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Thyroid hormone (T5) is required for postnatal skeletal growth. It exerts its effect by binding to
nuclear receptors, TRs including TRa1 and TRB1, which are present in most cell types. These cell
types include chondrocytes and osteoblasts, the interactions of which are known to regulate
endochondral bone formation. In order to analyze the respective functions of T; stimulation in
chondrocytes and osteoblasts during postnatal growth, we use Cre/loxP recombination to express
a dominant-negative TRa1"*°°R mutant receptor in a cell-specific manner. Phenotype analysis
revealed thatinhibiting T; response in chondrocytes is sufficient to reproduce the defects observed
in hypothyroid mice, not only for cartilage maturation, but also for ossification and mineralization.
TRa1%%Rin chondrocytes also results in skull deformation. In the meantime, TRa1-4°°R expression
in mature osteoblasts has no visible effect. Transcriptome analysis identifies a number of changes
in gene expression induced by TRa1*4°°Rin cartilage. These changes suggest that T; normally cross
talks with several other signaling pathways to promote chondrocytes proliferation, differentia-
tion, and skeletal growth. (Endocrinology 155: 3123-3135, 2014)

he skeleton is made up of bones developing through 2

distinct processes, intramembranous and endochon-
dral ossification. Intramembranous ossification, which
occurs in the calvarial bones and distal clavicles, involves
direct differentiation of mesenchymal cells into osteo-
blasts. In contrast, endochondral ossification, which oc-
curs in the remainder of the skeleton, involves differenti-
ation of mesenchymal cells into chondrocytes that form a
cartilage template for future bone. During endochondral
ossification, chondrocytes undergo hypertrophic differen-
tiation, characterized by sequential changes in cell mor-
phology and matrix synthesis, and the cartilage is ulti-
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mately replaced by bone tissue following vascular
invasion. This process progression is tightly regulated by
numerous circulating hormones, cytokines, and growth
factors (1, 2) including thyroid hormone Tj; (the active
derivative of T,).

Childhood hypothyroidism results in short stature,
bone age delay, skeletal dysplasia, and delayed dental de-
velopment, with abnormally thin growth plates and im-
paired chondrocyte hypertrophy (3). Hypothyroid rats
display a disorganized growth plate with a decreased hy-
pertrophic zone (4). Conversely, childhood thyrotoxicosis
accelerates growth and advances bone age. It also induces

Abbreviations: Thyroid hormone (TH), TRa 1, thyroid hormone receptor a 1; wCT, micro-CT;
BMD, bone mineral density; BV/TV, bone volume fraction; ECM, extracellular matrix; 3D,
3-dimensional.
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short stature due to premature fusion of the growth plates
(5). T; is thus a positive regulator of cartilage maturation,
stimulating the clonal expansion of resting chondrocytes
and their subsequent hypertrophic differentiation. This
correlates with changes in glycosaminoglycan secretion
and the induction of collagen X expression (6-38).

These actions are either direct or mediated through in-
teractions with other signaling pathways. In particular, T,
has been shown to control or interact with pathways in-
volved in the pace of chondrocyte proliferation and dif-
ferentiation, including the Thh-PTHrP, GH, IGF1, Wnt,
BMPs, and fibroblast growth factors (FGFs) (9). Likewise,
T; has been shown to stimulate osteoblast biosynthetic
activity and differentiation through key pathways includ-
ing IGF1, FGF receptor 1, and RANKL (9).

T, exerts its effect by binding to nuclear receptors
(TRs). In mice, the 2 main receptors, TRa1 and TRB1 are
encoded by the Thra and Thrb genes, which are both ex-
pressed in chondrocytes, osteoblasts, and osteoclasts. Un-
liganded TRs repress target gene transcription by recruit-
ing corepressors. Upon T5 binding, they change their
conformation, dissociating from the corepressor complex
and recruiting transcription coactivators. This results in
transactivation of neighboring genes.

