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General discussion






General Discussion

Longitudinal bone growth occurs throughout childhood and is the key characteristic that
distinguishes children from adults. During puberty longitudinal growth rate first increases,
but finally as the growth plate further matures growth decreases and eventually ceases with
epiphyseal fusion at the end of puberty. Mechanisms underlying growth plate maturation and
epiphyseal fusion with termination of longitudinal growth are still largely unknown. With puberty
estrogen levels increase and this is supposed to play an important role in growth plate maturation
and epiphyseal fusion. In this thesis we investigated:

1. The route and effects of estrogens (173-estradiol or/and SERMs) on growth plate
structure and VEGF expression.

2. Maturation of the growth plate: regarding proliferation and the cell cycle, the delayed
growth plate senescence theory, pubertal changes and epiphyseal fusion.

3. Arelatively new human growth plate model using mesenchymal stem cells.

Actions of estrogens and selective estrogen receptor modulators

Estrogens play a key role in longitudinal bone growth through growth plate maturation,
epiphyseal fusion and augmentation of accrual of bone. In the human lack of estrogen action leads
to continuation of growth and subsequently tall stature by absence of growth plate fusion (1;2).
Conversely high levels of estrogen inhibit longitudinal bone growth and can clinically be used to
prevent tall stature, but treatment is associated with side-effects (3). Therefore it is important to
investigate the actions of estrogens in more detail.

In the sexually immature rat we observed an increase in body weight gain, tibia length and width
of the growth plate with an increased proliferating zone after removal of estrogens by ovariectomy.
Suppletion of estrogen showed the reverse effects in line with the clinical observations in
humans. The effects of estrogen have been suggested to be mediated mainly through the nuclear
receptors ERa and ERf3, which are both expressed in growth plate chondrocytes of several species,
including the human (4-7). We detected these estrogen receptors in the rat predominantly in
late proliferating and early hypertrophic chondrocytes and observed a decrease in ERa and ERf3
staining with estrogen suppletion in chapter 2.

Estrogen can exert its effects through a genomic or non-genomic pathway, however the
contribution of these routes to longitudinal growth has not been clarified up to now. Desoxyestrone
administration, a synthetic compound that exclusively acts through the non-genomic pathway,
resulted in a decrease in longitudinal growth although to a smaller extent than 17-estradiol. This
indicates that estrogenic effects on longitudinal growth are regulated both through genomic and
nongenomic pathways with genomic signalling prevailing.

Estrogen acts on a number of diverse tissues resulting in potential side-effects of estrogen
treatment (3). Selective estrogen receptor modulators (SERMs) were developed to circumvent
these side effects (8). 2-methoxyestradiol was suggested to be tissue-selective in the growth
plate of female rats (9). We administered 2-methoxyestradiol to sexually immature rats and
indeed found a decreased thickness of the proliferative zone in female rats and a decrease in the
thickness of the total growth plate and of the hypertrophic zone in the male rat, but no general
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effect on longitudinal growth was observed. Sibonga et al did find an effect on longitudinal bone
growth when 2-methoxyestradiol was administered orally to older (10 weeks) and more mature
rats (10). Therefore we conclude that 2-methoxyestradiol indeed has a growth plate selective
estrogenic effect. However, more studies in animal and human models are needed to optimize
the effects on longitudinal bone growth and to assess potential side-effects before clinical use
can be considered. Recent studies have assigned 2-methoxyestradiol as a promising anticancer
agent in the treatment of cancer; since it induces apoptosis in cancer cells (11;12). Nowadays more
extensively investigated SERMs in relation to skeletal growth are raloxifene and tamoxifen. Both
compounds act as estrogen agonists and impair longitudinal bone growth (13-15).

Estrogens can have a direct effect, but also an indirect effect on growth by stimulating the GH-IGF-I
axis resulting in an increase of IGF-1 levels (16;17). In our estrogen treated rats we were unable to
measure circulating IGF-1 levels, but we did investigate local IGF-1 expression. We did not observe
an effect on IGF-1 expression in the growth plate.

