standard. Full-length riboprobes (@)

and riboprobes digested with RNase A/T1 mixture (!) in the
presence of yeast RNA (50 µg) are shown on the right side of
each autoradiogram. Full-length TRa1 riboprobe was 369 nt and
protected a fragment of 289 nt. Full-length TRa2 riboprobe was
396 nt and protected a fragment of 310 nt. Full-length CYC
riboprobe was 165 nt and protected a 103 nt fragment. These
assay products were resolved on 6% denaturing polyacrylamide
gels. Markers (M) were 500, 400, 300, 200, and 100 nt in
length. The TRa1 gel was exposed to XAR film for 10 h. The
TRa2 gel was exposed to the more sensitive MS film for 15 h.
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the c-erbAa2 riboprobe and was present in bone
RNA from both skeletal sites (Fig. 5B). The
TRb1 riboprobe hybridized to 2.5-, 4.1-, 5.6-,
and 7.2-kb transcripts in bone (Fig. 5C). All four
TRb1 mRNAspecies were found in femurs, while
the vertebrae expressed predominantly the
5.6-kb mRNA. These transcript sizes for TRa1,
c-erbAa2, and TRb1 correspond closely to TR
mRNAs previously detected in rat heart, kid-
ney, brain, and liver [Hodin et al., 1990], as well
as in osteoblastic osteosarcoma cells [William
et al., 1994). A 7.0-kb TRb1 transcript was also
previously observed by Williams et al. [1994] in
rat osteosarcoma cell lines, and may represent
a splice variant specific to osteoblasts since it
has not been identified in other rat tissues
[Williams et al., 1994]. The 6.2-kb mRNA that
is characteristic of TRb2 expression in pituitary
[Hodin et al., 1989] was not observed in North-
ern blots of poly(A)1 RNA from whole bone
(data not shown).

To determine whether the TR isoform mRNAs
present in the primary osteoblast cultures were
translated into proteins, femoral and vertebral
bone marrow cells were maintained under con-
ditions which result in sequential osteoblast

differentiation. Nuclear protein extracts were
prepared at three different time points during
the culture period. Western blot analysis using
specific polyclonal antibodies revealed the pres-
ence of TRa1, c-erbAa2, and TRb1 proteins in
both femoral and vertebral cultures at each
time point examined (Fig. 6). The TRa1 protein
was observed as a band of 48 kDa, with higher
molecular weight proteins also present (Fig.
6A). The TRa2 antibody also detected multiple
protein bands, with a predominant doublet of
58 and 55 kDa (Fig. 6B). The TRb1 protein was
visualized as a doublet of 65 and 63 kDa with
lower molecular weight proteins also present
(Fig. 6C). In control experiments, no detectable
protein bands were visualized when the pri-
mary antibody was omitted. Expression levels
of the TR isoform proteins did not differ appre-
ciably between days 5, 10, and 15 as the cells
differentiated in culture.

DISCUSSION

This study characterizes for the first time the
expression of multiple thyroid hormone recep-
tor isoform mRNAs in femurs and vertebrae of
adult animals. We have also characterized the

Fig. 3. Comparison of TRa1 and TRa2 transcripts in adult femur vs. vertebrae whole bone and in femoral vs.
vertebral osteoblast cultures. Total RNA (25 µg per sample) was assayed for the presence of TRa1 (A) and TRa2 (B)
transcripts by RPA, as described in Materials and Methods. Liver total RNA (25 µg) was also assayed. The CYC
transcript was used as an internal control. These assay products were resolved on 5% denaturing polyacrylamide gels.
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Fig. 5. Northern analysis of TR isoform mRNAs in whole bone. Poly (A)1 RNA (5 µg/lane) prepared from femurs (F)
and vertebrae (V) was separated by electrophoresis on a 1.2% agarose/1.8% formaldehyde gel. The RNA was trans-
ferred to nitrocellulose membrane and hybridized with [32P]-labeled riboprobes specific for either TRa1 (A), TRa2 (B),
or TRb1 (C). Membranes were washed at high stringency (75°C, 1 h, in 0.1 3 SSC/0.1% SDS) and subjected to auto-
radiography for 48 h at –70°C, using MS film. The positions of 28S (4.8 kb) and 18S (1.9 kb) ribosomal RNA are shown.