In humans, germline mutations of either THRA (10,
11) or THRB (12) have multiple detrimental conse-
quences, which comprise delayed bone growth and short
stature. In mice, the knock-out and knock-in mutations of
Thraand Thrb also have a visible effect on skeletal growth.
Because Thrb mutations result in increased circulating
levels of TSH and T5 due to disruption of the hypotha-
lamic-pituitary-thyroid axis, the bone phenotype of the
corresponding mutant mice resembles skeletal hyperthy-
roidism, with advanced ossification and increased miner-
alization. Their bone phenotype does not reflect the ab-
sence of TR B1-mediated response of bone cells, but rather
the excess of circulating T; acting via TRa1 (13-17). By
contrast, Thra mutations do not markedly alter the serum
level of T; and lead to a delayed ossification and bone
growth that resembles hypothyroidism. Therefore the lo-
cal function of TRal seems to be predominant in bone
growth, consistent with the 10-fold higher mRNA levels of
TRa than TRB1 in the skeleton (16). However, in one of
the Thra knock-in models, growth is only delayed and
adult mice reach normal size (18).

In order to investigate the specific and direct roles of
TRal in cartilage maturation and bone ossification, we
used Cre-mediated recombination in mice to generate tis-
sue-specific Thra mutations from a floxed allele called
TRa™*! (for AF2-mutation, inducible). The allele design
is such that Cre recombination leads to the expression of
a mutant receptor, TRa1**°R unable to interact with
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histone acetyl transferase coactivators. The expression of
the nonreceptor isoforms encoded by Thra (19) remains
unchanged. TRa1"*9°R exerts a dominant-negative activ-
ity, preventing T5 response of heterozygous cells. Al-
though in vitro experiments suggest that the dominant-
negative activity can also affect TRB1, in vivo studies
suggest that TRB1 functions are preserved (20). In the
present study, we crossed mice carrying the TRa*M! allele
with transgenic mice expressing Cre either in chondro-
cytes and their progenitors (Col2Cre) or in mature osteo-
blasts (Col1Cre). Phenotype analysis and molecular stud-
ies revealed that, during early phases of skeletal
development, the main function of TRal1 is to stimulate
chondrocyte differentiation. Thus, alterations of bone
structure observed in hypothyroidism are likely to result,
at least in part, from a primary defect in cartilage
maturation.

Materials and Methods

Animals

The TRa*™ construction has been extensively studied pre-
viously (20-23). Col1 Cre mice (24) and were obtained from the
Mutant Mouse Regional Resource Center (MMRRC) at the Uni-
versity of California, Davis. Col2Cre mice have also been fully
characterized (25), and we verified that transgene expression per
se does not alter bone growth or adult size. Tissue specificity of
Cre expression was further confirmed by PCR in a panel of 8
tissues (data not shown). TRa*™”AMI males (129/Sv) were
crossed with Col2Cre"®"** or Col1 Cre'#"* females (C57bl6 back-
ground) to produce control mice (TRa*™"** Col2Cre**** and
TRaAMPt Col1 Cre'****) and mutant mice expressing the dom-
inant-negative TRa1™*°°® protein in cartilage or bone
(TRa"#0R"t Col2 Cre's*and TRa *7R" Col1 Cre's"*, there-
after called TRa"*?°®/C2 and TRa"*°°R/C1; Supplemental Fig-
ure 1). At least 3 pairs of mice (males and/or females) were gen-
erated for subsequent analysis at postnatal days 7, 14, 21, 28,
and 35 (P7, P14, P21, P28, P35). The experimental protocol
number 12/033 was reviewed and approved by the Animal Care
Committee of INRA and AgroParisTech (COMETHEA,
France), which abides by the requirements of Directive 86/609 of
the European Community Council. Blood samples were col-
lected from P14, P21, and P28 to estimate T5/T , circulating levels
using Roche T; and T, ECLIA Electrochemiluminescence assay.
We verified a posteriori that the phenotypes of male and female
bone were not statistically different for all measured parameters.

Histomorphometry and in situ hybridization
TRa*R/C2 femurs from P1, P14, and P28 mice were fixed
for 24 hours in paraformaldehyde and decalcified in 0.5SM EDTA
buffer for 1-3 weeks. Paraffin-embedded 5-um longitudinal sec-
tions were stained with hematoxylin-eosin or alcian blue-alizarin
red. In situ hybridizations were performed using type Il and type
X collagen probes to identify resting (RZ), proliferative (PZ),
and hypertrophic zones (HZ) of the growth plate. Image ] soft-
ware was used to calculate mean values for the epiphysis and
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ossification center area as well as growth plate thickness and RZ,
PZ, and HZ heights in femur sections. Four to 6 animals per
genotype were examined at each time point. At least 2 different
levels of section were examined for each sample by taking at least
5 separate measurements across each section examined.