VEGF expression in the growth plate

Estrogen and its receptors interact with various growth factors in order to control longitudinal
growth (16-19). One of these growth factors is Vascular Endothelial Growth Factor (VEGF). It was
previously shown that estrogen up-regulated VEGF expression in uterus and bone tissue (20;21).
In chapter 3 we demonstrate that VEGF expression in chondrocytes was elevated by estrogen
treatment in vivo and in vitro. Removal of estrogens by ovariectomy resulted in a decrease in VEGF
expression. Moreover, pubertal human growth plate maturation resulted in an increase in VEGF
expression. From these observations we concluded that estrogens regulate VEGF expression in
the growth plate.

Vascular Endothelial Growth Factor (VEGF) is important in the final event of endochondral
ossification, as it has a function in chondrocyte differentiation and chondrocyte survival (22-24).
Inhibition of VEGF resulted in dramatic effects on longitudinal growth and the growth plate in
previous studies (22;25). At the end of puberty longitudinal growth ceases with total replacement
of avascular cartilage by highly vascularized bone eventually resulting in epiphyseal fusion.
VEGF could play an important role in this process. Our results are in line with this hypothesis,
since estrogen and pubertal maturation both upregulated VEGF expression in growth plate
chondrocytes suggesting a potential role for VEGF in estrogen-induced growth plate fusion.
However, this suggested role needs to be confirmed in future experiments.

Growth plate senescence, proliferation and p27

One of the postulated hypotheses for epiphyseal fusion is that estrogen accelerates the senescent
decline and that the growth plate fuses when senescence reaches a critical point (26). Senescence
is a term for structural changes like a decrease in height of different zones in the growth plate, but
also for the decline in chondrocyte proliferation (26;27). Senescence might influence proliferation
and the cell cycle of chondrocytes by orderly inactivation and activation of cyclin-dependent
kinases and kinase inhibitors like p27Kip1 (p27). p27-deficient mice have an increased size of
long bones and weight compared to wild-type mice, suggestive for a functional role for p27 in
the regulation of longitudinal growth (28-30). In chapter 4 we detected p27 mRNA in the growth
plates of 5-wk-old mice by real-time PCR. The p27 mRNA levels in growth plate tissues were
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approximately 2-fold lower than levels in the surrounding bone tissue. No significant difference
was detected in p27 expression in the separate zones. Previous studies suggested a role for p27
in the differentiation of terminal growth plate chondrocytes. However, our results are in contrast
with this since no elevated expression was seen in the hypertrophic zone (28;31;32). p27 ablation
modestly increased chondrocyte proliferation in the growth plate and body length of 7 weeks old
mice, however tibia length was not significantly greater than in controls. Presumably the increase
in total length was a result of greater growth in the vertebrae and the increase in proliferation may
have started shortly before sacrifice. The latter is supported by observations made by others who
reported an increase in body size later in life, therefore most likely the increase in proliferation
was too short to result in an increase in length of long bones (29;33). Another explanation for the
modest effect of p27 in our study might be a difference in genetic background. Previous studies
used a different background and have reported a more prominent growth phenotype (coisogenic
129S4 mice).

Treatment with glucocorticoids inhibited longitudinal growth in p27-deficient mice and controls
to the same extent, indicating that p27 is not required for the negative effects of dexamethasone
on longitudinal growth. Our findings in chapter 4 suggest that p27 negatively modulates growth
plate chondrocyte proliferation, but it is not required for the conditional regulation of chondrocyte
proliferation as induced by dexamethasone in the growth plate of rats.

