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Abstract

Rothmund-Thomson syndrome (RTS) is a rare autosomal recessive disorder characterized by poikiloderma, small stature,

sparse hair, skeletal abnormalities, increased risk of osteosarcoma, and decreased bone mass. To date, there has not been a

comprehensive evaluation of the prevalence and extent of metabolic bone disease in RTS. Furthermore, the mechanisms that

result in this phenotype are largely unknown. In this report, we provide a detailed evaluation of 29 individuals with RTS with

respect to their metabolic bone status including bone mineral density, calcium kinetics studies, and markers of bone

remodeling. We show that individuals with RTS have decreased areal bone mineral density. Additionally, we demonstrate

that the presence of pathogenic variants in RECQL4 and low bone mineral density correlate with the history of increased risk

of fractures. Using a RECQL4-deficient mouse model that recapitulates skeletal abnormalities seen in individuals with RTS,

we demonstrate that generalized skeletal involvement is likely due to decreased osteogenesis. Our findings are clinically rele-

vant as they may help in the risk stratification of patients with RTS and also in the identification of individuals who may ben-

efit from additional surveillance andmanagement of metabolic bone disease.

Introduction

Rothmund-Thomson syndrome (RTS) is a rare autosomal reces-

sive disorder that presents with involvement of multiple organ

systems. Although the manifestations are variable, typical fea-

tures include a characteristic skin rash called poikiloderma that

appears in infancy, sparse hair, proportionate small stature,

gastrointestinal disturbances, skeletal anomalies, and a signifi-

cantly increased risk for developing osteosarcoma and skin can-

cers (1,2). RECQL4, which encodes an ATP-dependent DNA

helicase, is the only known gene associated with RTS.

Pathogenic variants in the gene are found in nearly two-thirds

of affected individuals, designated as Type 2 RTS (3). The
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causative gene(s) for Type 1 RTS, which lacks pathogenic vari-

ants in RECQL4, has not yet been described.

Skeletal abnormalities have previously been described in indi-

viduals with RTS as well as in mouse models of RECQL4 defi-

ciency that recapitulate the human bone phenotypes (4–7). We

have previously reported that a majority (75%) of individuals with

RTS have some form of skeletal abnormalities including radial

aplasia or hypoplasia, synostoses, abnormal metaphyseal trabe-

culation, brachymesophalangy, and patellar defects (8). In addi-

tion to these localized skeletal anomalies, osteopenia, pathologic

fractures, and delayed fracture healing have also been observed,

suggesting that loss of RECQL4 function may lead to a more sys-

temic skeletal involvement (1,8–11). Low areal bone mineral den-

sity (aBMD) in individuals with RTS could be due to multiple

factors including a central role of RECQL4 in bone development,

nutrient deficiencies due to gastrointestinal and feeding issues,

and limited exposure to sunlight. Low aBMD and its associated

risk for pathologic fractures can add to the significant morbidity

in this disorder. However, to date, a systematic evaluation of

bone remodeling, aBMD, history of fracture, and mechanisms un-

derlying the metabolic bone disease in RTS has not been per-

formed. Here, we report on a detailed investigation of metabolic

bone disease in 29 individuals with RTS. Furthermore, using a

murine model of RTS that recapitulates human skeletal disease

(Prx1-Cretg/þ; Recql4fl/fl), we show that decreased osteogenesis con-

tributes to the generalized skeletal involvement in RTS.

Results

Twenty-nine individuals with RTS (13 males, 16 females) were

enrolled in this study. The study population included both chil-

dren (n¼ 20; median age 5years) and adults (n¼ 9; median age

36years). Eighteen had pathogenic variants in both alleles of

RECQL4; two had a heterozygous pathogenic variant (Type 2

RTS: n¼ 20); and nine had no detectable pathogenic variants

(Type 1 RTS: n¼ 9) (Table 1).