For histomorphometry analyses of TRa"**°%/C1, long bones
were fixed, dehydrated at 4°C, and embedded in methyl-meth-
acrylate (26). For each right femur or tibia, 7-pm thick longitu-
dinal sections, parallel to the sagittal plane, were analyzed. His-
tomorphometric analysis was performed using the NIS-Elements
AR software (Nikon). The measured trabecular area encom-
passed the secondary spongiosa. trabecular bone perimeter, and
single- and double-labeled perimeters, and interlabeled widths
were measured. These were used to calculate MS/BS ([double
labeled perimeters + single labeled perimeters/2]/trabecular pe-
rimeters), mineral apposition rate ([interlabeled widths/interval
time]), bone formation rate ([double labeled perimeters + single
labeled perimeters/2] X interlabeled widths/interval time/trabec-
ular perimeters). All statistical comparisons were done using Stu-
dent’s # test.

X-Ray and X-ray microcomputed tomography
(.CT) analysis

The skeletons of the TRa**?°®/C2 mice and their control
littermates were radiographed on Kodak oncology film using
Cabinet X-ray System Faxitron series-Hewlett Packard (15 sec-
onds, 35 kV, and 3 mA). Mouse femurs were stored in 70%
ethanol at 4°C before uCT analysis. Scans were performed using
5 pm voxel for femurs and 14-17 um for heads (Phoenix nano-
tom, GE measurement and control). The scanner used a tungsten
source X-ray tube operating at 100 kV and 70 pA. Images were
reconstructed using Phoenix datos x 2 CT software. The Mi-
croview software was used for measurements, and the calibra-
tion for mineral density in the scans was performed with use of
a phantom (hydroxyapatite). For each sample, 2 regions of in-
terest were designed manually and scanned, corresponding to the
trabecular subchondral bone area (2-mm region below the car-
tilage) and to the cortical bone area (measured 5 mm under the
cartilage area). The morphometric parameters examined were
bone mineral density (BMD), bone mineral content (BMC), tis-
sue mineral content (TMC), tissue mineral density (TMD), bone
volume fraction (BV/TV), relative bone surface (BS/BV), trabec-
ular thickness (Tb.Th), trabecular number (Tb.N), and trabec-
ular separation (Tb.Sp). For cortical bone, the parameters mea-
sured were BMD, inner and outer perimeters, marrow and
cortical areas, and total area.

For the femurs of 14-week-old TRa**°°R/C1 mice, 3-dimen-
sional (3D) microarchitecture of the distal femur was evaluated
using a high-resolution (8 um) microtomographic imaging sys-
tem (eXplore Locus, General Electric). A 3D region within the
secondary spongiosa in the proximal metaphysis of the tibia or
femur was reconstructed, beginning 500 wm proximal to the
growth plate and extending to 1.5 mm. Trabecular bone volume
fraction (BV/TV, %) was determined using the Advanced Bone
Analysis (ABA) software (General Electric). Skulls scans of P14
to P35 TRa™*°%/C2 were performed using 14-17 wum voxel.
Geometric morphometric analyses were performed using Amira
5.3 and Morpho] softwares with 36 3D landmarks defined on
skulls and mandibles. Specimen size was normalized, and land-
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marks from different specimens were superimposed using the
Procrustes method.

Transcriptome analysis

Three pairs of male mutant and control littermates, as well as
3 pairs of female mutant and control littermates were analyzed
using Agilent SurePrint G3 Mouse Gene Expression microar-
rays. The 2 femoral heads were collected and immediately frozen
in liquid nitrogen. Samples were crushed frozen using a mortar
and pestle, and RNA extraction was performed using QIAGEN
RNeasy Mini kit. RNA amplification and labeling were per-
formed using the one-color Low Input Quick Amp Labeling kit
(Agilent Technologies). Each RNA sample (50 ng) was amplified
and cyanin 3 (Cy3) labeled. Subsequently, cRNA (600 ng) was
fragmented and used for hybridization on Agilent sureprint G3
Mouse GE 8 X 60K Microarrays (design ID: 028005). Scans
(G2505CA; Agilent Technologies) were at a resolution of 3 um
and a dynamic range of 20 bits. The resulting images were an-
alyzed using the Feature Extraction software version 7.10.3.1
(Agilent Technologies). Statistical analyses were done in the Bio-
Conductor version2.10(27) and R version 2.15.0 environments.
To identify genes that were differentially expressed, we applied
the empirical Bayes on normalized data, moderated #-statistics
implemented in the BioConductor package LIMMA (version
3.12.0) (28). P values were adjusted for multiple testing using the
Benjamini and Hochberg method.

