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Abstract
Background

To investigate the clinical characteristics and molecular diagnosis of progressive diaphyseal dysplasia
(PDD) in three unrelated Chinese families.

Methods

The present study recruited six patients aged 14 to 45 from three unrelated families with PDD, including
�ve females and one male. Clinical manifestations, biochemical tests, radiographic examinations were
analyzed and the TGF-β1 gene mutation was further identi�ed by Sanger sequencing. In addition, data of
treatment and follow-up were also collected.

Results

The onset age of the patients ranged from 1 to 6 years. All the affected patients had family histories and
were consisted with autosomal dominant inheritance pattern. All of them exhibited gait disturbance,
fatigue, progressive bone pain, as well as muscle atrophy and weakness in limbs. Notably, there was one
15-year-old girl who experienced heart valve defects and tachycardia at birth. Laboratory examinations
revealed the in�ammatory markers were in high level, besides the extremely increased bone metabolism
indicators. The thickened diaphysis of long bones and the narrowed medullary cavity were observed by
radiography. Furthermore, radionuclide bone scan detected abnormal symmetrical radioactive
concentration in the affected regions of bone. Sanger sequencing identi�ed a missense heterozygous
mutation in exon 4 of TGF-β1 gene, resulting in R218C, which con�rmed PDD eventually. More important,
a novel mutation c.669C>G in exon 4 of TGF-β1 gene harboring C223W were detected in family 3.
Subsequent bioinformatics software predicted that the novel mutation was pathogenic. Our study also
showed that zoledronic acid was not effective in the control of bone turnover markers and the relief of
bone pain in patients with PDD.

Conclusion

In addition to the typical PDD manifestations, the new phenotypic characteristics such as tachycardia
and heart valve defect were �rstly reported in one female patient carried the novel mutation p.Cys223Trp
in TGF-β1 gene. In addition, our study indicated that the increased bone metabolism indicators and
in�ammatory markers may possess auxiliary diagnosis for PDD. More importantly, zoledronic acid was
used to treat PDD patients in this study. After one-year follow-up, it was proved that the drug effect was
not satisfactory, and new drugs need to be developed to treat the disease.

Background
Progressive diaphyseal dysplasia (PDD), also known as Camurati-Engelmann disease (CED, OMIM
131300) is an autosomal dominant disorder, usually caused by transforming growth factor-beta1 (TGF-
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β1) gene mutations. Waddling gait, pain in extremities, muscular weakness, and cortical thickening of the
diaphysis of the long bones[1, 2] are the hallmark clinical manifestations and imaging features. If the
lesions involve skull, will lead to cranial nerve damage, such as hearing impairment and vision loss[3, 4].
Some cases have systemic manifestations or like some kind of syndromes, accompanied with anemia,
leukopenia and hepatosplenomegaly for instance[5]. Since PDD is a kind of rare disease, to date, there
are altogether 300 cases with PDD have been reported over the world[4, 6–12]. Therefore, the diagnosis
of PDD is a great challenge for clinicians owing to its rarity and extensive phenotypic variations. The
present study fully analyzed the clinical characteristics and identi�ed the major causative gene mutations
in 6 patients from 3 unrelated families with PDD. Meanwhile, the relevant reported literatures about the
disease were reviewed simultaneously, in order to improve the awareness of the rare disease in the
clinicians. It is of interest to note that we identi�ed one novel mutation p.Cys223Trp of TGF-β1 gene in
one of the female patients with a heart valve defect and tachycardia. The research result will provide
important help for us to further understand the rare disease, and also expand the pathogenic gene
mutation spectrum and phenotype of the disease.

Methods
2.1 Subjects

One male and �ve female patients aged 14 to 45 (from three unrelated families) were enrolled in the
present study (Table 1). The protocol was approved by the Ethics Committee of the Shanghai Sixth
People's Hospital a�liated to Shanghai Jiao Tong University, and all subjects signed informed consent.

