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Short Note

4]. RTT is caused by mutations in the gene that encodes 
methyl-CpG-binding protein-2 (MeCP2) [5], a global in-
hibitor or activator of DNA transcription [6]. While oste-
oporosis and scoliosis have long been a well-recognized 
features of RTT [3,7-10], deficits in bone structure and 
development have been less studied. In this Short note, 
we describe the state of our knowledge on structural 
deficits in bone in RTT and in mouse models of RTT and 
provide a rationale for the treatment of bone fragility 
observed in this disorder.

Among the first reports of bone structural abnormal-
ities was a 1995 radiological study that found reduced 
bone density in the hands of 86% of 17 girls with RTT 
[11]. In another study of 20 girls with RTT, bone min-
eral content and spine (bone) mineral density were 
significantly reduced in the RTT group; the authors con-
cluded that girls with RTT were at risk for osteoporo-
sis [12]. In 2001, Budden, et al. reported quantitative 
bone histomorphometry in three girls with typical RTT 
who required scoliosis surgery [13]. Bone volume and 
parameters of resorption (osteoclast surface and num-
ber) were decreased while surface parameters of for-
mation (osteoid surface) were normal. The rate of bone 
formation was reduced in two of the girls. Shapiro, et 
al. found that 50% of girls with RTT had bone mineral 
density (BMD) levels that were more than two standard 
deviations below the norm [14]. These clinical studies 
prompted an evaluation of bone cell function.

Check for
updates

Abstract
In this Short Note, we assess what is known about the struc-
tural deficits in bone in Rett syndrome (RTT), a rare x-linked 
neurodevelopmental disorder and in mouse models of RTT 
and provide a rationale for the treatment of bone fragility 
observed in this disorder. RTT is caused by mutations in a 
gene that encodes for methyl CpG protein binding protein 2 
(MeCP2), which can act as an inhibitor or activator of gene 
transcription. MeCP2 is ubiquitously expressed throughout 
the body. Not surprisingly, MeCP2 deficiency affects multi-
ple organ systems and is associated with changes in cog-
nition, respiratory function, muscle tone, bone development 
and the autonomic nervous system, with tremors and atax-
ia, seizures and with stereotypic hand grasping movements. 
We review the literature concerning bone deficits in RTT 
and in mouse models of MeCP2 deficiency and the effects 
of the bisphosphonate zoledronic acid on these bone alter-
ations. We conclude that bisphosphonates offer promise for 
the treatment of bone abnormalities in RTT.
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Short Note
Rett syndrome (RTT) is a rare X-linked neurodevel-

opmental disorder primarily affecting females. Pheno-
typic features include intellectual disability, alterations 
in respiratory function, muscle tone, bone development 
and the autonomic nervous system, tremor and ataxia, 
seizures and stereotypic hand grasping movements [1-
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ic acid (ZA) a third generation nitrogen-containing bis-
phosphonate administered intravenously (thus avoiding 
difficulties in swallowing common to RTT) that current-
ly is used in the treatment of osteoporotic disorders 
in children [19-21]. Clinical reports of the treatment 
of two patients with RTT with bisphosphonates have 
found positive effects on regression of osteoporosis and 
cessation of bone fractures [22,23].

In a recent study from our group, we administered 
ZA to MeCP2-deficient mice [24]. Treatment for male 
wildtype (WT) and mice lacking any MeCP2 (Mecp2-
null) male mice began at 3 weeks of age, due to the lim-
ited life expectancy of the Mecp2-null mice. Mice het-
erozygous for Mecp2 (HET) mice, which do not die early, 
began treatment at 8 weeks of age. Micro-computed to-
mography and dynamic analyses of bone turnover were 
performed after six weeks of treatment in both sets of 
mice. Zoledronic acid treatment led to highly significant 
increases in trabecular bone volume fraction, trabecular 
number, connectivity and apparent density of trabecu-
lar bone in all genotypes of mice [24]. Our findings on 
changes in trabecular bone on WT controls were similar 
to those of Zhu, et al. that examined the effects of dif-
ferent bisphosphonates on skeletal microarchitecture 
in immature C57Bl6/J male mice treated from 18 to 
38 days of age [25]. Trabecular bone volume increased 
two-fold after ZA administration in both studies [24,25], 
indicating that zoledronic acid was able to improve tra-
becular bone even in the case of MeCP2 insufficiency. 
Our results suggested that the higher trabecular bone 
volumes were due to increased numbers of bone tra-
beculae and to smaller spaces between the trabeculae 
[24]. Trabecular thickness remained relatively unaffect-
ed [24,25]. Likewise, in women with osteoporosis treat-
ed yearly with ZA (Horizon Clinical Trial), iliac crest bone 
biopsy analysis by micro-CT showed improved trabec-
ular bone function [26]. In our study, female mice also 
showed enhanced trabecular bone parameters after ZA 
treatment [24].

