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Abstract
Hox genes are well known regulators of pattern formation (Capecchi, 1996; Krumlauf, 1994) and
cell differentiation (Goff and Tabin, 1997; Papenbrock et al., 2000; Yueh et al., 1998) in the
developing vertebrate skeleton. Although skeletal variations are not uncommon in humans (Hald
et al., 1995), few mutations in human HOX genes have been described (Goodman and Scambler,
2001). If such mutations are compatible with life, there may be physiological modifiers for the
manifestation of Hox gene-controlled phenotypes, masking underlying mutations. We here present
evidence that the essential nutrient folate modulates genetically induced skeletal defects in Hoxd4
transgenic mice. We also show that chondrocytes require folate for growth and differentiation and
that they express folate transport genes, providing evidence for a direct effect of folate on skeletal
cells. To our knowledge, this is the first report of nutritional influence on Hox gene controlled
phenotypes, and implicates gene-environment interactions as important modifiers of Hox gene
function. Taken together, our results demonstrate a beneficial effect of folate on skeletal
development that may also be relevant to disorders and variations of the human skeleton.

INTRODUCTION
Folate deficiency has long been recognized as an important contributor to susceptibility for
birth defects (Lewis et al., 1998; Lucock, 2000) and epidemiological studies have
demonstrated a beneficial effect of folate supplementation on prevention of birth defects
(Berry and Li, 2002; Czeizel et al., 1999; Molloy and Scott, 2001; Ray et al., 2002). These
studies have focused on neural tube defects and craniofacial abnormalities, due to their ease
of detection at birth and visual ascertainment criteria (Berry and Li, 2002). With respect to
skeletal development, evidence for the importance of folate metabolism comes from
methotrexate-exposed rabbits (DeSesso and Goeringer, 1991) and skeletal involvement in
the well-known aminopterin/methotrexate syndrome in humans (OMIM 600325). However,
direct studies of the effect of folate on skeletal development have not been reported to date.

The development of most of the skeleton proceeds in an ordered succession of steps, known
as endochondral bone formation, during which an initial cartilage model for skeletal
structures is formed that is later replaced by bone. This process is regulated by systemic
factors, such as the insulin-like growth factors and growth hormone (Robson et al., 2002),
by the action of cell-type specific transcription factors, such as Sox-9/Sox-5/Sox-6
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(Lefebvre et al., 2001), and also by local regulators of cartilage differentiation, such as
fibroblast growth factors, hedgehog proteins, bone morphogenetic proteins and their
respective receptors (Minina et al., 2002). The ultimate shape of future skeletal elements
already becomes defined at the stage of cartilage formation, in the process known as pattern
formation, and is mediated by the Hox transcription factors.

There is a large body of evidence that mutations in Hox genes, as well as overexpression and
misexpression, affect patterning, growth and differentiation of skeletal elements in
experimental animals. Yet, surprisingly few mutations in human HOX genes have been
found to date. The limb phenotypes in patients with Hand-Foot-Genital Syndrome and
Guttmacher Syndrome are caused by mutations in HOXA13 (Innis et al., 2002; Mortlock and
Innis, 1997), and Syn/Polydactyly by mutations in HOXD13 (Akarsu et al., 1996; Muragaki
et al., 1996). However, other Hox genes have not been implicated in skeletal abnormalities,
and it was suggested that Hox gene mutations may be detrimental to survival even in
heterozygous state and therefore infrequent in the population (Galis, 1999). However, if all
mutations were reproductively unsuccessful, it becomes difficult to envision how
evolutionary changes in the Hox gene system, and in animal body plans as patterned by Hox
genes, could have been accomplished. Clearly, genetic variation does occur in human HOX
gene loci (Dow et al., 1992; Faiella et al., 1998; Goodman et al., 1997; Goto et al., 1991;
Ingram et al., 2000; Kolon et al., 1999; O'Brien et al., 1997). Furthermore, skeletal
variations that resemble animal Hox phenotypes are frequent in asymptomatic humans (Hald
et al., 1995), indicating that such variations are viable. A plausible explanation is that human
HOX gene mutations may escape detection because the phenotypic manifestation of such
mutations can be modulated by external factors, such as nutritional status. We here present
evidence to support this hypothesis by showing that nutritional status can modulate a Hox
gene controlled phenotype.