Results

Expression of TRa1"*°°® in mature osteoblasts has
no visible effect on postnatal growth and long
bones ossification

To clarify the respective contribution of mature osteo-
blasts and chondrocytes to the promotion of bone growth
by T, we generated 2 transgenic mouse models expressing
the TRa1"*°°R mutant receptor in one of these 2 cell types
(TRa*PR/C1 and TRa**R/C2, respectively). In both
cases, mice were born in the expected Mendelian ratios,
and their global health was not visibly affected. We first
observed the phenotype of TRa"*’%/C1 mice, expressing
the mutation in mature osteoblasts. No macroscopic de-
fect was visible in these mice. We used X-ray uCT to an-
alyze ossification at P14 and did not find any difference
between mutant mice and control littermates in BMD,
bone volume, trabecular volume, or other morphologic
parameters (Supplemental Table 1). We also analyzed
bone structure at adult stage (14 weeks) within the sec-
ondary spongiosa in the proximal metaphysis of the tibia
or femur and performed 3D reconstruction. Calcein la-
beling (2 days before analysis) was used to assess bone
remodeling dynamic parameters, and staining for tartrate-
resistant alkaline phosphatase activity was used to evalu-
ate osteoclast activity. None of these investigations re-
vealed any obvious influence of the mutation on bone
structure and development (data not shown). This led us



3126 Desjardin et al Thyroid Hormone Action in Cartilage

to conclude that altering of T3/TRal signaling in mature
osteoblasts is not sufficient to alter bone growth, and that
another cell type, most likely chondrocyte, must play a
major role in the T stimulation of bone growth.
Expression of TRa1*°°® in chondrocytes results in
postnatal growth retardation and delayed
ossification

Based on morphometric and bone length comparative
analyses, TRa"*°°®/C2 mice had important and persistent
postnatal growth retardation. TRa***°%/C2 mice were
20% smaller and 25% lighter compared with the control
atall postnatal ages examined (Figure 1 and Supplemental
Table 2). Mutant femurs, tibias, humeri, and ulnas as well
as paws were 20% shorter than bones from control ani-
mals at all examined stages. However, the TRa*?°R/C2
mice phenotype remained harmonious.

X-ray imaging and uCT analysis revealed delayed os-
sification in TR *°°R/C2 mice (Figure 2A). This was con-
firmed by alcian blue/alizarin red skeletal preparations,
showing a greater proportion of blue-stained cartilage in
the mutant appendicular and axial skeleton (humerus,

- B
-
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tibia, vertebrae, and ribs) at P14, P21 and P28 (data not
shown). Vertebrae of mutant mice were shorter and un-
dermineralized (Figure 2B). More strikingly, epiphyses
were not visible in the tibias and femurs of mutant mice
both at P14 (Figure 2C) and P35 (Figure 2, B and D).
Altogether, our results show that TRa**?°%/C2 mice dis-
play growth retardation by 2-3 weeks associated with
a delayed ossification. As expected, T; and T, circulat-
ing levels showed no systemic alteration (Supplemental
Table 3), confirming that the observed effects are cell-
autonomous consequences of TRa1%40R
chondrocytes.

expression in

Expression of TRa1**°°® in chondrocytes leads to

skull abnormalities due to impaired endochondral
ossification
TR *R/C2 mice showed a macroscopic abnormal
skull conformation with a shorter snout and minor incisor
malocclusion (Figure 1A). A 10% significant difference in
length and width of skull between control and mutant
mice was observed (Supplemental Table 2). Detailed uCT
analysis of the skull further revealed important modifica-
tions, including an incomplete min-
eralization of supraoccipital bone at
5 weeks of age (Figure 3A). There
was an occipital gap in the
TR *9°%/C2 skulls. This phenotype
is indicative of a delayed develop-
ment of the occipital bones. Interest-
ingly, the affected parts correspond
to a structure of cartilaginous origin,
which is not yet mineralized after