Cortical bone mass also is decreased in osteoporot-
ic children with RTT [10,14], and clinical studies have 
shown increased cortical bone mass after ZA treatment 
in osteoporotic adults [27,28]. Our earlier baseline 
study also showed reductions in cortical bone thickness 
and in polar moment of inertia in male Mecp2-null mice 
[17]. However, in our ZA treatment study, ZA treatment 
had little effect on cortical bone [24]. We hypothesized 
that in the presence of MeCP2 deficiency, osteoblast 
responses to ZA inhibition of osteoclast activity in com-
partments such as periosteal and endosteal cortical 
bone differed from that in trabecular bone.

Recent bone studies of girls and women with RTT 
and age matched controls have shown significant reduc-
tions in the levels of biochemical bone markers, N-ter-
minal pro-peptides of collagen type 1, C-terminal telo-
peptide cross links and osteocalcin in patients with RTT 

In 2009, using a Mecp2-null mouse model for RTT 
[15], O’Connor, et al. reported histological and bio-
chemical studies on bone, which implicated both a de-
fect in osteoblast function as well as chondrocyte ab-
normalities at the growth plate [16]. Femur length was 
shorter in Mecp2-null mice and overall skeletal size was 
reduced. The amount of trabecular bone was markedly 
decreased by age day 60 in Mecp2-null mice. Mineral 
apposition rates (MAR) were decreased in femoral tra-
becular bone and in calvarial bone. While loss of MeCP2 
significantly reduced cortical, trabecular and calvarial 
bone volume compared with age-matched wild-type 
animals, MAR of cortical bone was not different from 
wild type. Furthermore, the number of osteoblasts/
bone surface was significantly decreased in the Mecp2-
null samples but osteoclast numbers appeared normal. 
Of interest, the deficiency in bone volume was evident 
before the onset of neurological symptoms in Mecp2-
null mice.

Our recent micro-CT and histomorphometric stud-
ies of 5-week-old symptomatic Mecp2-null male and 
8-week-old asymptomatic Mecp2-heterozygous (HET) 
female mice showed decreased numbers of osteoblasts 
but similar numbers of osteoclasts compared to WT, al-
tered osteoblast morphology and decreased tissue syn-
thesis of alkaline phosphatase in both Mecp2-null and 
HET mice compared to WT osteoblasts.

While it is known that MeCP2 can act to activate or 
repress gene transcription [6], the exact mechanisms 
by which MeCP2 regulates mRNA expression are large-
ly unknown. Most of the studies related to MeCP2 ef-
fects on transcription have been done in brains/neu-
rons rather than bones. Our previous baseline study of 
bone deficits in a mouse model of MeCP2 insufficiency 
to our knowledge is the first to report on the effects on 
osteoblast growth and on the expression of osteogenic 
transcription factors Osterix and Runx2 and the osteo-
blast marker type I collagen alpha 1 chain (Col1a1). Os-
teoblasts cultured from Mecp2-null mice, which unlike 
WT osteoblasts did not express MeCP2, had increased 
growth rates, but reductions in mRNA expression of 
Col1a1, Runx2 and Osterix compared to WT osteoblast 
[17]. The mechanism by which the loss of MeCP2 caus-
es such defects is unknown. One mechanism by which 
MeCP2 may regulate transcription is via a unique epi-
genetic pattern of MeCP2 binding to methylated cyto-
sine in a non-CG context recently described in neurons 
by Chen, et al. [18]. Whether such a mechanism is used 
in bone is an area for future research.

The fact that girls with RTT have osteoporosis as a 
consequence of defective osteoblast function raised 
questions regarding treatment to improve bone mass 
and lessen fracture risk. One available option was teri-
paratide (3-34 human recombinant PTH). However, 
current US FDA regulations do not allow children to be 
treated with teriparatide. The other option is zoledron-

https://doi.org/10.23937/2572-3243.1510048


ISSN: 2572-3243DOI: 10.23937/2572-3243.1510048

Shapiro and Blue. J Musculoskelet Disord Treat 2018, 4:048 • Page 3 of 4 •

7.	 Lidstrom J, E Stokland, B Hagberg (1994) Scoliosis in Rett 
syndrome. Clinical and biological aspects. Spine (Phila Pa 
1976) 19: 1632-1635.

8.	 Budden SS, ME Gunness (2003) Possible mechanisms 
of osteopenia in Rett syndrome: Bone histomorphometric 
studies. J Child Neurol 18: 698-702.

9.	 Percy AK, Lee HS, Neul JL, Lane JB, Skinner SA, et al. (2010) 
Profiling scoliosis in Rett syndrome. Pediatr Res 67: 435-439.

10.	Shapiro JR, Bibat G, Hiremath G, Blue ME, Hundalani S, et 
al. (2010) Bone Mass in Rett Syndrome: Association with 
clinical parameters and MECP2 mutations. Pediatr Res 68: 
446-451.

11.	Leonard H, Thomson M, Bower C, Fyfe S, Constantinou J 
(1995) Skeletal abnormalities in Rett syndrome: Increasing 
evidence for dysmorphogenetic defects. Am J Med Genet 
58: 282-285.