RESULTS
Cartilage defects in Hoxd4 transgenic mice

We have previously shown that the overexpression of Hoxc8 in transgenic mice impairs
cartilage formation through a delay in chondrocyte maturation (Yueh et al., 1998). When a
Hoxd4 transgene is expressed in exactly the same fashion as Hoxc8 (Figure 1), the Hoxd4
transgenic animals also exhibit profound cartilage defects: the cartilaginous portions of the
ribs lack tensile strength, and the vertebral column is very flexible and unstable due to
reduced or absent intervertebral cartilages (Figure 2). In the most severe cases, transgenic
animals die from inability to inflate their ribcages during breathing. In addition, Hoxd4
transgenic animals are born with open eyes, a phenotype also observed in Hoxc8
transgenics. In Hoxc8 transgenic mice, the transgene is overexpressed in the normal
expression domain of Hoxc8, which includes cartilage (Cormier and Kappen, manuscript in
preparation). Hoxd4 is normally expressed in cartilage in more anterior structures, and in
Hoxd4 transgenic mice, is now expressed ectopically within the Hoxc8 domain under control
of Hoxc8 regulatory sequences. The similarities of defects in Hoxd4 and Hoxc8 transgenic
mice (Yueh et al., 1998) show that both Hox genes - expressed under control of the same
chondrocyte-specific enhancer - act in comparable fashion on developing cartilage. As for
the Hoxc8 transgene, the severity of Hoxd4-induced cartilage defects is transgene-dosage-
dependent (Yueh et al., 1998 and data not shown), consistent with a quantitative role of Hox
transcription factors in cartilage development. The delay in chondrocyte maturation is
evident during cartilage formation in Hoxd4 transgenic mice (Figure 2). In Hoxc8 transgenic
mice, the delay is associated with decreased incorporation of BrdU, a marker for DNA
synthesis (Cormier et al., 2003). In addition, expression studies indicated reduced expression
of the Thymidylate Synthase gene in Hoxc8 transgenic chondrocytes (Talmadge and
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Kappen, unpublished), potentially implicating reduced DNA synthesis as the cause of
delayed cartilage maturation. On this basis, we hypothesized that providing a key metabolite
for DNA synthesis, the known mitogen folic acid (folate), might have a beneficial effect on
skeletal development in these mice.

Folate supplementation reverses cartilage defects
We therefore supplemented folate to the diet of female mice that carry but do not express the
Hoxd4 transgene (genotype +/+ TR/+, see Methods for details). When mated to homozygous
transactivator males (TA/TA +/+), these females will generate Hoxd4 transgene-expressing
(TA/+ TR/+) and control embryos (TA/+ +/+) in the same litter. Figure 3 shows that
skeletons prepared from folate-supplemented Hoxd4 transgenic embryos exhibit restored
Alcian Blue staining in rib and vertebral cartilage. The structural rigidity of skeletons was
also improved. Cartilage staining was restored in up to 80% of progeny, a figure that is
comparable to the rescue of neural tube defects by folate in Folbp1-deficient (92%), Cart-1-
deficient (81%), Cited2-deficient and splotch mutant mice (Barbera et al., 2002; Fleming
and Copp, 1998; Piedrahita et al., 1999; Zhao et al., 1996). Our results establish a protective
effect of folate on skeletal development and provide evidence that nutritional status can
modulate a genetically based skeletal phenotype.

Differential effect of folate on different tissues
Interestingly, the open-eye-at-birth phenotype was not reversed, even with increasing doses
of folate (data not shown). These data suggest differential susceptibility of different tissues -
mesenchyme around the eye and cartilage, respectively - to the beneficial effects of folate.
There are currently no data available to distinguish whether responsivity is related to
differences in the action of Hoxd4 in either tissue, or by differences in folate availability or
metabolism. Similarly, even at the highest dosage of folate supplementation, animals still
died shortly after birth (Figure 4) from respiratory failure. Despite improved proteoglycan
content in rib cartilage of supplemented Hoxd4 transgenics, the overall integrity of the rib
cage and/or trachea may be still insufficient for survival (note the reduced Alcian Blue
staining in the trachea of the folate-supplemented animal in Figure 3). Nonetheless, the
higher incidence of normal Alcian Blue staining in offspring from supplemented females
indicates that cartilage itself responds to folate supplementation.