Fig. 6. TR isoform protein expression in differentiating femoral
(F) and vertebral (V) osteoblast cultures. Nuclear proteins were
extracted on the days after culture indicated and analyzed by
Western blotting (100 µg protein/lane). The membranes were
incubated with antibodies specific for TRa1 (A), TRa2 (B), or
TRb1 (C) isoforms. Osteoblasts derived from both skeletal sites
expressed TRa1 (48 kDa), TRa2 (58 and 55 kDa), and TRb1 (65
and 63 kDa) proteins.

Fig. 4. Detection of TRb1 transcripts in adult femur vs. verte-
brae whole bone and in femoral vs. vertebral osteoblast cul-
tures. Total RNA (25 µg per sample) was analyzed for the
presence of TRb1 mRNA by RPA. Liver total RNA was also
assayed for comparison. The full-length TRb1 riboprobe (@)
was 489 nt in length and gave a protected a fragment of 459 nt.
These assay products were resolved on a 6% denaturing gel.
Markers (M) were 500, 400, 300, 200, and 100 nt. This gel was
exposed to XAR film for 24 h.
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presence of mRNA and nuclear protein for the
multiple TR isoforms in differentiating femoral
and vertebral osteoblast cultures. Thyroid hor-
mone is necessary for normal skeletal develop-
ment and regulates bone turnover in the adult.
Numerous studies have documented direct ef-
fects of T3 on cells of the osteoblast lineage, yet
the genes in osteoblasts that are directly acti-
vated (or repressed) by TRs have not been iden-
tified. Defining the molecular mechanisms by
which thyroid hormone acts in bone is a com-
plex task because multiple forms of the T3 recep-
tor exist, with specific roles for each of these
isoforms not yet determined definitively in any
tissue. Studies of TRa vs. TRb knockout mice
indicate differential functions of these genes in
several tissues [Hsu and Brent, 1998]. Mice
devoid of TRa1 and TRb1 and TRb2 have de-
creased bone growth, delayed ossification, and
decreased bone mineral content [Gothe et al.,
1998]. Since thyroid hormones appear to differ-
entially affect bone metabolism at the hip and
spine [Suwanwalaikorn et al., 1996], we sought
to determine if there is a predominance of a
specific TR isoform at either of the skeletal sites
that could provide an explanation for the differ-
ent thyroid hormone responses.

Herein, we investigated the expression of the
various TR isoforms in femur vs. vertebral whole
bone by use of the sensitive RNase protection
assay. We were able to detect transcripts for
TRa1, c-erbAa2, and TRb1 in bone tissue de-
rived from both male and female adult rats. In
addition to cells of the osteoblast lineage, whole
bone tissue contains numerous other cell types
including osteoclasts, adipocytes, cartilage cells,
and lympho-hematopoietic cells. In fact, the
presence of TRs in osteoclasts and chondrocytes
as well as osteoblasts of human bone has been
previously demonstrated by immunocytochem-
istry [Abu et al., 1997]. We have reported previ-
ously that T3 (10-8 and 10-7 M) markedly in-
creases IGF-I gene expression in osteogenic
cells derived from vertebrae, but not femurs,
and the hormone causes a decrease in alkaline
phosphatase enzyme expression in femoral, but
not vertebral cultures [Milne et al., 1998a].
Therefore, to characterize TR isoform expres-
sion in osteoblasts of adult bone from these two
anatomical sites, we established cultures using
marrow cells derived from femurs and verte-
brae. TRa1, c-erbAa2, and TRb1 mRNAs were
each expressed in femurs and in vertebrae.

However, it has frequently been observed that
there is a discrepancy between the levels of TR
isoform mRNA and protein expression [Wil-
liams et al., 1994; Allain et al., 1996; Chamba et
al., 1996; Strait et al., 1990]. Thus, we used
Western blot analysis of extracted nuclear pro-
teins from femoral vs. vertebral osteoblast cul-
tures and were able to demonstrate expression
of protein for TRa1, c-erbAa2, and TRb1 iso-
forms in both femoral and vertebral cells. With
this information, we conclude that the skeletal
site heterogeneity observed in response to thy-
roid hormone treatment is not caused by differ-
ential protein expression of the distinct thyroid
receptor isoforms. Earlier analysis of TR iso-
forms in osteoblast cultures suggested that T3

responses were associated with differing pat-
terns of TR gene expression and stages of osteo-
blast phenotype expression [Williams et al.,
1994]. These studies made use of the osteosar-
coma cell lines ROS 25/1, UMR 106, and ROS
17/2.8 that express a fibroblastic, pre-osteoblas-
tic, and mature osteoblastic phenotype, respec-
tively. In this report we have utilized non-
transformed, differentiating osteoblast cultures
derived from adult animals. We find that there
are no major changes in protein levels of the TR
isoforms as the cells differentiate in culture.