B 120 Size (cm) G 00 Weight (g) birth (29). There was a normal per-
100 | 25,0 | sistence of cartilage at spheno-occip-
80 4I—F17I i 20,0 fe i ital and intraoccipital synchondrosis
6,0 15,0 Contro in TRa™%R/C2 mice compared
40 10,0 with controls. There was no prema-
20 50 ture fusion of the sutures in mutant
00 00 mice.
P7 P14 P21 P28 P35 P100 P7 P14 P21 P28 P35 P100 A . .
morphometric analysis per-
Skl length (mm) 1oy Femurlength mm) formed. on skulls of P14,'P21, and
D 2 P35 mice allowed analysis of allo-
15,0 u metric growth by performing princi-
2 & W0 arravomc pal component analysis (PCA). For

P7 P14 P21 P28 P35 P100

Figure 1. TRa1*%%°R mutation in chondrocytes result in permanent size reduction: (A)
Mutant mice exhibit an important and persistent postnatal growth retardation and
minor incisor malocclusion (upper panel). B-E, Statistical analysis (Student t-tests) of
indicated parameters reveal a significant reduction (20%) in global size, femur and skull
length, and weight in TRa*#°°"/C2 mice which is maintained in adults.

10,0 ——I—I— ——

P7 P14 P21 P28 P35 P100

the skull, the first PCA axis, which is
highly correlated with age (P <
.0001), corresponded to a progressive
elongation of the skull, especially for
the snout (Figure 3B). Segregation of
control and TRa™*%/C2 growth
lines on the analysis clearly indicates
that the skull shape is modified in

Control
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Figure 2. 3D and Xray imaging indicates dwarfism and bone age delay in TRa1*°°*/C2 mice.
(A)- X-ray at P14 and P35 (B)- 3D imaging confirmed the delay of ossification (arrows) at P35. C,
-High magnification at the level of the knee confirming the ossification delay in TRa*#9°%/C2 mice

at P21 (arrows). D, Ossification delay at P35 (arrows).

mutants from early stages. Coordinates of mutant speci-
mens along PCA axis 1 indicate a retarded growth, with an
important delay at P35, in TRa"*?°%/C2 mice. The second
PCA axis appeared to be uncorrelated with age (P = .65)
and represented shape modification of the lower distal
part of the skull. The apparent shift of growth lines along
this second axis suggested a reduction of the supraoccip-
ital area of the neurocranium. In contrast, study of man-
dibular shape revealed only minor differences between
mutants and controls (Figure 3C), corresponding to a re-
duction in size of the angular process. Because the abnor-
mal skull morphology apparently results from defects in
cartilage-derived bone growth, we conclude that it is due
to impaired endochondral, but not intramembranous,
ossification.

Expression of TRa1*°°® in chondrocytes impairs
cartilage maturation and alters trabecular bone
structure

Comparison of the growth plate organization for
TR *%°R/C2 and control mice at P7, P15, P21, and P28
was based on histology (Figure 4) and in situ hybridization
of mRNA encoding type-II collagen, type X collagen, os-
teocalcin, and osteopontin (Figure 5). This confirmed a 2-
to 3-week delay for the formation of a secondary ossifi-
cation center in the epiphysis of TRa"**°R/C2 mice. By
contrast, no difference was observed at any of these de-
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velopmental stages for VEGF ex-
pression, a gene encoding a growth
factor known to play a major partin
coupling angiogenesis and osteogen-
esis in mineralized cartilage and
bony trabeculas (data not shown).

In good agreement with these
observations, histomorphometry
showed a dramatic change in the os-
sification center area in mutant
TRa"*%°R/C2 long bones (OC/GPO
ratio in Figure 6). In addition, we ob-
served a 20% lower femur epiphysis
height (Supplemental Table 4).
Growth plate (GP) as well as prolif-
erative zone and hypertrophic zone
height were measured, showing a
10%-15% lower GP height due to a
narrowing of both PZ (=10%) and
HZ (—15%) (Figure 6). During
growth, control and mutant GP
seemed to evolve in a similar way,
except that the HZ, which declines
with age, appeared to be slower for
mutant mice between 2 and 4 weeks.
Noteworthy, lower GP height ap-
peared to be proportionate to the smaller size of the femur
epiphysis.