We also found differential responses to folate within different cartilage structures (Figure 5):
Cartilage in ribs and vertebral column showed extensively restored staining and rigidity in a
statistically significant number of animals (Fig. 5 a,b). The knee cartilage, however, did not
respond significantly at any dose (Fig. 5c), and most animals had detectable staining in
tracheal cartilage only at higher doses (Fig. 5d). The apparent reduced efficiency of
supplementation at the highest dose (500mg/kg) could be interpreted to indicate possible
detrimental effects of oversupply. However, no obvious negative effects were noted in non-
Hoxd4 transgenic control offspring (which are reared in the same uterine environment, see
Figure 1). Taken together, these results suggest that different skeletal structures either have a
differential requirement for folate, or differential effects of Hoxd4 overexpression during the
formation and maturation of different cartilage structures over time.

Folate is beneficial in early skeletogenesis
In order to establish whether there was a critical time window for the protective effect of
folate on cartilage development in Hoxd4 transgenic mice, we restricted supplementation to
the last half of the pregnancy (days 11.5 through 18.5), or gave folate only on embryonic
days 11.5 and 12.5, just prior to overt cartilage formation (Figure 6). Even with only two
days of supplementation, the skeletons of Hoxd4 transgenic mice were restored in their
structural rigidity and in staining for mature cartilage. From these results, we conclude that
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Hoxd4 transgenic chondrocytes have a specific requirement for folate early in
chondrogenesis. While we cannot exclude a continuing benefit derived from residual folate
stored elsewhere in the body (Shane, 1995), our findings indicate that the effective time
window for nutritional supplementation coincides with the early phase of cartilage
formation.

Folate transport protein expression in chondrocytes
Utilization of folate requires uptake into cells, mediated by specific folate transport proteins
(Antony, 1996), the GPI-anchored Folate receptors (Folate binding proteins in mouse) and
the integral membrane protein Reduced folate carrier 1 (Rfc1). Evidence for the expression
of these proteins in chondrocytes comes from our quantitative RT-PCR analyses and from in
situ hybridization studies. None of the known folate receptor genes are expressed at an
appreciable level in somitic mesoderm, while Rfc was found to be expressed widely in the
developing embryo at all stages examined (Salbaum, unpublished). Folbp2 expression in
chondrocytes is detectable by embryonic day 15.5 (Figure 7) whereas Folbp1 and Folbp3
are not detectable or expressed only at very low levels. When primary chondrocytes are
placed into tissue culture, Folbp2 is expressed (Fig. 7f), and chondrocytes are positive for
Folbp1 and Folbp3 after 4 days in culture (data not shown). The expression is specific to
differentiating chondrocytes, since cells plated at low density - which leads to
dedifferentiation into fibroblastoid cells - do not exhibit Folbp gene expression. By
quantitative RT-PCR, Folbp2 is the major folate receptor in primary rib chondrocytes at
birth and is co-expressed with Rfc1 (Figure 8). Thus, developing chondrocytes express
known folate transport proteins and may require folate for proliferation and/or
differentiation.

Chondrocyte differentiation requires folate
The mechanistic basis for the ability of folate to prevent birth defects in humans (Czeizel,
1996) or mice (Fleming and Copp, 1998) is poorly understood. Folate has long been known
to stimulate cell proliferation in lymphoid (Rogers and Lietman, 1977) and epithelial
(McAuslan et al., 1979) cells, acting as a mitogen (James et al., 1993). We therefore tested
whether folate has a direct effect also on chondrocyte proliferation. Primary chondrocytes
were isolated from ribs of newborn FVB mice and cultured at high density (Cormier et al.,
2003). Chondrocytes did not proliferate in the absence of folate (Figure 9), and there also
was no differentiation to hypertrophy (data not shown). That this outcome is specifically
mediated through folate metabolism is revealed by the fact that methotrexate, a well-known
anti-folate (Calvert, 1999), inhibits chondrocyte proliferation and maturation in our culture
system. These results demonstrate that chondrocytes require folate for proliferation and
differentiation. Taking these findings together with the restored cartilage production in
folate supplemented transgenic mice, we conclude that the beneficial effect of folate is likely
exerted directly on the developing chondrocytes that express the Hoxd4 transgene.