TRs form heteromeric complexes with other
members of the steroid hormone receptor super-
family, including the receptors for 9-cis retinoic
acid (RAR) [Forman et al., 1989], all-trans reti-
noic acid (RXR) [Zhang et al., 1992], and vita-
min D3 (VDR) [Schrader et al., 1994]. This
implies that regulatory mechanisms for thyroid
hormone action in osteoblasts are coupled with
those of vitamin D3 and retinoids [Williams et
al., 1994; Bland et al., 1997]. VDR, and multiple
forms of RARs and RXRs, have each been iden-
tified in osteoblastic cells [Williams et al., 1994;
Kindmark et al., 1993]. Possible differential
expression of these nuclear receptors and/or
differences in the TR heterodimerization pat-
tern in femoral vs. vertebral osteoblasts may
correlate with the observed skeletal site hetero-
geneity. It is also likely that other, perhaps
unidentified, nuclear factors are involved in the
differential thyroid hormone responsiveness of
osteoblasts. Protein co-activators and co-repres-
sors have been identified that interact with TRs
(and other receptors of the nuclear hormone
receptor superfamily) to increase or decrease
levels of gene expression [Horlein et al., 1995;
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Chen et al., 1996; Petty et al., 1996; Li et al.,
1997; Tagami et al., 1997; Takeshita et al.,
1997]. This suggests that skeletal site-specific
responses to thyroid hormone may be mediated
by the differential abundance of these co-
regulators. Further investigation into the
mechanisms mediating thyroid hormone re-
sponses at separate skeletal sites is warranted.
The expression of multiple TR isoforms in differ-
entiating osteoblast cultures from femurs vs.
vertebrae underscores the ability to study thy-
roid hormone-regulated gene expression using
this novel culture model.

ACKNOWLEDGMENTS

This work was supported, in part, by NIH (to
D.T.B., L.E.B., and W.W.C.).

REFERENCES

Abu EO, Bord S, Horner A, Chatterjee VK, Compston JE.
1997. The expression of thyroid hormone receptors in
human bone. Bone 21:137–142.

Allain TJ, Yen PM, Flanagan AM, McGregor AM. 1996. The
isoform-specific expression of the tri-iodothyronine recep-
tor in osteoblasts and osteoclasts. Eur J Clin Invest
26:418–425.

Bland R, Sammons RL, Sheppard MC, Williams GR. 1997.
Thyroid hormone, vitamin D and retinoid receptor expres-
sion and signalling in primary cultures of rat osteoblastic
and immortalized osteosarcoma cells. J Endocrinol 154:
63–74.

Britto JM, Fenton AJ, Holloway WR, Nicholson GC. 1994.
Osteoblasts mediate thyroid hormone stimulation of os-
teoclastic bone resorption. Endocrinology 134:169–176.

Chamba A, Neuberger J, Strain A, Hopkins J, Sheppard
MC, Franklyn JA. 1996. Expression and function of thy-
roid hormone receptor variants in normal and chroni-
cally diseased human liver. J Clin Endo Metab 81:360–
367.

Chen JD, Umesono K, Evans RM. 1996. SMRT isoforms
mediate repression and anti-repression of nuclear recep-
tor heterodimers. Proc Natl Acad Sci USA 93:7567–7571.

Chomczynski P, Sacchi N. 1987. Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal Biochem 162:156–159.

Chirgwin JM, Przybyla AE, MacDonald RJ, Rutter WJ.
1979. Isolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry 18:5294–
5299.

Diamond T, Nery L, Hales I. 1991. A therapeutic dilemma:
suppressive doses of thyroxine significantly reduce bone
mineral measurements in both premenopausal and post-
menopausal women with thyroid carcinoma. J Clin Endo-
crinol Metab 72:1184–1188.

Falcone M, Miyamoto T, Fierro-Renoy F, Macchia E, De-
Groot LJ. 1992. Antipeptide polyclonal antibodies specifi-
cally recognize each human thyroid hormone receptor
isoform. Endocrinology 131:2419–2429.