Table 1. Clinical data of the six cases with PDD
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  Family 1 Family 1 Family 1 Family 2 Family 3 Family 3

III5 III6 II8 III2 III2 II1

Gender/Age (year) F/22 F/16 F/45 F/34 F/14 M/38

Age of onset (year) 4 6 3 1 5 -

Height (m) 159.1 148.5 158.0 171.3 155.0 172.3

Weight (kg) 33.1 34.4 59.4 50.8 31.0 63.0

Pain in extremities Marked Mild Mild Marked - -

Waddling gait Marked Mild Mild Marked Mild -

Muscle weakness Marked Mild Mild Marked Mild -

Skin temperature increase Mild - - Mild - -

Cranial nerve impairment - - - Marked - -

Dizziness Mild - - Marked - -

Vision impairment - - - Marked - -

Exophthalmos Mild - - Marked - -

Hearing loss - - - - - -

Infrequent menses Mild - - Marked - -

PDD: Progressive diaphyseal dysplasia.

“–” means no symptom.

2.2 Medical history collection

Anthropology information (height, weight, age, etc.), comprehensive clinical evaluation and family history
were obtained. Pedigrees of the three families were showed in Figure1.

2.3 Laboratory and imaging evaluation

The clinical routine biochemistry tests, bone turnover markers (BTMs), bone scintigraphy and radiological
examinations were detected in the subjects with PDD. Bone mineral density (BMD) of the lumbar spine
(L1–4), left femoral neck and total hip were gauged by a lunar prodigy dual-energy X-ray absorptiometry
(DXA) densitometer (GE Healthcare, Madison, USA).

2.4 Genetic analysis and mutation prediction

3mL peripheral blood sample was collected from each subject and genomic DNA was extracted using the
conventional method. Primers of TGF-β1 gene were designed using Primer3 software for the
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ampli�cation. After 95ºC pre-denature for 2 min, PCR ampli�cations were performed for 35 cycles * (96ºC
10 s, 68 ºC 1min, 72°C 1min). Subsequently, all exons together with the exon and intron boundaries
of TGF-β1 gene were sequenced on the ABI3730XL platform with the BigDye3.1 Kit (ABI company, USA).
The sequencing �les were analyzed by Polyphred software, and the results were obtained after manual
proofreading.

PolyPhen-2, PROVEAN and UniProt database were used to predict the variant and analyze the amino acid
conservation. Furthermore, the ExAC and 1000 Genomes Project databases were used to identify the
novel mutations. The protein sequence of TGF-β1 was obtained from the UniProt database in FASTA
�le form. The three-dimensional structure homology modeling and visualization of the native and mutant
protein were deduced using the online SWISS-MODEL system and PyMol software.

Results
3.1 Family characteristics

3.1.1 Family 1

Proband 1 was a 22-year-old girl, born from a non-consanguineous family at full term. She began to walk
at 14-month with normal gait. At the age of 4, waddling gait occured. Two years later she was di�culty in
climbing stairs, along with generalized weakness, increased local skin temperature and gradually
aggravated pain in four limbs. The proband underwent glucocorticoid treatment for many years, but her
pain did not improve. At the age of 18, she was treated with zoledronate yearly for the diagnosis of
“�brous dysplasia” in other hospital. However, bone pain became even serious. Physical examination
revealed the muscular atrophy of lower limbs and valgus knee deformity (Figure 2A). Her little sister (III6)
could walk by age 2, waddling gait and mild leg pain occurred at 6 and 12 years old, respectively.
Their 45-year-old mother (II8) complained that she had similar symptoms in adolescence. It was of
interest to note that intensive bone pain gradually relieved and muscle mass and strength of both lower
limbs increased with weight gain (BMI was increased from approximately 16.1 kg/m2 to 23.6 kg/m2) at
approximately 30 years of age. Now she only experienced mild arthralgia and fatigue occasionally, along
with the normal muscle mass of limbs. The proband's cousin (III3) also developed intensive bone pain
and symptoms improved after glucocorticoid treatment. The uncle of the proband 1 (II2) was an
asymptomatic suspected patient.