DISCUSSION
Folate restores skeletal defects in Hox transgenic mice

Adequate folate supply is known to be critical for proper embryonic development (Czeizel,
1996) but detailed information on the role of folate metabolism in skeletal development is
lacking. Complete dietary depletion for folate is difficult to achieve in animals, but maternal
folate deficiency is linked to folate deficiency secondarily in the embryo (Fleming and
Copp, 1998). This mechanism, however, is not likely to play a role in the Hoxd4 induced
cartilage defects: Hoxd4 transgenic pregnant mothers do not express the Hoxd4 transgene
and therefore are not expected to have any abnormalities in digestive tissues or metabolism.
Indeed, the controls provide no indication that maternal metabolism is deficient in our

Kappen et al. Page 4

Genesis. Author manuscript; available in PMC 2014 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experimental system: non-transgenic embryos, which are raised together with the Hoxd4
transgenics in the same uterine environment (see Figure 1), lack any discernable
developmental defects. Systemic depletion of folate transport to the developing embryo has
been achieved genetically by targeted disruption of Folbp1 (Piedrahita et al., 1999) and of
Rfc1 (Zhao et al., 2001). Both deficiencies cause early embryonic death and are
uninformative for skeletal development; tissue-specific deletion strategies will be needed to
clarify the relevance of these transport mechanisms in cartilage formation. Indirect evidence
from skeletal phenotypes caused by maternal exposure to methotrexate in rabbits and
aminopterin/methotrexate syndrome in humans implicate folate availability in skeletal
development. In Hox transgenic mice, chondrocytes may have a locally elevated folate
requirement. Supplementation of folate increases availability of folate to those cells, and in
this way overcomes the delayed maturation of Hoxd4 transgenic chondrocytes.

In flies transgenic for the Hox gene labial, expression of the gene for S-adenosylmethionine
decarboxylase was found upregulated (Leemans et al., 2001); increased removal of the
methyl-donor S-adenosylmethionine from the methylation pathway would be consistent with
increased metabolic flow through the folate pathway. To date, we have not detected
significant changes in the levels of mRNA expression of several folate pathway genes in
Hoxd4 transgenic chondrocytes (Kruger, Talmadge and Kappen, unpublished data) leaving
the mechanistic targets for folate supplementation in transgenic chondrocytes as of yet
unidentified. We show that chondrocytes need folate specifically for proliferation and
differentiation, and the levels of cellular folate metabolites are known to control the balance
between DNA synthesis and methylation of DNA and proteins (Herbig et al., 2002). Altered
DNA methylation (Bird, 2002) or histone methylation (Lachner and Jenuwein, 2002) may
affect the activity of genes regulated by Hox transcription factors, but this remains
speculation until such downstream targets - of either Hox genes or folate - have been
identified in skeletal cells. Alternatively, folate may interact with the proposed function of
Hox genes in cell cycle regulation (Duboule, 1995; Hu et al., 2001; Krosl and Sauvageau,
2000), which is also linked to histone methylation (Huang, 2002; Nielsen et al., 2001).
Then, the mitogenic capacity of folate (McAuslan et al., 1979; Rogers and Lietman, 1977),
via methylation of DNA or proteins or cell cycle regulation, could be responsible for
restored cartilage development in our Hoxd4 transgenic mice.

Interestingly, we found that folate was also able to affect a Hox controlled skeletal
phenotype in a loss-of-function paradigm. Mice with a targeted disruption of the Hoxb6
gene (Kappen, 2000) exhibit homeotic transformations of vertebra at the cervico-thoracic
junction, encompassing incomplete development of the first pair of ribs (Kappen,
manuscript submitted). Most notably, the rib heads are defective and do not articulate
properly with the vertebral body. These articulation and rib head defects were reversible by
folate supplementation in (manuscript in preparation). These findings complement the
results reported here and establish a beneficial effect of folate on Hox gene controlled
skeletal phenotypes in independent genetic paradigms.