Areal bone mineral density and fracture risk in RTS

Densitometric measurements were obtained from 22 individ-

uals (13 pediatric and 9 adult). aBMD is the most widely used di-

agnostic measure to assess the risk for fracture and is a

surrogate measure for biomechanical strength of bone (12,13).

aBMD was assessed at the whole body, lumbar spine, total hip,

and femoral neck (Table 1). The median Z-scores (interquartile

range) for aBMD-for-age at the various sites were: �1.3 (�1.6 to

�0.4) in children and �0.9 (�1.2 to 0.94) in adults for whole

body; �2.4 (�2.9 to �1.7) in children and �1.2 (�1.8 to 0.1) in

adults at the lumbar spine; �1.5 (�2.4 to �0.2) in children and

�0.7 (0.1 to �1.5) in adults at total hip; and �2.4 (�3.3 to �1.1) in

children and �0.8 (�1.5 to 0.3) in adults at the femoral neck. The

median aBMD-for-age Z-scores at all sites were statistically

lower (P< 0.01) than the population reference value of zero (Fig.

1A and B), and the distribution was negatively skewed as com-

pared to the expected distribution in the general population

(Fig. 1C to F). The proportion of individuals with low bone den-

sity in RTS as defined by aBMD-for-age Z-score< �2.0 was sig-

nificantly elevated from the expected ratios in the general

population. More importantly, this feature was statistically sig-

nificant (P< 0.05) irrespective of the site of aBMD measurement;

55, 37, 24, and 16% of the study population met the criteria for

low aBMD at the lumbar spine, femoral neck, total hip, and

whole body sites, respectively.

The diagnosis of osteoporosis in the pediatric population re-

quires both aBMD-for-age Z-score��2.0 and a clinically signifi-

cant fracture history (14). Since the proportion of individuals

with Z-scores��2.0 in this cohort was significantly elevated,

we specifically collected information about the presence or ab-

sence of fractures and total number of fractures. The fracture

data comprised self-reported information by the subjects or

their parent(s). In most cases, radiographs were not available to

confirm the history of fractures. Forty five percent of children

(9/20) and 67% (6/9) of adults reported at least one fracture by

the time of enrollment (Table 1). Among the subjects with at

least one reported fracture, 67% (10/15) reported two or more

fractures. Whereas the cross sectional nature of the study and

the wide age range of participants precludes calculation of frac-

ture incidence, the fact that most adults enrolled in the study

reported fractures in adulthood and two subjects reported

greater than 10 fractures in their lifetime suggests that there is

clinically significant increase in bone fragility in RTS.

The presence of pathogenic variants in RECQL4 has been pre-

viously been correlated with a severe bone phenotype in RTS

(8,15). We therefore investigated the potential risk factors for

fractures. The association of RECQL4 mutation status and whole

body and lumbar spine aBMD-for-age Z-scores with the number

of fractures at the age of enrollment was assessed by the multi-

variate Poisson regression model (Supplementary Material,

Table S1). The age and height of the subjects were incorporated

in the analysis model. RECQL4 mutation status (P¼ 0.0001) and

lumbar spine aBMD-for-age Z-score � �2.0 (P¼ 0.0006) were

found to be statistically associated with the number of frac-

tures. On average, when compared to another person of the

same age and height, the presence of a RECQL4 mutation in an

individual increased the number of fractures by about five fold

(RR 5.32, 95% CI 2.27–15.68, Supplementary Material, Table S1).

Similarly, a lumbar spine aBMD-for-age Z-score � �2.0 in a per-

son increased the number of fractures by about three fold (RR

3.16, 95% CI, 1.76–5.77). These data suggest that low bone min-

eral density is not only an important phenotypic manifestation

of RTS but is also associated with a history of an increased risk

for fracture.

Evaluation for causes of low aBMD

Abnormalities of calcium homeostasis due to dietary problems

in RTS or decreased vitamin D synthesis due to limited sun ex-

posure to avoid skin cancer are potential contributing factors to

the low BMD. We hence measured markers that are involved in

the regulation of calcium homeostasis. Serum levels of calcium,

magnesium, phosphorus, and parathyroid hormone were

within the normal age-adjusted limits in all subjects

(Supplementary Material, Table S2). However, the level of 25-hy-

droxy vitamin D was low (<30ng/ml) in 52% (13 of 25) of sub-

jects; amongst these individuals, 54% (7/13) had levels in the

insufficiency range (20–30ng/ml), and 46% (6/13 subjects) had

levels in the deficiency range (<20ng/ml). This prevalence of vi-

tamin D deficiency, however, is comparable to the general pop-

ulation in the US, wherein nearly two-thirds have low vitamin D

levels (16–18).