3.1.2 Family 2

Proband 2 was a 34-year-old female who was married but never giving birth. She was able to walk at the
age of 1, simultaneously waddling gait and abnormal knee-joint were observed. Since then, she fell down
many times, whereas no fractures happened. From the age of 29, fusiform enlargement was found
in her forearm, followed by the lower limbs. Concurrently, the skin temperature of the affected bone
increased. In recent years, she developed bilateral visual �eld defects gradually, accompanied with
headache and dizziness. She also complained of hypomenorrhea and delayed cycle (four or �ve per year)
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since menarche at 17-year-old. Physical examinations showed muscle atrophy in lower limbs, genu
valgus deformity (Figure 2B), as well as the limitation of multi-joint mobility (Figure 2C). Her uncle (II5),
aunt (II9), cousin (III5), and nephew (IV1) all presented with wide-based gait and no other symptoms. The
cousin (III4) of the proband had suffered from severe headache and impaired vision for almost 20 years.
She was misdiagnosed as "�brous dysplasia of the skull" and underwent titanium alloy replacement after
frontal bone resection.

3.1.3 Family 3

Proband 3 was a 15-year-old girl who developed tachycardia and heart valve defect at birth. She
underwent cardiac valve repair surgery at 5 (details were not available). She could walk at 15-month,
limping was noticed at the age of 5. By age 13, she suffered a hairline fracture of the bilateral knee
by a fall. Progressive aggravation of pain in her knee appeared three months ago, so she came to our
department for help. While her father (I1) was diagnosed with PDD by genetic screening with a normal
phenotype.

3.2 Blood test and imaging examinations

The laboratory examinations and BMD of the patients were shown in Table 2, except I1 in Family 3 who
refused to do any medical tests. BTMs such as β-C-telopeptides of type I collagen (β-CTX) and
osteocalcin (OC) were highly elevated in the above patients. Moreover, most of them showed increased
levels of in�ammatory biomarkers such as erythrocyte sedimentation rate (ESR, 100%, 5/5) and high-
sensitivity C-reactive protein (hsCRP, 66.7%, 2/3).

Table 2. Laboratory examinations and BMD of �ve cases with PDD
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  Family
1

Family
1

Family
1

Family
2

Family
3

Normal range

III5 III6 II8 III2 III2

CRP
(mg/L)

28.97 6.76 - 32 - 0-10

ESR
(mm/h)

120 42 57 56 30 0-26

ALP
(U/L)

301 157 69 369 139 15-112

β-CTX
(ng/L)

2878 1446 458.2 5432 855.9 Male (30-50 yrs: <84, 50-70 yrs: 704,
> 70 yrs: <854); Female
(premenopausal: <573,
postmenopausal: <1008)

OC
(ng/ml)

112.1 50.18 17.44 72.4 62.37 Male (18-30 yrs: 24-70, 30-50 yrs: 14-
42,> 50 yrs: 14-46); Female
(premenopausal: 11-34,
postmenopausal: 15-46)

PTH
(pg/ml)

115.8 49.8 55.75 75.81 52.89 15-65

25OHD
(ng/ml)

7.41 13.79 26.94 19.16 32.05 >20

Ca
(mmol/L)

2.25 2.37 2.24 2.18 2.32 2.08-2.6

P
(mmol/L)

1.3 1.34 1.16 1.53 1.24 0.8-1.6

L1-L4 Z-
Score

-3.2 - -1.0 0.3 - -

FN Z-
Score

-3.2 - 1.2 8.2 - -

TH Z-
Score

-0.3 - 0.9 7.2 - -

“–” means not available.

Abbreviations: PDD: Camurati-Engelmann disease; CRP: high-sensitivity C-reactive protein; ESR:
erythrocyte sedimentation rate; ALP: alkaline phosphatase; β-CTX: β‐isomerized C-terminal cross-linked
telopeptide of type I collagen; OC: osteocalcin; PTH: parathyroid hormone; 25OHD: 25-hydroxyvitamin D;
FN: femoral neck; TH: total hip.