12.	Haas RH, Dixon SD, Sartoris DJ, Hennessy MJ (1997) Os-
teopenia in Rett syndrome. J Pediatr 131: 771-774.

13.	Budden SS, ME Gunness (2001) Bone histomorphom-
etry in three females with Rett syndrome. Brain Dev 23: 
S133-S137.

14.	Shapiro J (2007) Rett Syndrome: Bone Mass in Girls and 
Mice. Am J Bone Min Res 22: S499.

15.	Guy J, Hendrich B, Holmes M, Martin JE, Bird A (2001) A 
mouse Mecp2-null mutation causes neurological symptoms 
that mimic Rett syndrome. Nat Genet 27: 322-326.

16.	O’Connor RD, Zayzafoon M, Farach-Carson MC, Schanen 
NC (2009) Mecp2 deficiency decreases bone formation 
and reduces bone volume in a rodent model of Rett syn-
drome. Bone 45: 346-356.

17.	Blue ME, Boskey AL, Doty SB, Fedarko NS, Hossain MA, 
et al. (2015) Osteoblast function and bone histomorphom-
etry in a murine model of Rett syndrome. Bone 76: 23-30.

18.	Chen L, Chen K, Lavery LA, Baker SA, Shaw CA, et al. 
(2015) MeCP2 binds to non-CG methylated DNA as neu-
rons mature, influencing transcription and the timing of 
onset for Rett syndrome. Proc Natl Acad Sci U S A 112: 
5509-5514.

19.	Al-Agha AE, Shaikhain TA, Ashour AA (2016) Safety & effi-
cacy of cyclic zoledronic acid therapy on pediatric second-
ary osteoporosis. Glob J Health Sci 8: 48648.

20.	George S, Weber DR, Kaplan P, Hummel K, Monk HM, et 
al. (2015) Short-term safety of zoledronic acid in young pa-
tients with bone disorders: An extensive institutional experi-
ence. J Clin Endocrinol Metab 100: 4163-4171.

21.	Ooi HL, Briody J, Biggin A, Cowell CT, Munns CF, et al. 
(2013) Intravenous zoledronic acid given every 6 months 
in childhood osteoporosis. Horm Res Paediatr 80: 179-184.

22.	Lotan M, Reves-Siesel R, Eliav-Shalev RS, Merrick J (2013) 
Osteoporosis in Rett syndrome: A case study presenting a 
novel management intervention for severe osteoporosis. 
Osteoporos Int 24: 3059-3063.

23.	Caffarelli C, Hayek J, Nuti R, Gonnelli S (2015) Teriparatide 
in the treatment of recurrent fractures in a Rett patient. Clin 
Cases Miner Bone Metab 12: 253-256.

24.	Shapiro JR, Boskey AL, Doty SB, Lukashova L, Blue ME 
(2017) Zoledronic acid improves bone histomorphometry in 
a murine model of Rett syndrome. Bone 99: 1-7.

25.	Zhu ED, Louis L, Brooks DJ, Bouxsein ML, Demay MB 
(2014) Effect of bisphosphonates on the rapidly growing 
male murine skeleton. Endocrinology 155: 1188-1196.

[29,30], while both increases [29] and decreases [30] in 
bone-specific alkaline phosphatase have been report-
ed in patients older than 25 years (p < 0.001) [29]. Our 
baseline micro-CT showed decreases in MAR, labeled 
bone surface (MS/BS) and in bone formation rate (BFR/
BS) in HET and Mecp2-null compared to WT mice [17]. 
However, we also showed decreased MAR and MS/BS 
in HET females after ZA treatment raising the question 
of a potential negative effect on bone mass in treated 
females with RTT. However, the maintenance of bone 
mass with bisphosphonates in the limited number of 
patients reported supports the positive effect of ZA on 
bone mass in RTT [22,23].

Zoledronic acid is an antiresorptive agent that pri-
marily decreases osteoclastic bone resorption, howev-
er, osteoblastic bone formation continues. As we note 
above, osteoblast protein synthesis is impaired in the 
presence of MeCP2 deficiency. Anticipated improve-
ment in bone mass associated with a decrease in frac-
ture rate is analogous to positive effect of zoledronic 
acid on osteoblast function in osteogenesis imperfecta. 
Recently, a consensus report on clinical guidelines for 
the management of bone health in RTT was published 
[31] that recommended the use of bisphosphonates for 
osteoporosis in these patients.

Conclusions
MeCP2 deficiency alters osteoblast directed bone 

formation in murine models and in young females with 
RTT [10,16,17,31-34]. Suppression of osteoclastic bone 
resorption with ZA leads to a net gain in trabecular bone 
at the proximal tibia, reflecting the decreased trabecular 
remodelling [35]. In contrast, treatment with ZA had lit-
tle effect on cortical bone mass in the Bird mouse mod-
el of RTT [24]. These results support the limited clinical 
data discussed above suggesting that bisphosphonate 
treatment may improve bone strength in patients with 
RTT syndrome.
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