Protective effect of folate on skeletogenesis
Folate has been shown to reduce the risk for neural tube defects and craniofacial defects in
human populations (Berry and Li, 2002; Czeizel et al., 1999; Molloy and Scott, 2001; Ray et
al., 2002). In genetic predisposition to developmental defects, folate was effective in rescue
of neural tube defects in Folbp1-deficient, Cart-1-deficient, Cited2-deficient and splotch
mutant mice (Barbera et al., 2002; Fleming and Copp, 1998; Piedrahita et al., 1999; Zhao et
al., 1996). While not specifically analyzed by the authors, folate also restored cartilage
development in the cranial region of Cart1 mutants, suggesting that it may be beneficial to
precursor or effector cells in bones formed by intramembraneous ossification. However, the
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specific cell type targeted by folate supplementation in the above genetic models is not
known. We show here that skeletal cells express folate transport genes, and we have
evidence that they also express enzymes involved in folate metabolism (Kruger, Talmadge
and Kappen, unpublished). Our combined results demonstrate that folate is beneficial during
cartilage formation in Hoxb6 mutants (Kappen, manuscript in preparation), and for the
developing chondrocytes in Hoxd4 transgenic mice. These mice, without folate
supplementation, develop a phenotype similar to human chondrodysplasia. The protection
by folate against skeletal defects in genetically predisposed mice encourages speculation that
defects in human skeletal development may also be ameliorated by folate supplementation.

Taken together, our results establish folate as a nutritional modifier of Hox gene controlled
phenotypes and suggest that other genetic predispositions to skeletal defects could also be
modulated by folate. Skeletal variations are quite common even in clinically asymptomatic
human subjects (Hald et al., 1995). Genetic factors that can be expected to play a role in
such variations include the numerous transcription factors, growth factors and their
receptors, as well as cell surface proteins and cell cycle regulators that have been implicated
in control of skeletal development (Kappen et al., in press; Zelzer and Olsen, 2003). Insight
into the relative contributions of local regulators, generalized factors, and nutrition to
healthy bone formation and growth will come from a better understanding of their
interactions at various stages of skeletal development.

Hox-controlled phenotypes are reversible
An important implication from our findings is that the action of Hox genes in cartilage
formation and maturation can be reversed by folate. This indicates that overexpression of
Hoxd4, and according to the cell culture evidence Hoxc8 (Cormier et al., 2003), induces
reversible changes in chondrocytes rather than re-programming a cellular differentiation
pathway. Prior work on the role of Hox genes in skeletal patterning (Condie and Capecchi,
1993; Kessel, 1992; Knezevic et al., 1997; Yokouchi et al., 1995) and in the hematopoietic
system (Kappen, 2000; Lawrence et al., 1997; Perkins et al., 1990; Sauvageau et al., 1997;
Shen et al., 1992) predicted that tissue-specific alterations in Hox gene expression lead to
irreversible changes in cell fate and differentiation. Instead, the reversibility of cartilage
defects in our Hoxd4 transgenic mice clearly indicates that Hoxd4 overexpression does not
affect cell fate determination. Rather, the correlation of phenotype severity to gene dosage
and the reversibility of the cartilage defects by folate argue for a quantitative regulatory role
for Hoxd4 in cartilage development. Similarly, the ability of folate to restore rib articulation
in Hoxb6 mutants provides evidence that loss of Hoxb6 function affects skeletal
development in a quantitative manner. This conclusion is further supported by evidence that
skeletal features controlled by Hoxb6 behave as a quantitative trait and can be genetically
modified (Kappen, manuscript submitted). The results of our present study demonstrate that
the cellular outcomes of Hox transcription factor function are subject to modulation by
nutritional status, and establish gene-environment interactions as important factors for
phenotype manifestation in the developing skeleton.

Nutritional status as a “buffering mechanism”
Folate can protect developing embryos against multiple teratogenic insults, including
exposures to anticonvulsants (Trotz et al., 1987), the fungal toxin FumonisinB (Sadler et al.,
2002), nitrous oxide (Keeling et al., 1986) and genetic predisposition (Barbera et al., 2002;
Paros and Beck, 1999; Petter et al., 1977; Zhao et al., 1996) - as shown here for Hox gene
expression. As each insult is presumably mediated through different molecular mechanisms,
the beneficial effect of folate in different conditions can be hypothesized as follows: folate
provides an optimal baseline for the response of cells to adverse stimuli, effectively raising
the threshold for manifestation of developmental defects. Such a role of folate would be
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reminiscent of the role of Hsp90 as a capacitor of evolution. It has been shown that adequate
expression of Hsp90 phenotypically masks variation in Drosophila and Arabidopsis
(Queitsch et al., 2002; Rutherford and Lindquist, 1998), providing a “buffering mechanism”
against phenotypic expression of underlying genetic variants (Rutherford, 2000). These
variants express their traits only when the threshold for phenotype manifestation is altered
by lowering effective Hsp90 levels. In our transgenic mice, optimal folate availability
similarly results in phenotypic masking of underlying genetic defects. Our results thus
advance the following hypothesis: nutritional status provides the buffer under which genetic
variation in Hox genes can be accumulated, which becomes subject to selection upon change
in the nutritional status and environment. Selection would only operate in the next
generation: parents with the mutation that are newly exposed to altered conditions may
themselves suffer from the adverse health effects of poor nutrition, but their own body plan
would be unaffected. The developing progeny would experience altered nutritional status
and altered Hox gene function, and this could potentially manifest in altered skeletal
patterning or a new body plan.