In addition, the BMD of femoral neck and total hip in proband 2 was signi�cantly increased with
high symmetrical radioactive concentrations in the affected sites, especially in the
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long bone of extremities and skull by bone scintigraphy. The X-ray manifestations of the �ve patients
were very similar, with the cortical bone thickening and irregular periosteal sclerosis of the long bone
shaft as well as the sclerosis of skull (Figure 3)

3.3 Identi�cation of TGFβ1 mutations

As shown in Figure 4, the proband 1 (III5), III6, and II8 in Family 1, along with the proband 2 (III2) in Family
2 harbored the c.652C> T mutation in exon 4 of TGF-β1 leading to p.Arg218Cys (R218C, NM_000660.7)
by Sanger sequencing. Whereas proband3 (III2) and II1 in Family 3 possessed the c.669C>G mutation in
exon 4 of TGF-β1 leading to p.Cys223Trp (C223W, NM_000660.7), which was a novel mutation, never
found in ExAC nor 1000 Genomes Project databases.

3.4 Gene Mutation Damaging Prediction and Structural Analysis

Multiple sequence alignment revealed that 223Cys were highly conserved in different species (Figure 5A),
with scores 1.00 and -9.162, respectively predicted by PolyPhen-2 and PROVEAN software (Figure 5B and
5C). Furthermore, the conversion of Cysteine to Tryptophane disrupted the construction of disul�de bond
between two latency associated peptide (LAP) molecules, exerting a negative effect on the formation of
dimerization and reducing the structural stability of homodimer by three-dimensional (3D)
structure prediction (Figure 5D). The above mentioned data indicated that the novel mutation played an
important role in the pathogenesis of PDD.

3.5 Follow up

Proband 1 in family 1 claimed that her bone pain couldn’t be relieved after been treated with zoledronate
three years ago, so she declined to accept the treatment once more. Whereas III5, III6 in Family 1 and III2
in Family 3 were treated with pain killer (such as NSAIDs). However, proband 2 was treated with
zoledronate due to her high levels of BTMs. Three months later, laboratory examinations showed ALP, β-
CTX and OC was 324u / L (baseline 369u / L), 4860ng / L (baseline 5432ng / L) and 175.9ng/ml
(baseline 72.4ng / ml), respectively. The above data indicated that the curative effect of zoledronate was
inadequate.

Discussion
PDD was reported by Cockayne[13] in 1920 for the �rst time, Camurati[14] determined the disease was
hereditary two years later. In 1929, Engelmann[15]described a typical case with muscle atrophy and bone
involvement. Since then, the disease had been widely known as “Camurati-Engelmann disease”. In 1948,
Neuhauser found that the clinical characteristics of CED were sclerosis and thickening of the long bones,
hence he coined the term" progressive diaphyseal dysplasia". With the rapid development of high-
throughput sequencing and linkage inheritance technologies, the etiology of PDD was considered to be
the heterozygous mutations of TGF-β1 gene in 2000[12-14].
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TGF-β1 is one of the members of TGF-β superfamily encodes the precursor complex, including signal
peptide, LAP and mature TGF-β1 protein. The LAP and TGF-β1 protein form the homodimer linked by non-
covalent bonds, which is secreted and stored in the extracellular matrix[10]. TGF-β1 became active by
dimerization via cysteine bridges and cleavage at the dibasic protease site by furin[16]. TGFβ1 is the
richest cytokine in bone matrix, where it becomes the coupling regulator to be involved in the process of
bone formation and resorption. It can promote osteogenesis and inhibit the formation of muscle and fat
mass[17, 18]. In addition, TGF-β1 can also regulate cell proliferation and differentiation, along with
embryogenesis, angiogenesis and immunosuppression[19].

R218C, R218H and C225R of TGF-β1 gene are the most frequently occurred mutations in patients with
PDD, among them R218C substitution is the hotspot, accounting for approximately 60% of all the
mutations[4]. Previous studies also reported three different mutations of Cys at position 223: C223R,
C223S and C223G additionally[3]. In our study, a novel mutation C223W was detected, which broadened
the mutation spectrum of pathogenic genes in Chinese. Since the hotspot mutation R218C and the novel
mutation C223W are both located in exon 4 at the C-terminal region of LAP, which is pivotal for the
construction of dimer cysteine bridge. Therefore, the mutations reduced the binding ability between the
LAP and mature TGF-β1 rather than affecting the protein secretion, causing the increased activity of TGF-
β1.

