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Summary
Osteogenesis imperfecta (OI) is characterized primarily by susceptibility to fractures with or without bone deformation. OI is genetically

heterogeneous: over 20 genetic causes are recognized. We identified bi-allelic pathogenic KDELR2 variants as a cause of OI in four fam-

ilies. KDELR2 encodes KDEL endoplasmic reticulum protein retention receptor 2, which recycles ER-resident proteins with a KDEL-like

peptide from the cis-Golgi to the ER through COPI retrograde transport. Analysis of patient primary fibroblasts showed intracellular

decrease of HSP47 and FKBP65 alongwith reduced procollagen type I in culturemedia. Electronmicroscopy identified an abnormal qual-

ity of secreted collagen fibrils with increased amount of HSP47 bound to monomeric and multimeric collagen molecules. Mapping the

identified KDELR2 variants onto the crystal structure of G. gallus KDELR2 indicated that these lead to an inactive receptor resulting in

impaired KDELR2-mediated Golgi-ER transport. Therefore, in KDELR2-deficient individuals, OI most likely occurs because of the

inability of HSP47 to bind KDELR2 and dissociate from collagen type I. Instead, HSP47 remains bound to collagen molecules extracel-

lularly, disrupting fiber formation. This highlights the importance of intracellular recycling of ER-resident molecular chaperones for

collagen type I and bone metabolism and a crucial role of HSP47 in the KDELR2-associated pathogenic mechanism leading to OI.
Osteogenesis imperfecta (OI) (MIM: PS166200) is a clini-

cally and genetically heterogeneous connective tissue dis-

order characterized by liability to fractures with or without

bone deformation. Secondary features include blue sclerae,

dentinogenesis imperfecta (DI), progressive hearing loss,

and joint hypermobility. OI is divided into five clinical

types, and it has long been estimated that 90% of individ-

uals with OI have dominant pathogenic variants in
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COL1A1 (MIM: 120150) or COL1A2 (MIM: 120160) encod-

ing the a1 and a2 chains of collagen type I. However, there

is growing evidence that autosomal-recessive forms of OI

can be more common in consanguineous populations.1,2

OI type 1 (MIM: 166200) is usually caused by pathogenic

variants resulting in haploinsufficiency of COL1A1, and

OI type 5 (MIM: 610967) is always caused by the dominant

c.�14C>T variant in the 50 UTR of IFITM5.1 To date,
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Figure 1. Pedigrees and Radiographs of P1 (A–D), P2-1 (E–H), P3 (I–K), and P4-1 and P4-2 (L–M)
(A) Pedigree of P1.
(B and C) Radiographs of the lateral spine at the start of bisphosphonate treatment and after 9 years of treatment. Onlymild reshaping of
the vertebrae is visible, demonstrating a limited effect of the antiresorptive treatment. Improvement of vertebral morphology is less than
reported in the literature for individuals affected with OI.6

(legend continued on next page)
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pathogenic changes in more than 20 different genes have

been associated with clinical OI types 2–4 (MIM: 166210,

259420, 166220), monogenetic osteoporosis without ex-

traskeletal features of OI, and syndromic or atypical OI.

Many of these genes cluster into five functional groups

based on the role of their gene product in bone structure

or metabolism: (1) collagen type I primary structure, (2)

collagen type I modification, (3) collagen type I processing

and crosslinking, (4) osteoblast differentiation and func-

tion, and (5) bone mineralization and osteoclast func-

tion.3,4 Dominant defects in the canonical WNT signaling

pathway (WNT1 [MIM: 164820] and LRP5 [MIM: 603506])

cause osteoporosis without extraskeletal features of OI,

whereas recessive defects in LRP5 are associated with oste-

oporosis-pseudoglioma syndrome (MIM: 259770).1

Description of recessive variants in SEC24D (MIM:

607186), causative of (atypical) OI and Cole-Carpenter

syndrome (MIM: 616294) due to impaired anterograde

COP (coat protein) II transport,5 has introduced defects

in intracellular trafficking as a novel mechanism in this

group of disorders. Although many genetic causes for OI

have been identified, there are still families in which the

molecular defect remains unknown. Here, we describe six

affected individuals from four families. Informed consent

was obtained from each participant or family and institu-

tional review board approval had been given for the study.