The rate of chondrocyte proliferation, decreased over
time in both controls and TRa"*?°R/C2 PZ. The decrease
was accelerated in mutant mice, resulting in a significant
reduction in bromodeoxyuridine incorporation in mutant
chondrocytes at P7 and P14, but not at P21, compared
with controls (Figure 7 and Supplemental Table 5). How-
ever, immunohistochemistry for cell cycle markers, using
antibodies directed against Cyclin D1, p21, and p57, did
not reveal any difference between mutants and controls at
these development stages (data not shown).

As seen above (Figure 5C), osteocalcin expression was
lost in the epiphysis area and in trabeculas of subchondral
bone, suggesting an impairment in the bone mineraliza-
tion process. To more directly address this point, uCT was
used to analyze subchondral and cortical bone properties
(Figure 8 and Supplemental Table 6). Lower BMD and
trabecular thickness were observed in femoral subchon-
dral bone of TRa**°R/C2 mice. In addition, an increase
in trabecular number was observed at P14. The lower
BMD was the result of a decreased tissue mineral density,
and not of bone volume fraction, suggesting that the qual-
ity, but not the volume, of the mineralized bone was al-
tered in mutant mice. Noteworthy, subchondral bone pa-
rameters of P35 TRa *°°R/C2 mice appeared similar to
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Figure 3. Morphological modifications in skulls and mandibles caused by the expression of TRa1“/°°R in chondrocytes. A. Comparison of
TRat9%%/C2 and control mice at P35. Arrows indicate the unfused intra-occipital suture in TRa*?°°%/C2 mice. B-C Plot of principal components 1
and 2 based on Procrustes analysis of skull (B) and mandibular (C) 3D landmark coordinates of TRa*#°°?/C2 and control mice at P14, P21 and P35.

the ones of P21 controls, as illustrated by PCA analysis
(Supplemental Figure 2), confirming that the overall pro-
cess of bone mineralization is greatly delayed. In cortical
bone, the reduced cortical area in mutants suggested a
possible imbalance between bone formation by osteo-
blasts of periosteum and endosteum and bone resorption
by osteoclasts in the endosteum.

A Control

P14

Gene deregulation alterations induced by
TRa1“%%R expression in chondrocytes

To investigate the molecular mechanisms underlying
the TRa"*%/C2 phenotype defects, and to identify the
immediate consequences of expressing TRa1**%°R in
chondrocytes, we performed cartilage transcriptome anal-
ysisat P14. DNA from 6 pairs of TRa"*°®/C2 mutant and

TraL400R/C2 Control

Figure 4. Delay of ossification in TRat#?%% /C2 femurs. A, Light green-Safranin O staining of control and TRa!“?°%/C2 femurs showing a delay of
the formation of the epiphyseal ossification center (OC) in the mutant at P14 and P21. B, Histological analyses of the growth plate showing a

reduction of the size of the growth plate from P7 to P21.
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TRaL400R/C2 Control
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>

e ®
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@)
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Figure 5. Expression of TRa1-*%°® in chondrocytes alter both chondrocytes and osteoblasts
populations in femurs (A) In situ hybridization of Col2a7, encoding type Il collagen showing a
specific expression restricted to the cartilage. B, In situ hybridization of Co/70a7, encoding type X
collagen does not indicate any significant change in the hypertrophic zone in TRa*#°°R/C2 mice.
C, In situ hybridization of Bglab encoding osteocalcin in osteoblasts, shows a specific expression

in the mineralized tissues and confirms a delay of bone maturation.

control littermates (3 pairs of males and 3 pairs of females)
were analyzed using Agilent SurePrint G3 Mouse Gene
Expression microarrays. This analysis highlighted 95
down-regulated and 361 up-regulated genes in mutant
mice (fold change superior to 1.5, adjusted P value = 0.05)
(Supplemental Table 7). We used quantitative PCR to con-
firm some of these observations (Supplemental Table 8).

Gene Ontology (GO) analysis indicated that these
genes are mainly involved in development (including 47
genes involved in skeletal development) cellular organi-
zation, cell communication, metabolic processes (includ-
ing nucleic acid and protein metabolism as well as pro-
teoglycan biosynthesis and bone mineralization), cell
adhesion, vesicle-mediated transport, cell cycle, and apo-
ptosis (Supplemental Table 9).