In chapter 7 we used microarray techniques on human growth plate tissues and detected a
significant change in the cell cycle pathway with progression of puberty. 15 out of 84 genes in
this pathway were affected and among these was p27. p27 showed an up-regulation in expression
with pubertal maturation of the growth plate. This indicates that the cell cycle activity and thereby
proliferation decreased in line with the senescence hypothesis in the human pubertal growth plate
and the reduced chondrocyte proliferation during growth plate maturation.

The delayed growth plate senescence hypothesis and catch-up growth

After a period of growth inhibition, the linear growth rate usually exceeds the normal range.
This phenomenon is known as catch-up growth (34). Evidence from animal studies suggests that
catch-up growth is due, at least in large part, to a delay in growth plate senescence. However, the
relationship between catch-up growth and delayed growth plate senescence has only been studied
in rabbits and rats (27;35). In chapter 5 we re-evaluated height and bone age measurements in
patients with celiac disease before and on gluten-free diet. On gluten-free diet these patients
experienced catch-up growth. We concluded that the pattern of catch-up growth in patients with
celiac disease is consistent with the hypothesis of delayed growth plate senescence. We are the
first showing human data in line with this hypothesis, however we cannot exclude that additional
mechanisms like for example microRNAs and changes in gene expression may have contributed to
the increase in height velocity as well.

Pubertal growth plate maturation

We had the unique opportunity to obtain two epiphyseal samples of one patient in different stages
of puberty. Microarray analyses of these two samples were used to receive a first insight in the
molecular processes and interactions occurring during human growth plate maturation in chapter
6. Histological experiments and measurements showed a clear decrease in width of the total
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growth plate, more widely spaced columns with less cells and consequently more extracellular
matrix in the more mature growth plate. This confirmed earlier observations in rabbits and rats
(36;37). Our microarray results were in line with our morphological data obtained with histology,
showing many genes and pathways related to the extracellular matrix significantly affected with
maturation. Progression of puberty did affect many genes in the cell cycle pathway.

In addition, we have performed a detailed bioinformatic analysis on these two growth plate
specimens. More specifically, we searched the promoter regions of genes that are differentially
expressed in the two growth plate specimens with pubertal maturation for evidence of direct
effects of estrogen, androgen, GH, IGF-I1 and PTHrP on their expression and analyzed these
genes for their evolutionary conservation across 9 primates. Sequences evolutionary conserved
along species are likely to have critical functional roles (38). This data provides for the first time
evidence that Estrogen receptor, androgen receptor, STAT5B, ELK-1 and RUNX2 were found to
have transcription factor binding motifs in genes involved in growth plate maturation, suggestive
for a role of these transcription factors in pubertal maturation of the human growth plate.

In order to extend our microarray analyses in relation to pubertal growth plate maturation we
collected additional human growth plate tissues. Growth plate tissues were obtained from
patients who were undergoing surgery for a variety of disorders. Even though patients suffered
from diverse disorders, we assume that the underlying mechanism of epiphyseal maturation and
fusion is the same for all growth plates. Eventually longitudinal growth stops in all patients at the
end of puberty. In chapter 7 a cross-sectional microarray analysis was performed on 6 female tibial
growth plates of various pubertal stages. Results suggested many genes changing from prepuberty
to early puberty, however most alterations occurred during late puberty. Overall changes in gene
expression were very small and only few genes changed more than 2 fold with progression of
puberty. This shows that there is no large change in expression patterns with progression of
puberty and that there rather might be an effect of multiple small factors. The fact that we did not
observe large changes is also in line with the senescence theory. This theory suggests that stem-like
cells in the resting zone have a finite proliferative capacity, which is gradually exhausted resulting
eventually in epiphyseal fusion (27;39). Loss of DNA methylation is suggested to be a biological marker
for growth plate senescence and this can not be detected by microarray analysis (40).

Affected pathways were associated with extracellular matrix homeostasis, hormonal pathways
and programmed cell death. These findings in affected pathways are in agreement with the
observed results in the longitudinal study in chapter 6, however gene profiles were not fully
overlapping and sets of other genes were at times in contrast as well.