Our study demonstrated the clinical features of PDD, and furthermore analyzed the relationship between
the genotype and phenotypes. From our study, it was found that the clinical phenotypes of the disease
had great variations, even it was the same mutation site or within the same family. However, it seemed
that patients with R218C mutation had more severe symptoms than patients carried C223W mutation.
The above variant clinical manifestations may be closely related to post-translational modi�cation and
other regulatory factors, and mechanical stimulation may also play a partial role[9, 20]. Previous study in
large pedigrees had described a tendency of PDD to occur earlier and more severe in the younger
generations [7, 11, 12], which was genetically named “anticipation”. In the present study, family 1 and
family3 were consistent with the �ndings of the above. As for family 2, we harbored the idea that IV1 in
the younger generation might become serious later, which supported the presence of anticipation
partially. Owing to the rarity and heterogeneity of PDD, this relationship was deserved to be veri�ed in
larger samples. In addition, II8 in Family 1showed typical PDD symptoms in childhood, whereas she
recovered from bone pain at the age of 30 without any treatment. This spontaneous remission was in
accordance with the previous studies[9, 21]. Our study indicated that the decreased concentration of TGF-
β1 with aging may contribute to this condition[22, 23].

What interested us, however, was the girl who carried the novel mutation C223W with the
heart valve impairment and tachycardia, which had never been documented in the previous studies.
Interestingly, cardiac abnormalities were typical clinical manifestations of the diseases caused by
mutations in other genes in TGF-β signaling pathway[24, 25]. This atypical heart abnormality broadened
the clinical phenotype spectrum of the disease and provided practical basis for further study of the
pathogenesis of PDD.
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In our study, high bone turnover markers were detected in all �ve patients. However, it was observed that
patients with more severe clinical phenotypes had higher bone turnover markers, excepted II8 in Family 1
with spontaneous remission presented mild increased BTMs. Meanwhile, it is suggested that the
abnormal in�ammatory markers and BTMs should be paid attention to in the diagnosis and prediction of
PDD. As to the treatment, there is no effective therapies to date. Bisphosphonate, the powerful anti-
resorptive agent, was controversial in the treatment of PDD[4, 26, 27]. Proband 1 and 2 did not ameliorate
after the treatment with zoledronate, even aggravated bone pain. However, our department had ever
demonstrated the bene�cial utility of both alendronate and zoledronate in two male patients with PDD in
2019[6]. Intriguingly, it seemed that men tended to gain better therapeutic effects better than women[7, 8,
26, 28, 29]. Whether sex hormones play a role in the therapeutic response of bisphosphonates to diseases
is unknown, which is also one of the research contents we need to study in the future. In any case, there is
no effective treatment for the disease at present. The in-depth investigation of the pathogenesis of PDD
would be helpful to develop targeted treatment drugs.

Conclusions
In this study, the clinical features were fully analyzed and TGF-β1 gene mutations were identi�ed, and one
novel pathogenic site was detected in a 15-year-old girl with cardiac abnormalities and mild joint pain,
which would contribute to expanding the phenotype and mutational spectrum of PDD in Chinese.
Meanwhile, it is recommended that both BTMs and in�ammatory biomarkers should be tested to assist
the diagnosis CED and evaluation of the disease activity.

Abbreviations
PDD: Progressive Diaphyseal dysplasia

TGF-β1: transforming growth factor-beta1

PDD: progressive diaphyseal dysplasia

DXA: dual-energy X-ray absorptiometry

BMI: body mass index

BMD: bone mineral density

BTMs: bone turnover markers

β-CTX: β‐isomerized C-terminal cross-linked telopeptide of type I collagen

OC: osteocalcin

LAP: latency associated peptide



Page 11/18

Declarations
Ethics approval and consent to participate

The study protocol was approved by the Ethics Committee of the Shanghai Sixth People's Hospital of
Shanghai Jiao Tong University. All methods were carried out used in this study adhere to the tenets of the
Declaration of Helsinki.

Written informed consent was obtained from the patients or their legally authorized representatives who
participated in this study. A copy of the written consent is available for review by the Editors-in-Chief of
this journal.