To further determine if abnormalities in calciummetabolism

in RTS could be contributing to the low aBMD, particularly with

respect to deposition in the bone, 13 individuals underwent cal-

cium kinetic studies (19,20). The parameters assessed in the cal-

cium kinetic studies included the size of the exchangeable

calcium pool in bone (EP) and the rate of calcium deposition in
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Figure 1. aBMD-for-age Z-score in children (A) and adults (B) with RTS. Each dot represents the Z-score of a single subject at the specified site. The horizontal line repre-

sents the median of the population. Distribution of aBMD-for-age Z-scores in RTS subjects as compared to the expected normal distribution for (C) whole body, (D) lum-

bar spine, (E) total hip, and (F) femoral neck.

Table 2. Calcium kinetic parameters in RTS subjects

Subject Exchangeable

pool of bone EP (g)

Bone calcium

deposition Voþ (g/d)

Rate constant

Koþ (d�1)

1 2.5 1.0 0.4

5 2.6 1.0 0.4

7 6.7 2.0 0.3

9 7.8 1.5 0.2

10 5.4 1.9 0.4

12 5.0 1.5 0.3

13 3.7 1.1 0.3

15 6.5 1.1 0.2

16 10.8 3.9 0.4

18 6.1 1.9 0.3

19 5.5 1.6 0.3

28 4.3 0.6 0.1

29 4.6 0.8 0.2

Reference: 2.2–6.7 0.9–2.6 0.2–0.6

Prepubertal(21)

Reference: 2.9–7.7 0.3–1.1 0.1–0.2

Healthy adult (age 23–39years) (21)
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bone (V0þ) (19). The median age of participants in this substudy

(6 males, 7 females) was 8 years (range 1–49 years). DXA scans

were performed in eight individuals who participated in cal-

cium kinetic studies. The median whole body aBMD-for-age

Z-score in these individuals was �1.26 (IQR 0.9 to �1.4) and me-

dian lumbar spine aBMD-for-age Z-score was �2.4 (IQR �0.2 to

�3.1). EP and V0þwere found to be within the age-adjusted nor-

mal ranges for all subjects (Table 2) (21–24).

Low aBMD is typically a result of alteration in the balance be-

tween the rates of bone formation and resorption. To assess the

bone remodeling status, we measured plasma levels of osteo-

calcin, a marker of osteoblastic activity and bone formation,

and urinary levels of collagen N-telopeptide (NTX) corrected for

creatinine, a marker of bone resorption (25–27). For individuals

older than six years at the time of study, age-appropriate nor-

malized values were used as the reference range for osteocalcin

and NTX. In individuals six years of age or younger, where refer-

ence ranges have not been established, we used the 7–9-year

age range reference values. Osteocalcin was elevated in only

one individual, while it was low in 26% (6/23). NTX was not ele-

vated in any individual, but was low in 17% (4/24) of subjects

(Supplementary Material, Table S2).

Ablation of Recql4 in skeletal progenitor cells leads to
low bone mass in mice

In order to test whether the low bone mass phenotype in RTS is

specifically due to a primary skeletal developmental defect, we

analyzed conditional knockout mice with loss of Recql4 in the

skeletal progenitor cells (6). We generated these mice by breed-

ing mice with floxed alleles of Recql4 with transgenic mice

expressing Cre-recombinase under the paired-related homeobox-

gene-1 (Prx1) promoter. We chose to use this specific conditional

model because the skeletal anomalies observed in this murine

model closely mimic those observed in humans with RTS (6).

We have previously demonstrated that mice lacking Recql4 in

skeletal progenitor cells (Prx1-Cretg/þ; Recql4fl/fl) exhibited fore-

shortened limbs, digit defects, craniosynostosis, and growth

plate defects at birth (6). In this study, we assessed the postnatal

bone development in these mutant mice. As the Prx1-Cre trans-

gene is not expressed in the vertebral bone (28), femora were

used to study the postnatal bone development. At 3months of

age, Prx1-Cretg/þ; Recql4fl/fl mice demonstrated significantly re-

duced bone volume (Fig. 2A). Because micro-computed tomog-

raphy (mCT) showed similar findings for both Prx1-Cretg/þ;