Epiphyseal fusion

The exact mechanism by which epiphyseal fusion occurs is not yet completely understood. In
chapter 8 we investigated apoptosis as the final mechanism by which chondrocytes eventually die
and are replaced by bone. At the chondro-osseous junction site of the growth plate, apoptosis is
nowadays generally accepted as the mechanism by which terminally hypertrophic chondrocytes
die (41;42). Itis generally assumed that the same mechanism eventually also results in epiphyseal
fusion. We performed a detailed study on apoptosis in terminal hypertrophic chondrocytes in the
pubertal female growth plate and found no signs of classical apoptosis. In addition, we studied a
unique tissue specimen of a late pubertal human growth plate in the process of epiphyseal fusion
and found clear evidence that apoptosis is not likely to be involved in the end phase of growth plate
fusion. We did observe a dense border of thick bone surrounding the growth plate remnant, signs
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of hypoxia and early necrosis in this fusing growth plate. We hypothesize that the border of dense
bone is functioning as a physical barrier for oxygen and nutrients to reach the fusing growth plate
resulting in hypoxia and eventually cell death in a non-classical apoptotic way through necrosis
or a mixture of apoptosis and necrosis. In line with this new hypothesis White et al. recently
demonstrated bridging bone in the center of a distal human tibial growth plate obtained from a
12.9 years old girl which might be an early sign of this shelling process (43).

Interestingly, in chapters 6 and 7 we found a significant increase in expression of the hypoxia-
inducible factor 2 alpha gene from prepuberty to early and late stage puberty. The HIF-1alpha
gene was also found to be expressed, but no change was seen with maturation. These findings are
in line with Stewart et al, who reported an up-regulated expression of HIF-2alpha mRNA during
chondrocytes differentiation in vitro, but no change in HIF-1alpha mRNA expression (44). Hif-
2alpha knockout mice are small, what might indicate that this gene has an important role in the
growth plate and subsequently in the regulation of longitudinal growth (45).

Therefore we believe it could be a hypoxia related process leading eventually to cell death of
growth plate chondrocytes. Indeed with our microarray experiments in chapters 6 and 7 we did
find many affected genes changing with pubertal maturation that are involved in programmed
cell death, e.g. proapoptotic and anti-apoptotic genes, but also genes involved in the regulation of
autophagy. However, histological and electron microscopy analyses thus far showed no signs of
classical apoptosis and no autophagosomes in the fusing growth plate in chapter 8. Apoptosis and
autophagy are closely related and there is an overlap in signaling proteins (46;47). The results
of our studies are in line with this and suggestive for a non-classical and perhaps intermediate
mechanism of different types of cell death.

Growth plate models

Most of our knowledge regarding the regulation of the growth plate is based on animal studies.
However most animal models only partially correspond to the human situation and many species
differences are present. In mouse and rat for example, in contrast to humans, growth plates do
not fuse under the influence of estrogen at the end of puberty (48;49). This indicates that rodents
are not perfectly representative for studies on growth plate fusion, excluding the use of transgenic
approaches.

In chapter 9 we investigated a promising relatively new human model for the growth plate,
human mesenchymal stem cells (hMSCs). hMSCs are multipotent and can differentiate into the
chondrogenic lineage. Originally MSCs were isolated from bone marrow, however nowadays
they can be obtained from various tissue sources, like fetal tissues, placenta, umbilical cord
blood and adipose tissue (35;50-54). In chapter 9 we investigated the chondrogenic potential of
hMSCs originating from various tissues. Bone marrow derived MSCs appeared to have the best
chondrogenic potential, with fetal bone marrow prevailing over adult bone marrow. A passage-
dependent decrease in the capacity of cartilage formation was seen in line with previous results
in adult MSCs (55).