Consent for publication

Written informed consent was obtained from the patients or their legally authorized representatives for
publication of this paper and accompanying images.

Availability of data and materials

The data cannot be publicly shared because permission was not obtained from the participants but are
available from the corresponding author on reasonable request.

Con�ict of Interest

The authors declare no con�icts of interest.

Funding

This work was supported by grants from the National Natural Science Foundation of China (Grant No.
81770874, 81974126), Shanghai Natural Science Foundation (Grant No.16ZR1425700) and Shanghai
Municipal Key Clinical Specialty.

Author Contributions

Xiao-Hui Tao and Xing-Guang Yang: Investigation, Formal analysis, Data collection, Writing - original
draft; Zi-Yuan Wang: Data collection; Yang Xu: Data collection; Zhen-Lin Zhang: Project administration,
Validation, Supervision, Writing - review & editing; Hua Yue: Conceptualization, Funding acquisition,
Supervision, Writing - review & editing.

Acknowledgments

We gratefully acknowledge all colleagues in the Shanghai Sixth People's Hospital a�liated to Shanghai
Jiao Tong University for their support and efforts put in this study and all the subjects for their
participation.



Page 12/18

References
[1] M.K. Cromer, L.F. Starker, M. Choi, R. Udelsman, C. Nelson-Williams, R.P. Lifton, T. Carling, Identi�cation
of somatic mutations in parathyroid tumors using whole-exome sequencing, J Clin Endocrinol Metab
97(9) (2012) E1774-81. doi:10.1210/jc.2012-1743

[2] S.E. Wallace, R.S. Lachman, P.B. Mekikian, K.K. Bui, W.R. Wilcox, Marked phenotypic variability in
progressive diaphyseal dysplasia (Camurati-Engelmann disease): report of a four-generation pedigree,
identi�cation of a mutation in TGFB1, and review, Am J Med Genet A 129a(3) (2004) 235-47.
doi:10.1002/ajmg.a.30148

[3] W. Van Hul, E. Boudin, F.M. Vanhoenacker, G. Mortier, Camurati-Engelmann Disease, Calcif Tissue Int
104(5) (2019) 554-560. doi:10.1007/s00223-019-00532-1

[4] K. Janssens, F. Vanhoenacker, M. Bonduelle, L. Verbruggen, L. Van Maldergem, S. Ralston, N.
Guañabens, N. Migone, S. Wientroub, M.T. Divizia, C. Bergmann, C. Bennett, S. Simsek, S. Melançon, T.
Cundy, W. Van Hul, Camurati-Engelmann disease: review of the clinical, radiological, and molecular data
of 24 families and implications for diagnosis and treatment, J Med Genet 43(1) (2006) 1-11.
doi:10.1136/jmg.2005.033522

[5] A.J. Crisp, D.P. Brenton, Engelmann's disease of bone--a systemic disorder?, Ann Rheum Dis 41(2)
(1982) 183-8. doi:10.1136/ard.41.2.183

[6] , , , β1 ,  12(06) (2019) 578-585.

[7] G.I. Baroncelli, E. Ferretti, C.M. Pini, B. Toschi, R. Consolini, S. Bertelloni, Signi�cant Improvement of
Clinical Symptoms, Bone Lesions, and Bone Turnover after Long-Term Zoledronic Acid Treatment in
Patients with a Severe Form of Camurati-Engelmann Disease, Mol Syndromol 8(6) (2017) 294-302.
doi:10.1159/000479859

[8] G.R. Castro, S. Appenzeller, J.F. Marques-Neto, M.B. Bértolo, A.M. Samara, I. Coimbra, Camurati-
Engelmann disease: failure of response to bisphosphonates: report of two cases, Clin Rheumatol 24(4)
(2005) 398-401. doi:10.1007/s10067-004-1056-7

[9] P. Hughes, I. Hassan, L. Que, P. Mead, J.H. Lee, D.R. Love, D.O. Prosser, T. Cundy, Observations on the
Natural History of Camurati-Engelmann Disease, J Bone Miner Res 34(5) (2019) 875-882.
doi:10.1002/jbmr.3670