Recql4fl/fl male and female mice, only male mice were used for

further studies. mCT analysis demonstrated that Prx1-Cretg/þ;

Recql4fl/fl mice displayed more than 50% reduction of trabecular

bone volume fraction (bone volume/total volume, BV/TV) and

trabecular number (Tb.N) with a corresponding two-fold in-

crease in trabecular separation (Tb.Sp) (Fig. 2B, Table 3); the tra-

becular thickness (Tb.Th) appeared to be similar to control mice

(Fig. 2B, Table 3). In addition, Prx1-Cretg/þ; Recql4fl/fl mice also

showed more than 50% reduction of cortical bone area, and sig-

nificantly reduced cortical thickness (Fig. 2B, Table 3). To further

analyze the cellular basis of the bone phenotype, we performed

bone histomorphometric studies. The number of osteoblasts

per bone perimeter (N.Ob/B.Pm) in Prx1-Cretg/þ; Recql4fl/fl mice

was significantly reduced compared to the control mice (Fig. 2C,

Supplementary Material, Table S3). The surface of osteoid and

newly formed bone matrix was reduced by more than 50% in

Prx1-Cretg/þ; Recql4fl/fl mice (Fig. 2C, Supplementary Material,

Table S3). The osteoblast surface in Prx1-Cretg/þ; Recql4fl/fl mice

was also significantly reduced compared to littermate controls

(Fig. 2C, Supplementary Material, Table S3). Osteoclast number

and function in Prx1-Cretg/þ; Recql4fl/fl mice were not significantly

changed compared to littermate controls (Fig. 2D,

Supplementary Material, Table S3). These data suggest that loss

of Recql4 in the skeletal progenitor cells causes reduced osteo-

blast number and reduced osteoid, which could contribute to

the low bone volume in these mice.

Discussion

RTS is a rare autosomal recessive disorder caused by deficiency

of RECQL4, a DNA helicase belonging to the family of RecQ heli-

cases (29,30). It is one of the three Mendelian human conditions

resulting from deficiency of RecQ helicases, the other two being

Bloom syndrome and Werner syndrome. Individuals with RTS

exhibit significant phenotypic variability in terms of both spec-

trum and severity of clinical features, which include small stat-

ure, pokilodermatous skin rash, sparse hair, hyperkeratosis,

dental abnormalities, gastrointestinal disturbance, and propen-

sity for developing cancer (1,15,31,32).

Interestingly, nearly three-fourths of individuals with RTS

have developmental skeletal abnormalities including absent or

malformed bones, radial ray defects, and synostoses, whereas

at least a fourth have osteopenia detected on skeletal surveys

and history of childhood fractures (1,8). Using conditional

knockout models of RECQL4 deficiency in the early skeletal pro-

genitor cells (Prx1-Cretg/þ; Recql4fl/fl) and chondrocytes (Col2a1-

Cretg/þ; Recql4fl/fl), we previously demonstrated that loss of

RECQL4 led to increased activity of p53. This enhanced p53 ac-

tivity led to decreased cell proliferation and increased apoptosis

resulting in developmental anomalies of the skeleton (6).

However, to date, the extent and the mechanisms behind the

more generalized metabolic bone phenotype and low bone den-

sity in patients with RTS have not been systematically investi-

gated. In this study, we conducted a detailed clinical

investigation of the bone phenotype in 29 individuals with RTS.

The strengths of the study are that it is the largest study to date

evaluating metabolic bone disease in individuals with RTS; the

assessments including DXA and calcium kinetic studies were

performed in a single institution using validated methods; and

the human phenotypes we observed were concordant with the

mechanistic studies performed in the genetic mouse model.

While many RTS individuals had aBMD within the normal

ranges (> �2.0), the median aBMD Z-scores at all sites were

lower than the population reference value of zero and the distri-

bution of aBMD was negatively skewed. These data suggest that

individuals with RTS are indeed predisposed to having a lower

bone mass. Detailed clinical and laboratory evaluation, includ-

ing calcium kinetic studies, did not reveal any abnormalities of

calcium or mineral metabolism. Markers of bone remodeling

were within normal ranges in most subjects, but in about a fifth

of the individuals, osteocalcin or NTX levels were below the

lower limit of normal. These results suggest that a low bone

turnover state may be a cause of the low bone density in RTS.