These modulated genes are associated with several skel-
etal phenotypes such as abnormal birth body size (MP:
0009701) and skeleton morphology (MP:0005508), as
well as abnormal bone ossification (MP:0008271). Sta-
tistically enriched biological processes include cell differ-
entiation (GO:0030154), regulation of biosynthetic pro-
cess (GO:0009889), regulation of primary metabolic
process (GO:0080090), especially regulation of RNA
metabolic process (GO:0051252) and regulation of nitro-
gen compound metabolic process (GO:0051171), as well
as cell adhesion (GO:0007155) and cilium morphogenesis
(GO:0060271) (Supplemental Table 7).
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Noteworthy, increased expres-
sion of Igf1r (X1.9)and Igf2r (X1.7)
was observed, whereas no change in
Ghr and Fgfr3 expression could be
detected.

Discussion

The generation of somatic mutations
by Cre/loxP recombination reveals
that TRal in cartilage plays a pre-
dominant role in the promotion of
bone growth by T;. In agreement
with previous study (17) this leaves
little room for the controversial hy-
pothesis that proposed an indirect
influence of TSH (30). Although our
data suggest that T; only acts on
chondrocytes, and not in osteo-
blasts, it should be stressed that in
the TRa"*°°R/C1 mice, TRa1¥*R
is only expressed at a late stage of
osteoblast differentiation. There-
fore, the possibility remains that the
T3/TRal pathway is also required at early steps of their
differentiation. Similarly, we did not explore a possible
bone homeostasis alteration linked to aging in our models.
However, our genetic evidence confirms previous hypoth-
eses based on in vitro studies (31) and phenotype analysis
of mice carrying germ line mutations (32, 33) that attri-
bute to chondrocytes a pivotal role in the promotion of
bone growth and ossification by T;. This developmental
function appears to be mediated mainly by TRa1.

Comparison with other Thra knock-in mouse
models

The bone phenotype has been reported for mice ex-
pressing mutations similar to TRa1**°°®, The TRa1"V
mutation (34) also alters the C-terminal helix required for
the ligand-dependent coactivators,
whereas the TRa1%?**“ mutation reduces ligand affinity
(18). The bone phenotype of TRa1”Y* and TRa1R384¢/+
mice is also marked by a major delay in endochondral
ossification (32, 35). In both cases, a proportional nar-
rowing of PZ and HZ was observed, reflecting impaired
entry of progenitor cells into the PZ, together with im-
paired hypertrophic chondrocyte differentiation. In our
study we found, however, that the PZ evolves similarly in
mutants and controls up to P30, whereas the HZ declines
at a slower rate in mutants between P15 and P30. This
rather suggests a differential effect of TRa1™*9R

recruitment of

expres-
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Figure 6. Expression of TRa1“*°°% in chondrocytes delays endochondral ossification. Histomorphometric analysis of the growth plate showing
that the heights of epiphysis (EP), growth plate (GP), proliferative zone (PZ) and hypertrophic zone (HZ) were reduced In THRa!#?°F/C2 mice
compared to control littermates. Ratio calculations indicate a proportionate reduction of GP height compared to femur size, and a relative
reduction in the size of EP, PZ and HZ. The ratio OC/GP confirmed a delay in endochondral ossification.

sion on proliferative and hypertrophic chondrocytes dur-
ing growth.

Another discrepancy is that TRal”Y* and
TRa1®334¢/+ mice display delayed intramembranous os-
sification of the skull (delayed fontanel closure and suture
fusion), without apparent change in skull dimension,
whereas we observed a modification in skull shape con-
sistent with impaired endochondral ossification without
alteration in intramembranous ossification. The observed
defect in TRa**?°R/C2 snout elongation also leads to in-
cisor malocclusion, which is likely to modify forces pro-
duced by masseter muscles attached to the angular pro-
cess. Because angular process development is partly
dependent on such forces (36), it is tempting to speculate
that the primary defect of supraoccipital bone may cause
small changes in mandible shape, whereas disruption of

the Meckel cartilage may alter both size and shape of the
mandible.