[10] K. Janssens, R. Gershoni-Baruch, N. Guañabens, N. Migone, S. Ralston, M. Bonduelle, W. Lissens, L.
Van Maldergem, F. Vanhoenacker, L. Verbruggen, W. Van Hul, Mutations in the gene encoding the latency-
associated peptide of TGF-beta 1 cause Camurati-Engelmann disease, Nat Genet 26(3) (2000) 273-5.
doi:10.1038/81563



Page 13/18

[11] J.M. Saraiva, Progressive diaphyseal dysplasia: a three-generation family with markedly variable
expressivity, Am J Med Genet 71(3) (1997) 348-52. doi:10.1002/(sici)1096-
8628(19970822)71:3<348::aid-ajmg17>3.0.co;2-k

[12] J.M. Saraiva, Anticipation in progressive diaphyseal dysplasia, J Med Genet 37(5) (2000) 394-5.
doi:10.1136/jmg.37.5.394

[13] E.A. Cockayne, Case for Diagnosis, Proc R Soc Med 13(Sect Study Dis Child) (1920) 132-6.

[14] M. Camurati, Di uno raro caso di osteite simmetrica ereditaria degli arti inferiori, Chir. Organi Mov 6
(1922) 662-665.

[15] G. Engelmann, Ein Fall von Osteopathia hyperostotica (sclerotisans) multiplex infantilis, 39 (1929)
1101-1106.

[16] A. Hata, Y.G. Chen, TGF-β Signaling from Receptors to Smads, Cold Spring Harb Perspect Biol 8(9)
(2016). doi:10.1101/cshperspect.a022061

[17] J. Massagué, S. Cheifetz, T. Endo, B. Nadal-Ginard, Type beta transforming growth factor is an
inhibitor of myogenic differentiation, Proc Natl Acad Sci U S A 83(21) (1986) 8206-10.
doi:10.1073/pnas.83.21.8206

[18] R.A. Ignotz, J. Massagué, Type beta transforming growth factor controls the adipogenic
differentiation of 3T3 �broblasts, Proc Natl Acad Sci U S A 82(24) (1985) 8530-4.
doi:10.1073/pnas.82.24.8530

[19] D.A. Clark, R. Coker, Transforming growth factor-beta (TGF-beta), Int J Biochem Cell Biol 30(3) (1998)
293-8. doi:10.1016/s1357-2725(97)00128-3

[20] S. Hering, C. Jost, H. Schulz, B. Hellmich, H. Schatz, H. Pfeiffer, Circulating transforming growth factor
beta1 (TGFbeta1) is elevated by extensive exercise, Eur J Appl Physiol 86(5) (2002) 406-10.
doi:10.1007/s00421-001-0537-5

[21] C. Collet, J.L. Laplanche, M.C. de Vernejoul, Camurati-Engelmann disease with obesity in a newly
identi�ed family carrying a missense p.Arg156Cys mutation in the TGFB1 gene, Am J Med Genet A
161a(8) (2013) 2074-7. doi:10.1002/ajmg.a.36022

[22] V. Nicolas, A. Prewett, P. Bettica, S. Mohan, R.D. Finkelman, D.J. Baylink, J.R. Farley, Age-related
decreases in insulin-like growth factor-I and transforming growth factor-beta in femoral cortical bone
from both men and women: implications for bone loss with aging, J Clin Endocrinol Metab 78(5) (1994)
1011-6. doi:10.1210/jcem.78.5.8175953

[23] J. Pfeilschifter, I. Diel, B. Scheppach, A. Bretz, R. Krempien, J. Erdmann, G. Schmid, N. Reske, H.
Bismar, T. Seck, B. Krempien, R. Ziegler, Concentration of transforming growth factor beta in human bone



Page 14/18

tissue: relationship to age, menopause, bone turnover, and bone volume, J Bone Miner Res 13(4) (1998)
716-30. doi:10.1359/jbmr.1998.13.4.716