Concordantly, our studies in a murine model of RTS showed

that mice with loss of Recql4 in skeletal progenitor cells had re-

duced osteoblast numbers and osteoid surface resulting in

lower bone mass in both the cortical and lamellar bone. Ng and

colleagues have also shown that RECQL4 is required for osteo-

blast expansion (5). Our previous studies demonstrated that

RECQL4 deficiency led to increased p53 activity (6). p53 has been

shown to be a negative regulator of osteoblastogenesis (33,34).
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Figure 2. Mice lacking Recql4 in skeletal progenitor cells have low bone mass. (A) Representative 3D mCT images of distal femurs from Prx1-Cretg/þ; Recql4fl/fl and litter-

mate control (Crtl) mice. (B) mCT analyses of distal femoral trabecular bone and cortical bone showing Tb. BV/TV, Tb.N, Tb.Sp, Tb.Th, Ct.Ar, and Ct.Th parameters in

Prx1-Cretg/þ; Recql4fl/fl and Ctrl male mice at 3months of age. n¼6 per group, *P<0.05, **P<0.01, ***P<0.001, N. S., not significant (Student’s t-test). Data are expressed as

mean6S.D. (C) Histomorphometric analyses of distal femoral trabecular bone showing osteoblast parameters: N.Ob/B.Pm, OS/BS, and Ob.S/BS. n¼5 for both groups,

*P<0.05, **P< 0.01, ***P<0.001 (Student’s t-test). Data are expressed as mean6S.D. (D) Histomorphometric analyses of distal femoral trabecular bone showing osteo-

clast parameters: N.Oc/B.Pm, Oc.S/BS, and ES/BS. n¼5 for both groups, N.S., not significant (Student’s t-test). Data are expressed as mean6 s.d. Tb. BV/TV¼ trabecular

bone volume fraction; Tb.N¼ trabecular number; Tb.Sp¼ trabecular separation; Tb.Th¼ trabecular thickness; Ct.Ar¼ cortical area; Ct.Th¼ cortical thickness; N.Ob/

B.Pm¼number of osteoblasts per bone perimeter; OS/BS¼osteoid surface (per bone surface); Ob.S/BS¼osteoblast surface; N.Oc/B.Pm¼number of osteoclasts per bone

perimeter; Oc.S/BS¼osteoclast surface; ES/BS¼eroded surface. All the parameters have been presented in detail in Table 3 and Supplementary Material, Table S3.

Table 3. mCT parameters for femoral trabecular and cortical bone

Littermate Control Prx1-Cretg/þ; Recql4fl/fl P Value

Trabecular parameters

Femur length (mm) 15.560.3 9.460.2 <0.0001

Bone volume fraction (BV/TV) 0.2260.065 0.08760.033 0.0012

Specific bone surface (BS/BV, mm2/mm3) 41.3168.44 43.6365.02 0.577

Connectivity density (Conn.D, 1/mm3) 166.3633.8 28.2610.4 <0.0001

Trabecular number (Tb.N, 1/mm) 4.34960.505 1.84760.468 <0.0001

Trabecular thickness (Tb.Th, mm) 0.0560.01 0.04660.006 0.459

Trabecular separation (Tb.Sp, mm) 0.18260.031 0.52360.139 0.0002

Cortical parameters

Total cross-sectional area (Tt.Ar, mm2) 1.11960.157 0.44860.081 <0.0001

Cortical bone area (Ct.Ar, mm2) 1.09860.154 0.43660.08 <0.0001

Cortical area fraction (Ct.Ar/Tt.Ar) 0.98260.002 0.97260.003 0.0003

Cortical thickness (Ct.Th, mm) 0.22560.023 0.17460.013 0.0019

Polar moment of inertia (J, mm4) 0.699660.163 0.07660.038 <0.0001

Values are expressed as mean6SD. n¼6 for both groups.
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It is thus likely that the low bone density in RTS is secondary to

decreased osteoblast numbers and function.