All individuals (P1 [individual III-1 in Figure 1A], P2-1 [in-

dividual IV-3 in Figure 1E], P2-2 [individual IV-4 in

Figure 1E], P3 [individual II-6 in Figure 1I], P4-1 [individual

II-1 in Figure 1L], and P4-2 [individual II-2 in Figure 1L])

had been diagnosed with a clinical diagnosis of progres-

sively deforming OI or OI type 2B/3. Physical examination

was carried out in combination with radiological surveys.

Individuals P1, P2-1, P2-2, and P3 had disproportionate

short stature and experienced multiple fractures from early

childhood leading to progressive skeletal deformation and

requiring recurrent surgical interventions. In P2-1, P2-2,

and P3, progression led to wheelchair dependence, in

childhood for P2-1 and P2-2 and at 18 years for P3. No bi-

sphosphonate therapy was available in childhood. In P1,

low bone density was seen to improve with bisphospho-

nate therapy, and mobility was maintained at 12 years.

P4-1 and P4-2 were detected during pregnancy. Ultrasound
(D) Radiograph of pelvis and both femurs after surgical procedures to
the femur shaft fracture, and on the left side, screws have been used t
ferentiation between cortical and trabecular bone with a relatively th
(E) Pedigree of P2-1; asterisk denotes the number of sons/daughters.
(F) Severe left convex scoliosis measuring 80 degrees at the lumbar l
(G) Deformation of the left shoulder with severe bowing of the left a
(H) Deformed pelvis with bilateral protrusio acetabulum.
(I) Pedigree of P3.
(J) Barrel shaped thorax, dorsal scoliosis, and loss of height of the ve
(K) Slender and curved diaphysis of the femur and fibula; osteopenia
(L) Pedigree of P4-1 and P4-2.
(M and N) Babygrams of P4-1 and P4-2 at 24 weeks and 22þ1 weeks
and normal shape of the long bones of the upper extremity. The ribs
extremity were malformed because of multiple fractures, and both f
type 2B/3 was made.
E, a clinical diagnosis of OI type 2B/3; asterisk, documented evaluati
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in early pregnancy showed a suspicion of a severe skeletal

dysplasia, and both pregnancies were terminated at 24-

and 22-weeks gestational age, respectively. The babygrams

of both fetuses showed slender ribs and malformed bowed

tibia and femur due to multiple fractures, compatible with

OI type 2B/3. The clinical features of each affected individ-

ual are detailed in Table 1. Pedigrees and radiographs

appear in Figure 1. Clinical reports are available in the Sup-

plemental Information. For P1, P2-1, P3, and P4-1, next-

generation sequencing (NGS) was used to interrogate a

panel of genes known to be associated with OI and related

disorders. Because no pathogenic variants were identified,

a whole-exome sequencing (WES) approach was adopted

for P1, P2-1, and P3. P1 was analyzed by singletonWES fol-

lowed by Sanger sequencing of the consanguineous par-

ents for the identified variant. Because the parents of P2-

1 were deceased, she and her unaffected sister were

sequenced in tandem, assuming autosomal-recessive in-

heritance in view of parental consanguinity and another

affected sibling. In P3,WES was performed in combination

with homozygosity mapping with a SNP array (Illumina

Cyto850K Beadchip). In family 4, whole-genome

sequencing (WGS) was performed on P4-1 as a single

case. Subsequently, a panel of 35 OI-related genes was

analyzed. P4-2 was tested for identified variants by Sanger

sequencing (Supplemental Information).

P1–P3 were found to have homozygous variants in

KDELR2 (GenBank: NM_006854.3). P1 has a c.448dupC

(p.His150fs*24) frameshift variant, P2-1 and P2-2 have a

c.34C>G (p.His12Asp) missense variant, and P3 has a

c.398C>T (p.Pro133Leu) missense variant. P4-1 and P4-2

both showed compound heterozygosity for the variants

c.34C>G (p.His12Asp) and c.360G>A (p.Trp120*). None

of these variants are present in the gnomAD. The two

missense variants affect highly conserved amino acids

and are predicted to be pathogenic via in silico prediction

analysis (CADD V1.4, DANN, MutationTaster, PolyPhen).