One likely explanation for these differences is that the
TRa1"Y and TRa1®334C are expressed in all cell types.
Therefore delayed intramembranous ossification, as ob-
served in these mice, is unlikely to be a cell-autonomous
consequence of mutant receptor expression in chondro-
cytes. It is possible, however, that the dissimilarities be-
tween the mouse models result from differences in recep-
tor conformations. Three human mutations in the THRA
gene have been reported recently, altering the C-termi-
nal helix of the receptor like the mouse PV and L400R
mutations (10, 11, 37, 38). The patients with these mu-
tations share a number of phenotypic alterations, in-
cluding short stature, macrocephaly, and bone age de-
lay but also display marked differences: For example,
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Figure 7. Expression of TRa1%*°%% in chondrocytes decreases chondrocytes proliferation and alters bone structure. A) BrdU labeling reveals a
significant lower rate of chondrocyte proliferation in the femur growth plate at P7 and P14 in mutants. B-L)Microcomputed tomography (uCT)
analysis of femurs in TRaL*°°¥<2 mice. Subchondral trabecular bone display a lower BMD and TMD (B and C) at P14, P21 and P35. The BV/TV ratio
(D) is not significantly altered. The trabecular thickness is also lower in mutant mice and the number of trabeculae is lower at P14 (E and F). Taken
together, these results suggest that the lower BMD results from a delay of mineralization in mutant mice but that the volume of the mineralized
bone is not altered. There are significant differences between the cortical bone of control and mutant mice for the inner and the outer perimeters
(G,H) and for the cortical and marrow areas (1,J). These data suggest an impaired balance between bone formation by osteoblasts of the
periosteum and endosteum and bone resorption by osteoclasts in the endosteum.

dysgenesis and fragmentation of the femoral epiphysis
werereported in2 of 4 cases only (10). It seems therefore
that different THR A mutations may produce variable phe-
notypes. A similar situation has been reported for THRB
mutations, for which extensive in vitro studies showed that
similar changes in receptor structures can have different out-
comes (39).

Role of TRa1 in cartilage

T;seemsto actin cartilage atseveral levels. It stimulates
the clonal expansion of resting chondrocytes and inhibits
chondrocyte proliferation. It also stimulates hypertrophic
chondrocyte differentiation, as shown by induction of col-
lagen X expression, changes in heparan sulfate proteogly-
can secretion, and alkaline phosphatase activity upon T;
stimulation (40, 41). Likewise, T is involved in terminal
differentiation and capillary invasion by stimulating the
degradation of proteoglycans, as illustrated by the aggre-

can breakdown induced by T; enhancement of aggreca-
nase-2/ADAM-TSS activity (42).

The respective functions of TRal and TRB1 in these
processes are still unclear. In primary culture of rib chon-
drocytes, T treatment decreases cell proliferation. This in
vitro effect is mediated by TRB1, not TRal (31), and is
linked to a stimulation of BMP signaling (43). This is in
apparent contradiction to the phenotype of mice with the
Thrb mutation, which have advanced bone age. However,
these mice have impaired pituitary-thyroid axis and ele-
vated T level, and their bone phenotype mainly reflects
excessive TRal stimulation by T5 (16, 32). In our study,
a 5%-15% decrease in chondrocyte proliferation rate was
found in TRa"*?°%/C2 mice, suggesting that TRa1 may be
involved in mediating a positive effect of T5 on chondro-
cyte proliferation, as observed in other cell types (44 -46).
However, our study does not arrive at a firm conclusion
concerning the respective contribution of TRal and
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Figure 8. A unifying model for the role of TRa in cartilage and bone development. TRB mutations alter bone growth mainly in an indirect
manner, by altering the feedback regulation of the circulating T5 level and creating a status of thyrotoxicosis. TRa1 mutations produce a
phenotype similar to hypothyroidism, by preventing chondrocytes of the hypertrophic and proliferation zone to respond to T5 stimulation.

Modified from (9).

TRB1. The reason is that we cannot rule out that the
TRa 1R mutated receptor exerts its dominant-negative
activity on both TRa1 and TRB1. However, a systematic
analysis of mice expressing TRa1#9R
cates that most known Thrb functions are preserved (20).

in all tissues indi-

Extracellular matrix (ECM) alterations and cross
talks with other signaling pathways

We expected that our transcriptome analysis would
clarify the functions of T; in cartilage maturation. One
limitation is that changes in mRNA levels may not reflect
the direct influence of TR1**%°R on gene expression in
chondrocytes but instead changes in the cellular compo-
sition of the cartilage at P14. These changes in cellular
composition are illustrated by our in situ hybridization
results, which indicate a strong reduction in the number of
cells containing Bglab mRNA, which encodes osteocalcin.
This decrease is unlikely to reflect down-regulation of
Bglab expression but most likely relates to the 