Self-reported fracture history was used to identify potential

correlates of fracture in our RTS patient population. Even

though this is the largest cohort of individuals with RTS to have

evaluation of bone mass, the sample size and the power of the

study are limited given the rarity of the disorder. Therefore,

these analyses should be considered exploratory. RECQL4 muta-

tion status and lumbar spine aBMD Z-score< �2.0 correlated

with fracture risk. This finding of correlation of RECQL4 muta-

tion status is consistent with our previous work, which demon-

strated that presence of detectable pathogenic variants

portends a more severe bone phenotype (8,15). Interestingly,

lumbar spine aBMD greater than �2.0 was predicted to decrease

the fracture risk in our cohort of individuals with RTS. This

raises clinically important questions of how to monitor and

treat the metabolic bone disease in RTS.

Based on our results, we recommend assessment of aBMD in

individuals with RTS (14). DXA is a safe and non-invasive tech-

nique, and thus a baseline assessment of aBMD would be rea-

sonable in all individuals with RTS; however, the frequency and

interval for repeat testing is not known. The question of how to

monitor and treat individuals with low BMD in RTS is rather dif-

ficult to address. Generally, in children with predisposition to

genetic forms of low bone mass and increased bone fragility,

the primary measures to optimize bone health include nutri-

tional measures – calcium and vitamin D supplementation in

particular, and physical activity. The normal calcium kinetic

studies in RTS show that there is normal incorporation of cal-

cium into the matrix, and thus vitamin supplementation con-

sistent with recommended daily intake are reasonable to use

rather than higher doses.

Pharmacotherapy to increase aBMD and decrease fracture risk

generally involves treatment with antiresorptive agents that in-

hibit activity of osteoclasts and decrease bone resorption, or ana-

bolic agents that stimulate bone formation. Bisphosphonates,

synthetic analogs of pyrophosphate, and denosumab, a monoclo-

nal antibody against RANKL are the more commonly used antire-

sorptive medications in adults with osteoporosis. Whereas the

treatment guidelines for adults with osteoporosis have been es-

tablished, the indications, timing, duration, risks, and benefits

of bisphosphonate therapy in children are unclear (35).

Bisphosphonates have been repurposed for the treatment of pe-

diatric forms of osteoporosis (35,36). Generally, pharmacotherapy

in children would be considered in the following situations: 1)

children with low bone density and history of fragility fracture of

long bones or vertebral fractures; and 2) children without frac-

tures in whom quality of life would be significantly impacted by

fracture. We recommend that patients or care providers keep de-

tailed records of fracture history, including site and type of frac-

ture, reason for fracture, healing time, and fracture-associated

complications. Such history would be useful in determining

whether bisphosphonate therapy would be warranted.

Teriparatide is the only bone anabolic agent that is currently ap-

proved for human use by the Food and Drug Administration.

Preclinical toxicological studies with teriparatide showed in-

creased incidence of benign bone tumors and osteosarcomas

with prolonged use (37,38). Though human experience has not re-

vealed any obvious association between teriparatide and osteo-

sarcoma, given the significantly elevated risk of osteosarcoma in

RTS, this medication would be best avoided (39).

The findings of this study are to be taken in the context of

the limitations of the data set. First, this was a cross sectional

study on a limited study population. One time measurement of

aBMD, irrespective of the accuracy of the machine and the ex-

pertise of the operator, is less informative than serial measure-

ments. We do not have longitudinal data on subjects to show

the change in aBMD with age and thus cannot make any conclu-

sions on whether the decreased osteogenesis in RTS translates

into reduced peak bone mass. Second, individuals with RTS are

typically below the 5th percentile for height, and thus age-

adjusted Z-scores may overestimate the magnitude of low bone

mass. One way to address this would be to try to normalize the

bone mineral content and density to height. Although this could

be done using mathematical models, the applicability especially

in a genetic form of low bone mass is unknown. Moreover, sex-

and age-adjusted Z-scores are the typical parameters reported

on clinical DXA reports, and thus we chose to use these parame-

ters for statistical analyses. Third, with the varied ages of the

patients and the absence of information on hormonal status,

we could not assess the effect of puberty on bone mass. Fourth,

the fracture history was self-reported and could not be con-

firmed by the radiographs or medical records for all subjects.

Thus, any such retrospective data are subject to recall bias.

Overall, the results of this study have important implica-

tions for follow-up and management of low bone mass in RTS.