In chapter 10 we studied in detail the cartilage forming capacity of fetal hMSCs in order to explore
in more detail the molecular processes and interactions taking place during early phases of
chondrogenesis, chondrocyte proliferation and chondrocyte differentiation. To determine which
type of hyaline cartilage is formed by differentiating hMSCs, we compared the gene expression
profile with previously established gene expression fingerprints of human articular and epiphyseal
growth plate cartilage. As differentiation towards chondrocytes proceeded, hMSCs gradually
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obtained a gene expression profile that was more overlapping with the fingerprint of epiphyseal
growth plate cartilage than of articular cartilage. This study validates differentiating fetal bone
marrow-derived hMSCs as an excellent model for the epiphyseal growth plate. This new human
model now opens the opportunity to elucidate clinical conditions influencing chondrogenesis
and cartilage homeostasis in more detail as well as the opportunity to develop strategies for new
treatment options for cartilage disorders.

Final remarks and suggestions for future studies

Patients with growth disorders are frequently presented to pediatricians. The etiology can only be
established in a minority of these patients and even in such cases a causal treatment is usually not
available. A better understanding of the mechanisms by which longitudinal growth is regulated at
the level of the epiphyseal plate is therefore needed. We focused in our studies on the effects of
estrogen and growth plate maturation and found interesting new clues for further study in order
to design new treatment options.

17B-estradiol treatment is used from the mid-fifties to decrease final height, however there are
several potential side-effects like an increased risk for breast and uterus cancer and decreased
fertility (3). We showed a growth plate selective estrogenic effect in rats with 2-methoxyestradiol
treatment. This could be a potential new treatment option, however more detailed studies on
longitudinal bone growth and potential side-effects of 2-methoxyestradiol treatment in the human
are needed.

Adult height is achieved at the end of puberty after the growth plate has fused and there is no
longitudinal growth potential anymore. The process of epiphyseal fusion in the human is still
largely unknown and modulation of this process could potentially lead to new treatment strategies.
Delaying epiphyseal fusion is expected to result in an increase in adult height by allowing more
time for growth supporting treatments. On the contrary, initiating epiphyseal fusion would help
in the treatment of tall stature. In our studies we have shown that estrogen increases VEGF
expression in growth plate chondrocytes and suggested that VEGF plays an important role in
estrogen-induced growth plate fusion.

We showed that apoptosis is not likely to be involved in the end phase of growth plate fusion,
however we did detect signs of hypoxia in the fusing growth plate. Therefore we present a new
hypothesis in which hypoxia plays amore importantrole in growth plate maturation and epiphyseal
fusion. Both our morphological and microarray experiments are in line with this assumption. We
hypothesize that hypoxia increases during maturation of the growth plate. At the end of puberty a
border of dense bone is formed that surrounds the growth plate functioning as a physical barrier
for oxygen and nutrients resulting in more hypoxia and eventually cell death in a non-classical
apoptotic way. Increasing levels of VEGF might be a result of this process as well, since many
studies reported an increase in VEGF expression by hypoxia (56-58). This model needs further
investigations. It would be interesting to study Hif-1alpha and Hif-2alpha protein expression in
our human growth plate collection. Moreover it would be useful to extend our collection of growth
plates for investigations regarding maturation of the growth plate and the proposed hypotheses
in more detail. Our microarray results are promising and contain a great amount of data; however
more samples are needed to validate our findings. With a larger collection, results could serve as a
database and clarify multiple research questions involving the growth plate.

Without a large collection of human growth plates other methods and models are needed, like
MSCs. We recommend using MSCs derived from human fetal bone marrow. These MSCs showed to
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be a good model for the human growth plate and have the advantage that they can be genetically
modified. Interesting experiments would be over-expression or down-silencing of certain growth
factors and receptors like the estrogen-receptor. Ultimately this will help us in understanding in
depth the molecular mechanisms that drive growth plate maturation and will help us to develop
new strategies for the treatment of cartilage and growth disorders.
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