All variants were verified by Sanger sequencing. In addi-

tion, the unaffected parents of P1 were confirmed to be

heterozygous for the c.448dupC (p.His150fs*24) variant.

One unaffected sister of P2-1 and P2-2 was heterozygous

for the c.34C>G (p.His12Asp) variant, and sequence anal-

ysis of the c.398C>T (p.Pro133Leu) variant in three
stabilize fractures. Right femur is supported by a plate to stabilize
o treat a femoral neck fracture. Both femurs demonstrate good dif-
ick cortex contrary to the severely compressed vertebrae.

evel and 116 degrees at the thoracic level.
rm.

rtebral bodies; osteopenia.
and muscular atrophy.

of pregnancy, respectively, showed normal ossification of the skull
were slender but showed no fractures. The long bones of the lower
emora were more severely affected. A radiological diagnosis of OI

on.
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Table 1. Clinical and Radiological Features of P1, P2-1, P3, P4-1, and P4-2

Individual P1 P2-1 P2-2a P3 P4-1 P4-2

Ethnicity Pakistani Dutch Dutch Spanish Dutch Dutch

Genetic cause c.448dupC
(p.His150fs*24),
homozygous

c.34C>G
(p.His12Asp),
homozygous

N/A c.398C>T
(p.Pro133Leu),
homozygous

c.34C>G
(p.His12Asp),
c.360G>A (p.Trp120*)

c.34C>G
(p.His12Asp),
c.360G>A (p.Trp120*)

Age, first assessment 5 years 29 years N/A 1.5 months 24 weeks of gestation N/A

Age, last assessment 14 years 39 years N/A 43 years N/A N/A

Height, last
assessment

130 cm 121 cm 115 cm 138 cm N/A N/A

Confirmed prenatal
fractures

� � � � þ þ

Wormian bones � U U þ N/A N/A

Age at first fracture
(months)

40 32 U 24 in utero in utero

Estimated number of
sustained fractures

N ¼ 12 N ¼ 26 N ¼ 15
aged 25
years

N > 30 N/A N/A

Last sustained
fracture

right femur age 10
years

right femur age 28 and
right femoral neck age
29

U right femur, age 37 N/A N/A

Color of sclera white white white white U U

Dentinogenesis
imperfecta

� � � � N/A N/A

Hypermobility of
joints

þ þ U þ N/A N/A

Hearing impairment � � � � N/A N/A

Chest deformity barrel shaped with
pectus excavatum

barrel shaped with
pectus excavatum

þ bell shaped � �

Cardiac
abnormalities

� � þ U � �

Vertebral fracturesb þ þ U þ N/A N/A

Scoliosis � þ þ þ � �

Bowing of upper
extremitiesb

� þ þ þ � �

Bowing of lower
extremitiesb

� þ þ þ þ þ

Shortening of upper
extremitiesb

� þ þ þ þ þ

Shortening of lower
extremitiesb

� þ þ þ þ þ

Surgical correction
for bone
deformation

þ þ þ þ N/A N/A

Age at BP treatment
(start/end)

5/9 years 29/37 years N/A 39/42 years N/A N/A

BP type and dosage neridronate 2 mg/kg
body weight, IV, every
3 months

alendronic acid 70 mg,
weekly

N/A zoledronate 5 mg,
IV, yearly

N/A N/A

DEXA scores before
BP treatment

Z score: *L2–L4,�3.7; *
TBLH, �1.9

Z score: *L2–L4, �3.09;
*femoral neck (R),
�2.05; *trochanter,
�2.50

N/A U: severe
osteoporosis on X-
rays

N/A N/A

DEXA scores after BP
treatment

Z score: *L2–L4, �2.4 Z-score: *L1–L4, �3.4 N/A U N/A N/A

(Continued on next page)
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Table 1. Continued

Individual P1 P2-1 P2-2a P3 P4-1 P4-2

Ethnicity Pakistani Dutch Dutch Spanish Dutch Dutch

Mobility mobile wheelchair since age of
4.5 years

wheelchair wheelchair since
age of 18 years

N/A N/A

Intelligence normal normal normal normal N/A N/A

Calcium – level
(mmol/L)b

2.36 2.55 U 2.49 N/A N/A

Alkaline
phosphatase at first
visit (U/L)

201 69 U U N/A N/A

Alkaline
phosphatase at last
visit (U/L)

198 56 U U N/A N/A

Abbreviations are as follows: U, unknown; N/A, not applicable; BP, bisphosphonate; TBLH, total body less head.
aP2-2 passed away at the age of 35 years.
bAt first presentation.
available unaffected siblings of P3 identified two with

normal sequence and one with the variant in the heterozy-

gous state.