METHODS
The creation, breeding and genotyping of transgenic strains have been described. All
transgenic experiments were performed on the FVB inbred background using the VP16-
based binary transgenic mouse system (Kappen, 1999). In this system, the Hoxc8 promoter
directs expression of the viral VP16 transactivator to skeletogenic cells (Yueh et al., 1998).
VP16 expression activates a Hox transgene linked to the VP16-responsive IE-promoter (this
promoter is silent in mice in the absence of VP16 (Yaworsky and Kappen, 1999) as
demonstrated by lack of defects in regions or tissues where the Hoxc8 promoter is not
active). Hoxd4 transgenic animals were generated in crosses of fathers homozygous for the
Hoxc8-VP16 transactivator transgene (TA/TA +/+) and mothers hemizygous for the IE-
Hoxd4 transresponder transgene (+/+ TR/+). In this fashion, controls (TA/+ +/+) and Hoxd4
transgenic animals (TA/+ TR/+) were generated within the same litter (Figure 1) and
exposed to the same maternal nutritional environment. Embryos were isolated at gestational
day 13.5 and stained as whole-mount specimen for Alcian Blue as described (Jegalian and
DeRobertis, 1992). The Hoxd4 transgenic embryo in Fig.2f has the TA/TA TR/+ genotype,
generated in a cross of one of the few surviving compound hemizygous (TA/+ TR/+)
females to a homozygous transactivator (TA/TA +/+) male.

Folate supplementation was done by gavage administration of folinic acid, the biologically
active and more stable form of folate (Piedrahita et al., 1999). Each female received 25mg/
kg of body weight (or other dose as indicated) of folinic acid one week prior to mating and
every day after a copulation plug was detected. The day of presence of the plug was counted
as day 0.5 of development. Females on a restricted supplementation regimen did not receive
any dose prior to gestational day 11.5. All transgenic females scheduled for participation in
folate supplementation experiments were reared and maintained on non-foodstuff bedding
(Irradiated Isopads, Harlan, Indianapolis, IN). To control for effects of bedding conditions
on phenotype, some Hoxd4 transgenic animals were maintained on conventional irradiated
bedding (Bed-O'cobs Corncob bedding and litter, Maumee, OH), but these were not
included in folate supplementation experiments. All animals were housed in individually
vented microisolator cages with ad libitum access to food (Harlan-Teklad diet LM-485, folic
acid content is 6.70mg/kg chow) and water.

Skeletal preparations from newborn animals were done as described before (Yueh et al.,
1998). The carcasses were deskinned and eviscerated, fixed in 95% ethanol for 5 days, then
stained with 0.015% Alcian Blue for one day and rinsed in 95% ethanol for two days. Alcian
Blue detects sulfated proteoglycans, which constitute a major component of the skeletal
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cartilages. Subsequently, samples were cleared in 1% KOH and counterstained for three
hours with 0.005% Alizarin Red, which stains ossified skeletal structures (bone). Skeletons
were further cleaned with 2%KOH for 3-6 hours, and then incubated in the following
volume ratios of 2% KOH and glycerol: 80:20, 60:40, 40:60 and 20:80. Specimen were
observed under a Leica MZ6 stereomicroscope, and photographed with a Kodak MDS290
digital camera. Scoring was done for Alcian Blue staining (presence with high intensity in
more than 50% of the structure, absence in more than 50% of the structure or very weak
staining), and for skeletal rigidity as assessed by integrity of the skeleton after repeated
transfer between vessels and at 4 weeks after preparation (transgenic skeletons typically
break apart upon transfer and later disintegrate into pieces due to loose cartilage;
supplemented skeletons maintain structure even with repeated transfers and in long-term
storage). All data were collected independently by three technicians without prior
knowledge of genotype and confirmed by the principal investigator. Statistical evaluation of
results was done by 2-tailed Fisher's exact test (http://www.matforsk.no/ola).