Forman BM, Yang CR, Au M, Casanova J, Ghysdael J,
Samuels HH. 1989. A domain containing leucine-zipper-
like motifs mediate novel in vivo interactions between
the thyroid hormone and retinoic acid receptors. Mol
Endocrinol 3:1610–1626.

Fratzl-Zelman N, Horandner H, Luegmayr E, Varga F,
Ellinger A, Erlee MP, Klaushofer K. 1997. Effects of
triiodothyronine on the morphology of cells and matrix,
the localization of alkaline phosphatase, and the fre-
quency of apoptosis in long-term cultures of MC3T3-E1
Cells. Bone 20:225–236.

Glass CK, Holloway JM. 1990. Regulation of gene expres-
sion by the thyroid hormone receptor. Biochim Biophys
Acta 1032:157–176.

Gothe S, Ohlsson C, Nilsson J, Forrest D, Vennstrom B.
1998. Disturbed ossification in mice devoid of thyroid
hormone receptors. Bone 23(Suppl):S177.

Han JH, Stratowa C, Rutter WJ. 1987. Isolation of full-
length putative rat lysophospholipase cDNA using im-
proved methods for mRNA isolation and cDNA cloning.
Biochem 26:1617–1625.

Hodin RA, Lazar MA, Wintman BI, Darling DS, Koenig RJ,
Larsen PR, Moore DD, Chin WW. 1989. Identification of a
thyroid hormone receptor that is pituitary-specific. Sci-
ence 244:76–79.

Hodin RA, Lazar MA, Chin WW. 1990. Differential and
tissue-specific regulation of the multiple rat c-erbA mes-
senger RNA species by thyroid hormone. J Clin Invest
85:101–105.

Horlein AJ, Naar AM, Heinzel T, Torchia J, Gloss B, Kuro-
kawa R, Ryan A, Kamei Y, Soderstrom M, Glass CK,
Rosenfeld MG. 1995. Ligand-independent repression by
the thyroid hormone receptor mediated by a nuclear
receptor co-repressor. Nature 377:397–404.

Hsu J-H, Brent GA. 1998. Thyroid hormone receptor gene
knockouts. TEM 9:103–112.

Ishida H, Bellows CG, Aubin JE, Heersche JN. 1995. Tri-
iodothyronine (T3) and dexamethasone interact to modu-
late osteoprogenitor cell differentiation in fetal rat cal-
varia cell cultures. Bone 16:545–549.

Kindmark A, Torma H, Johansson A, Ljunghall S, Melhus
H. 1993. Reverse transcription—polymerase chain reac-
tion assay demonstrates that the 9-cis retinoic acid recep-
tor alpha is expressed in human osteoblasts. Biochem
Biophys Res Commun 192:1367–1372.

Klaushofer K, Varga F, Glantschnig H, Fratzl-Zelman N,
Czerwenka E, Leis HJ, Koller K, Peterlik M. 1995. The
regulatory role of thyroid hormones in bone cell growth
and differentiation. J Nutr (Suppl 7) 125:1996S–2003S.

Lazar MA, Hodin RA, Darling DS, Chin WW. 1988. Identifi-
cation of a rat c-erbA alpha-related protein which binds
deoxyribonucleic acid but does not bind thyroid hormone.
Mol Endocrinol 2:893–901.

Lazar MA. 1993. Thyroid hormone receptors: multiple
forms, multiple possibilities. Endocr Rev 14:184–193.

Li H, Leo C, Schroen DJ, Chen DJ. 1997. Characterization
of receptor interaction and transcriptional repression by
the corepressor SMRT. Mol Endocrinol 11:2025–2037.

Macchia E, Falcone M, Giorgilli G, Bogazzi F, Antonangeli
L, Baccarini S, Fontanini G, Torresani J, DeGroot LJ,
Pinchera A. 1992. Site-specific anti-c-erb A antibodies
recognizing native thyroid hormone receptors: their use
to detect the expression and localization of alpha and
beta c-erb A proteins in rat liver. J Recept Res 12:201–
215.

692 Milne et al.



Milne M, Kang M-I, Quail JM, Baran DT. 1998a. Thyroid
hormone excess increases insulin-like growth factor-I
transcripts in bone marrow cultures: divergent effects on
vertebral and femoral cell cultures. Endocrinology 139:
2527–2534.