We recommend a baseline DXA at time of diagnosis in order to

establish baseline measurement of aBMD. We recommend

screening for pathogenic variants in RECQL4 for any potential

new patient since RECQL4 status is correlated with a more se-

vere disease phenotype. Supplementation with calcium or vita-

min D beyond the recommended daily intake is not warranted.

A detailed history of fractures should be maintained.

Bisphosphonates should be considered for the treatment of in-

dividuals with history of multiple fractures, particularly involv-

ing long bones or vertebral fractures.

Materials and Methods

Human subjects

The Institutional Review Board for Human Subject Research at

Baylor College of Medicine, Houston, TX reviewed the study pro-

tocol and approved all study procedures.

Twenty-nine individuals with a clinically confirmed diagno-

sis of RTS were enrolled after signing informed consent to par-

ticipate in the study. Research procedures were performed at

the General Clinical Research Center at Texas Children’s

Hospital, Houston, TX. Medical history was collected by inter-

view and review of medical records. Fracture history was ob-

tained from questionnaires administered to the subjects or

their parents. Laboratory analyses including complete blood

count, serum chemistries, 25-hydroxy vitamin D, intact PTH,

osteocalcin, and urinary collagen N-telopeptide were performed

in the CLIA- and CAP-certified clinical diagnostic laboratory of

Texas Children’s Hospital, Houston, TX. RECQL4 molecular test-

ing was performed in the Medical Genetics Laboratory of Baylor

College of Medicine, a CLIA-certified laboratory (n¼ 25); four in-

dividuals (Subjects 17, 21–23) had sequencing done in the re-

search laboratory in a research laboratory (L.L.W.) prior to

clinical availability in a CLIA-certified commercial laboratory.

Densitometry analyses

Twenty-two individuals had aBMD assessed by DXA using a

Hologic Delphi-A instrument (Bedford, MA) at the Body

Composition Laboratory of the Children’s Nutrition Research

Center, Houston, TX, which has extensive experience in
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measuring bone density and have performed over 16,000 DXA

scans (40–43). Scans were performed of the whole body, lumbar

spine, and proximal femur. Bone mineral content (BMC), bone

area, and BMD were measured using Hologic Discovery V12.1

analysis software. For adult subjects, BMD Z-scores of the whole

body, lumbar spine, left total hip, and left femoral neck were

calculated using the Hologic Reference Database. Due to limita-

tions in this for the pediatric population, validated age- and

sex-matched control data from the pediatric population gener-

ated by the Body Composition Laboratory of the Children’s

Nutrition Research Center, Houston, TX were used to calculate

the Z-scores for pediatric subjects as previously published (40).

Height-for-age and weight-for-age Z-scores were calculated us-

ing the World Health Organization reference data for children

younger than two and for children and adults older than two,

the Centers for Disease Control reference data was used (44,45).

Percentile values for soft tissue parameters are based on gen-

der- and ethnicity-specific normative data for subjects eight

years of age or older, obtained from the National Health and

Nutrition Examination Survey (NHANES) (46). References are

available for Fat Mass Index (FMI: Fat Mass/Heightˆ2) as well as

for Lean Mass/Heightˆ2. The NHANES reference data were mod-

eled using the LMS curve fitting technique proposed by Cole,

and the subsequent age-based LMS factors are used to produce

the percentile results for each DXA scan (47).

Calcium kinetics studies

The calcium kinetic studies were performed as described previ-

ously (19,21). Subjects consumed breakfast and 180ml of

calcium-fortified orange juice to which 20 mg of 46Ca stable iso-

tope was added. The total dietary intake of calcium with break-

fast was 300mg. Immediately after breakfast, subjects received

5mg of 42Ca intravenously. Serum samples for calcium isotope

ratio measurements were obtained at 6, 12, 20, 40, 120, 180, 240,

and 480minutes after the infusion. A 24-h urine collection was

obtained on the day of calcium administration (Day 1) after

which urine aliquots were collected every 8hours for another

24hours (Day 2). Spot urine samples were collected daily for the

next five days (Days 3–8). (23). Subjects received a food scale and

instructions for recording their dietary intake (i.e., weighed food

record) for three days starting on Day 2. Nutrient intakes were

analyzed by the study dietitian (KH) using Nutrient Data

Systems for Research software developed by the Nutrition

Coordinating Center, University of Minnesota, Minneapolis, MN.