Primary chondrocytes were isolated for cell culture using a modification of the method of
Lefebvre et al. (Lefebvre et al., 1994), and cells were seeded on 35 mm dishes coated with
0.1% Gelatin at a density of 3×105 cells/dish. Cells were counted daily from triplicates of
cultures set up with the following conditions: The base medium was either a 1:1 DMEM/
F12 mixture (Invitrogen, folate concentration of 6 μM) supplemented with insulin,
transferrin and selenium (Mello and Tuan, 1999), or Folate-free DMEM (Biosource,
Camarillo, CA) with the same additives. In serum-containing cultures, Fetal Calf Serum
(Gibco/Invitrogen) was added to 10% final volume; methotrexate, a potent inhibitor of folate
metabolism, was added at a concentration of 0.5 μM.

Quantitative RT-PCR analyses were performed exactly as described before (Cormier et al.,
2003).

In situ hybridizations were carried out as described before (Salbaum and Kappen, 2000)
using digoxygenin labeled probes and an Alkaline Phosphatase-based detection system
(Boehringer). Sections processes without probe showed no residual AP activity under these
conditions. The Folbp probes were derived from full-length cDNAs, and the Rfc probe came
from IMAGE clone IC572932 which contains a 1 kb fragment.
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Figure 1. Generation of Hoxd4 transgene expressing mice in the VP16 binary transgenic system
Two independent parental strains carry the transactivator (TA) and transresponder (TR)
transgenes, respectively. Animals from both parental strains are normal; activation of the TR
transgene is achieved only in simultaneous presence of the TA transgene. Experimental and
control animals are generated within the same female, providing for comparable nutritional
exposure of controls and Hoxd4 transgenic animals.
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Figure 2. Cartilage defects in Hoxd4 transgenic mice
Preparations of skeletons stained with Alizarin Red for bone and Alcian Blue for cartilage.
Rib cages of (A,C,E) control and (B,D,F) Hoxd4 transgenic newborn mice (genotype TA/+
TR/+). (A,B) Staining for Alcian blue is absent or reduced in ribs (arrowhead) of the Hoxd4
transgenic animal (B,D). (C,D) Close-ups of rib cages caudal from the third rib in newborn
skeletons. Embryos were isolated at gestational day 13.5 and stained for Alcian Blue. (E)
Magnification of a control embryo showing the rib cartilage anlagen (arrowhead); their
extension is reduced upon expression of the Hoxd4 transgene (F), indicating delayed
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cartilage formation and maturation (compare position of arrowheads). This embryo had the
genotype TA/TA TR/+.
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Figure 3. Folate supplementation restores Alcian Blue staining in transgenic cartilage
(A) Skeleton of a Hoxd4 transgenic newborn mouse. (B) Skeleton of a Hoxd4 transgenic
raised in a mother who received folate daily throughout the pregnancy at 25 mg/kg body
weight. Fraction of skeletons with obvious staining defects in (C) unsupplemented (n=13)
and (D) folate-supplemented (n=16) animals. Represented in (D) are results for animals
supplemented with 25 mg folinic acid/kg body weight from gestational day 11.5 to 18.5, the
group for which the best improvement in most skeletons was noted (p=0.0009). If results for
all supplemented animals (n=89; summarizing all regimens) are compared to
unsupplemented Hoxd4 transgenic animals (n=56; including all bedding conditions), the
fraction of skeletons deficient in cartilage staining was reduced from 59% to 34%
(p=0.0035). Alcian Blue staining in ribs and vertebral column is restored by folate
supplementation, and rigidity of the skeleton is improved.
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Figure 4. Effect of folate supplementation on survival of Hoxd4 transgenic mice
The proportion of live mice declines rapidly after birth for Hoxd4 transgenic newborns
(closed symbols), but not for controls (open symbols). The attrition rate for transgenic mice
is independent of the dose of folinic acid (different colors), and there are no significant
differences between the survival curves for the different transgenic groups (numbers of
individuals in brackets), or between control groups.
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Figure 5. Differential effect of folate in different cartilage structures
Restoration of Alcian Blue staining in different cartilage structures was assessed
independently by two technicians for each skeleton without prior knowledge of genotype.
Filled bars represent normal appearance of cartilage; open bars represent unstained or very