[24] C. Stheneur, G. Collod-Béroud, L. Faivre, L. Gouya, G. Sultan, J.M. Le Parc, B. Moura, D. Attias, C. Muti,
M. Sznajder, M. Claustres, C. Junien, C. Baumann, V. Cormier-Daire, M. Rio, S. Lyonnet, H. Plauchu, D.
Lacombe, B. Chevallier, G. Jondeau, C. Boileau, Identi�cation of 23 TGFBR2 and 6 TGFBR1 gene
mutations and genotype-phenotype investigations in 457 patients with Marfan syndrome type I and II,
Loeys-Dietz syndrome and related disorders, Hum Mutat 29(11) (2008) E284-95.
doi:10.1002/humu.20871

[25] K.K. Singh, K. Rommel, A. Mishra, M. Karck, A. Haverich, J. Schmidtke, M. Arslan-Kirchner, TGFBR1
and TGFBR2 mutations in patients with features of Marfan syndrome and Loeys-Dietz syndrome, Hum
Mutat 27(8) (2006) 770-7. doi:10.1002/humu.20354

[26] T. Inaoka, N. Shuke, J. Sato, Y. Ishikawa, K. Takahashi, T. Aburano, Y. Makita, Scintigraphic evaluation
of pamidronate and corticosteroid therapy in a patient with progressive diaphyseal dysplasia (Camurati-
Engelmann disease), Clin Nucl Med 26(8) (2001) 680-2. doi:10.1097/00003072-200108000-00003

[27] G. Chérié-Lignière, G. Santalena, A. Para�oriti, Pamidronate in the treatment of progressive
diaphyseal dysplasia (Camurati-Engelmann disease), Clin Exp Rheumatol 17(2) (1999) 264.

[28] A. Savoie, F. Gouin, Y. Maugars, B. Isidor, C. Larrose, J.M. Berthelot, Treatment responses in �ve
patients with Ribbing disease including two with 466C>T missense mutations in TGFβ1, Joint Bone Spine
80(6) (2013) 638-44. doi:10.1016/j.jbspin.2013.01.007

[29] K. Iba, J. Takada, H. Kamasaki, T. Oda, N. Hatakeyama, T. Wada, T. Yamashita, A signi�cant
improvement in lower limb pain after treatment with alendronate in two cases of Camurati-Engelmann
disease, J Bone Miner Metab 26(1) (2008) 107-9. doi:10.1007/s00774-007-0783-7

Figures



Page 15/18

Figure 1

Pedigrees of three unrelated Chinese families with PDD

Figure 2
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Classic clinical features of subjects with PDD A. Proband 1 was extremely thin and presented the
decreased subcutaneous fat, genu valgus deformity, and muscular atrophy of both lower limbs. B.
Proband 2 had similar clinical manifestations with the subjects as mentioned earlier, and she reported
thickened long bones. C. Elbow joint of proband 2 was unable to straighten.

Figure 3

Typical radiographic manifestations of PDD patients A. Bone scintigraphy with 99mTc-methylene
diphosphonate showed a marked symmetrical increase in radioactivity at the limbs and skull. B. X rays
revealed uneven or signi�cantly increased bone mineral density of cranial bones, along with the thickened
diploic bone and sclerosis of the skull. C. X rays showed periosteal and endosteal thickening of the
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diaphyseal of the long bones, as well as the enlarged tubular bone diaphysis of extremities and narrowed
medullary cavity.

Figure 4

Sequencing analysis of the three probands A. In proband 1, a heterozygous missense mutation occurred
in exon 4 of TGF-β1 gene, resulting in p.Arg218Cys; B. In roband 2, a heterozygous missense mutation
occurred in exon 4 of TGF-β1 gene, resulting in p. Arg218Cys; C. In proband 3, a heterozygous missense
mutation occurred in exon 4 of TGF-β1 gene, resulting in p.Cys223Trp.
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Figure 5

Effects of amino acid substitution caused by C223W on the structure and function of TGF-β1 A. Multiple
sequence alignments revealed that the Cys223 residue in the TGF-β1 protein was highly conserved
among species. B. PolyPhen-2 prediction revealed that C223W mutation in TGF-β1 was probably
damaging. C. PROVEAN indicated the amino-acid substitution due to the mutation was deleterious. D.
Comparison of the Three-Dimensional Modeling of native and mutated local structures.