The compartmental model used for calcium kinetics was

adapted for use in children and adolescents, as described previ-

ously (22). This model is based on three sequential pools before

calcium deposition in the "deep" bone calcium pool. The mass

of the third compartment is referred to as the exchangeable

pool of bone (48). Bone calcium deposition rate is the rate of cal-

cium flow to the final pool. Data were modeled with the use of

the SAAM (Simulation, Analysis and Modeling) program. The ra-

tio of Voþand Ep was determined as a rate constant to evaluate

the activity of the exchangeable calcium pools (48). Endogenous

fecal excretion of calcium was estimated as 1.5mg/kg/day (49).

Generation of mouse model of RTS

The generation of Recql4 mutant mice and all experimental pro-

cedures carried out in the animals were reviewed and approved

by the Institutional Animal Care and Use Committee of Baylor

College of Medicine, Houston, TX. The generation of Prx1-Cretg/þ

and Recql4fl/fl mice have been described previously (6,28). Prx1-

Cretg/þ male mice were crossed with Recqlfl/fl females to generate

Prx1-Cretg/þ; Recql4fl/þ mice which were subsequently mated

with Recqlfl/fl or Recql4fl/þ females to generate mice that lacked

Recql4 in the skeletal progenitor cells in mouse limbs. Recqlfl/fl or

Recql4fl/þ littermates were used as controls as these mice were

indistinguishable from wild-type mice and did not exhibit any

observable phenotype.

lCT analysis

mCT scanning of mouse femora was performed using a mCT-40

system (Scanco Medical, Wayne, PA, USA) with an isotropic

voxel size of 16 mm. For femoral trabecular bone analysis, the re-

gion of interest (ROI) of control femora was manually contoured

in 75 slices proximal to the distal femoral growth plate. For

Prx1-Creþ; Recql4fl/fl mutants, the number of slices was reduced

according to the length of mutant femora which was deter-

mined from the top of the femoral head to the bottom of the

medial condyle. The trabecular parameters, including BV, TV,

BS, connectivity density (Conn.D), Tb.N, Tb.Th, and Tb.Sp were

determined using the Scanco software with a threshold value of

210 (50). For femoral cortical bone analysis, the ROI of control

femora was contoured in 50 slices at the femoral midshaft, and

the number of slices was reduced according to the length of mu-

tant femora. The cortical parameters, including total cross-

sectional area (Tt.Ar), Ct.Ar, Ct.Th, and polar moment of inertia

were determined using Scanco software.

Bone histomorphometry

Non-decalcified femoral bone samples from Prx1-Creþ; Recql4fl/fl

mice and control littermate mice were embedded in methacry-

late and sectioned. Distal femoral metaphyses were used for

histomorphometric analyses. von Kossa and van Gieson stain-

ing were used to quantify mineralized bone parameters includ-

ing BV, BS, and OS. Toluidine blue staining was used to quantify

osteoblast numbers, and tartrate resistant alkaline phosphatase

(TRAP) staining was used for osteoclasts.

Statistical methods

Continuous variables were summarized by mean and standard

deviation, or if appropriate, median and range or interquartile

range. Categorical data were tabulated and summarized. Exact

binomial test was used to determine if the proportion of pa-

tients with BMD� 2.0 was significantly different from the ex-

pected 2.5%. The number of fractures from birth to the time of

enrollment can be reasonably assumed to be distributed as

Poisson with age as the time index. Hence, the Poisson regres-

sion model was used to analyze the number of fractures with

potential risk factors including sex, RECQL4 mutation status,

whole body, and lumbar spine aBMD Z-scores. The aBMD

Z-scores were dichotomized by��2.0 and>�2.0. Due to the

importance of age and height at the time of enrollment for de-

termination of aBMD z-scores, they were always included in the

model fitting process. The standard step-wise model fitting pro-

cess for the univariate and multivariate models was analyzed

using R (R Foundation for Statistical Computing, Vienna,

Austria). In the mouse study, unpaired, two-sided Student’s

t-test was used to compare continuous measurements between

two groups. P values less than 0.05 were considered to be statis-

tically significant.
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Supplementary Material is available at HMG online.
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