weakly stained structure. All p-values are calculated relative to the untreated control. Rib
(A) and vertebral (B) cartilages were restored by folate supplementation, while knee
cartilage (C) did not respond in statistically significant fashion (compare p-values) to folate
supplementation. Increased Alcian Blue staining in trachea (D) was only observed at higher
doses of folate. Structural rigidity of the vertebral column was found in 23% of untreated
controls, but restored in 92.9% of animals with folate supplementation of 25mg/kg
(p=0.00034), in 85.7% with 125mg/kg (p=0.0018), and in 65.4% with the 500mg/kg dose
(p=0.019). Vertebral column and ribs showed the best improvement of cartilage production
and staining with folate supplementation.
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Figure 6. Temporal window for cartilage rescue by folate supplementation
Supplementation with folinic acid at 25mg/kg was performed either throughout the
pregnancy (see Methods), or restricted the second half of the pregnancy, or gestational days
11.5 and 12.5. Restored cartilage in Hoxd4 transgenic skeletons was observed even with
only two days of supplementation. Improvement for ribs and vertebrae was statistically
significant (p=0.000025 for E11.5-18.5; p=0.0027 for E11.5/12.5); the longer
supplementation lead to some improvement for knees (p=0.005 for E11.5-18.5; p=0.14 for
E11.5/12.5) but little for trachea (p=0.062 for E11.5-18.5; p=0.66 for E11.5/12.5). Rigidity
of the vertebral column was significantly restored with both treatment regimens (p=0.0009
for E11.5-18.5; p=0.00001 for E11.5/12.5). Supplementation of pregnancies with folate
prior to overt skeletogenesis (E11.5/12.5) restores production and staining of normal
cartilage in Hoxd4 transgenic mice.
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Figure 7. Expression of Folbp2 in developing cartilage
In situ hybridization to sections from a mouse embryo at 15.5 days of development (A-D)
and to cultured primary chondrocytes (F). A, Transverse section through the head reveals
strong signal for Folbp2 in the choroid plexus (closed arrow) and also in developing
cartilage (open arrow points to ear cartilage as an example). This signal is specific for the
Folbp2 probe; a control section from the same embryo processed identically but without
probe (B) does not reveal any AP activity. (C) Folbp2 expression is also found in limb and
trunk cartilage, such as R: rib, S: sternum, and V: vertebral center. (D) Close-up with signal
of rib cartilage. All sections are oriented with dorsal to the top. (E) Primary neonatal rib
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chondrocytes after 4 days in high-density culture. Cells were stained with Nuclear Fast Red
to reveal nuclei, and with Alcian Blue to reveal production of extracellular cartilage matrix.
(F) In situ hybridization for Folbp2 to chondrocytes cultured as shown in E. Folbp2 signal is
evident in cultured chondrocytes with smaller, proliferating cells expressing Folbp2 at
apparently higher levels than mature hypertrophic cells (inset).
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Figure 8. Chondrocytes express genes encoding folate transport molecules
Quantitative RT-PCR was performed in triplicate on pooled chondrocytes from normal FVB
neonates. GAPDH (Glyceraldehydephosphate Dehydrogenase) expression was used as the
standard, and results are expressed as the difference in threshold cycle number for detection
of each gene relative to the threshold cycle number for GAPDH in the same sample (CtGENE
- CtGAPDH = Δ Ct). Higher numbers indicate that more cycles are needed to detect
expression, hence reflecting lower expression levels. The major folate transporters expressed
in primary chondrocytes are Folbp2 and Rfc1.
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Figure 9. Chondrocytes require folate for growth and differentiation
Primary rib chondrocytes from neonatal mice were placed at high density into culture in
folate-containing (FC) or folate-free medium (FF), with or without serum (S). Green: folate
and serum, turquoise: no folate but serum, purple: folate but no serum, orange: neither folate
nor serum, red: folate and serum and methotrexate (MTX). Serum is able to provide folate
(and other nutrients) to folate-depleted medium; without serum, cells in folate-containing
medium initially divide, but are unable sustain proliferation (purple) or to differentiate to
hypertrophy (not shown). Without folate (orange), or with inhibited folate metabolism
(methotrexate, red), chondrocytes are unable to grow and differentiate.
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