Milne M, Quail JM, Baran DT. 1998b. Dexamethasone
stimulates osteogenic differentiation in vertebral and
femoral bone marrow cell cultures: comparison of IGF-I
gene expression. J Cell Biochem 71:382–391.

Nemeth GG, Heydemann A, Bolander ME. 1989. Isolation
and analysis of ribonucleic acids from skeletal tissues.
Anal Biochem 183:301–304.

Ohishi K, Ishida H, Nagata T, Yamauchi N, Tsurumi C,
Nishikawa S, Wakano Y. 1994. Thyroid hormone sup-
presses the differentiation of osteoprogenitor cells to os-
teoblasts, but enhances functional activities of mature
osteoblasts in cultured rat calvaria cells. J Cell Physiol
161:544–552.

Ongphiphadhanakul B, Alex S, Braverman LE, Baran DT.
1992. Excessive L-thyroxine therapy decreases femoral
bone mineral densities in the male rat: effect of hypogo-
nadism and calcitonin. J Bone Miner Res 7:1227–1231.

Ongphiphadhanakul B, Jenis LG, Braverman LE, Alex S,
Stein GS, Lian JB, Baran DT. 1993. Etidronate inhibits
the thyroid hormone-induced bone loss in rats assessed
by bone mineral density and messenger ribonucleic acid
markers of osteoblast and osteoclast function. Endocrinol-
ogy 133:2502–2507.

Petty KJ, Krimkevich YI, Thomas D. 1996. A TATA binding
protein-associated factor functions as a coactivator for
thyroid hormone receptors. Mol Endocrinol 10:1632-–
645.

Schrader M, Muller KM, Carlberg C. 1994. Specificity and
flexibility of vitamin D signaling. Modulation of the acti-
vation of natural vitamin D response elements by thyroid
hormone. J Biol Chem 269:5501–5504.

Stern PH. 1996. Thyroid hormone and bone. In: Bilezikian
JP, Raisz LG, Rodan GA, editors. Principles of bone
biology. San Diego, CA: Academic Press. p 521–531.

Strait KA, Schwartz HL, Perez-Castillo A, Oppenheimer
JH. 1990. Relationship of c-erbA mRNA content to tissue
triiodothyronine nuclear binding capacity and function
in developing and adult rats. J Biol Chem 265:10514–
10521.

Suwanwalaikorn S, Ongphiphadhanakul B, Braverman LE,
Baran DT. 1996. Differential responses of femoral and
vertebral bones to long-term excessive L-thyroxine admin-
istration in adult rats. Eur J Endocrinol 134:655–659.

Tagami T, Madison LD, Nagaya T, Jameson JL. 1997.
Nuclear receptor corepressors activate rather than sup-
press basal transcription of genes that are negatively
regulated by thyroid hormone. Mol Cell Biol 17:2642–
2648.

Takeshita A, Cardona GR, Koibuchi N, Suen CS, Chin WW.
1997. TRAM-1, A novel 160-kDa thyroid hormone recep-
tor activator molecule, exhibits distinct properties from
steroid receptor coactivator-1. J Biol Chem 272:27629–
27634.

Thompson CC, Weinberger C, Lebo R, Evans RM. 1987.
Identification of a novel thyroid hormone receptor ex-
pressed in the mammalian central nervous system. Sci-
ence 237:1610–1614.

Varga F, Rumpler M, Klaushofer K. 1994. Thyroid hor-
mones increase insulin-like growth factor mRNA levels
in the clonal osteoblastic cell line MC3T3-E1. FEBS Lett
345:67–70.

Weinberger C, Thompson CC, Ong ES, Lebo R, Gruol DJ,
Evans RM. 1986. The c-erb-A gene encodes a thyroid
hormone receptor. Nature 324:641–646.

Williams GR, Bland R, Sheppard MC. 1994. Characteriza-
tion of thyroid hormone (T3) receptors in three osteosar-
coma cell lines of distinct osteoblast phenotype: Interac-
tions among T3, vitamin D3, and retinoid signaling.
Endocrinology 135:2375–2385.

Zhang XK, Hoffmann B, Tran PB, Graupner G, Pfahl M.
1992. Retinoid X receptor is an auxiliary protein for
thyroid hormone and retinoic acid receptors. Nature 355:
441–446.

Thyroid Hormone Receptors in Bone 693


	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