KDELR2 is a member of the KDEL receptor family

(KDELR1, KDELR2, KDELR3), which consists of seven

transmembrane (TM) domains organized into two triple

helix bundles separated by a linking domain (TM4). The

KDEL receptors localize mainly to the Golgi-complex (usu-

ally cis-side), the endoplasmic reticulum (ER), and the in-

termediate ER-Golgi compartment (ERGIC).7 An impor-

tant function of KDELRs is to regulate the trafficking of

proteins between the Golgi apparatus and the ER, aiming

to return soluble ER-resident proteins back to the ER

from the intermediate compartment of cis-Golgi. ER

luminal proteins that are recognized by KDEL receptors

harbor a C-terminal Lys-Asp-Glu-Leu (KDEL)-like motif. A

polar cavity responsible for pH-dependent KDEL sequence

recognition is formed at the luminal surface of the

receptor. Binding of proteins displaying a C-terminal

KDEL-like motif occurs in acidic conditions and induces

a conformational change in the cytoplasmic aspect of the

protein, exposing a dilysine-like retrieval motif required

for transport to the ER by COPI vesicles. On arrival at the

ER, the higher pH environment results in dissociation of

the KDEL-motif-bearing protein from the KDEL receptor,

which is then recycled to the Golgi by COPII vesicles.7,8

Dermal fibroblasts were available for analysis from indi-

viduals P1 and P2-1 and in a later stage from P3. As shown

by quantitative PCR analysis, the expression of KDELR2

was severely decreased in fibroblasts of P1 with the homo-

zygous frameshift variant p.His150fs (c.448dupC) and

almost unchanged in P2-1 with the homozygous missense

variant p.His12Asp (c.34C>G) compared to fibroblasts

from healthy donors (Figure 2A). Although highly

conserved, the human KDELRs display different substrate

affinities, e.g., KDELR2 binds HDEL motifs more readily

than KDELR1/3.9 Defects in individual KDELRs are there-

fore unlikely to be rescued through functional redundancy

with other members of the family. Our results indeed
The American
showed no evidence for a potential compensatory upregu-

lation of KDELR1/3 in fibroblasts of individuals with bi-

allelic KDELR2 variants (Figure 2A).

We first tested collagen secretion in fibroblasts from con-

trols or P1 (p.His150fs) and P2-1 (p.His12Asp). Using non-

quantitative immunofluorescence analysis, we observed a

variable extent of intracellular procollagen type I in fibro-

blasts from control and affected individuals that was

more apparent at day 1, when cells initiate the secretion

of large amounts of extracellular matrix. The signal inten-

sity of intracellular procollagen type I appeared increased

in individual fibroblasts of P1 (p.His150fs) and P2-1 (p.Hi-

s12Asp), suggesting a delayed secretion (Figure 2B, denoted

by asterisks). In addition, a reduced amount of secreted

collagen type I in the cell culture media could be observed

(Figure 2C), leading to the assumption that intracellular

collagen might be retained. This intracellular procollagen

type I partially colocalized with the ER-marker PDI in all

cell populations (Figure S1A), indicating that a proportion

of procollagen type I is indeed found within the ER.

However, by quantitative densitometric analysis of immu-

noblots, we could not detect increased amounts of intracel-

lular procollagen type I in cell extracts from entire cultures

(Figures S3B and S3C). Instead, we observed a 2.2-fold and

a 1.7-fold reduction of collagen gene expression in fibro-

blasts of P1 (p.His150fs) and P2-1 (p.His12Asp), respec-

tively (Figure S1D), which might in part account for the

reduced amount of secreted collagen type I.

ER-resident collagen chaperones that are transported

through their KDEL-like ER retention signal are crucial

for proper collagen secretion from the ER. No changes

were found in the amount of ER-resident proteins P3H1

(Figure 3A, Figure S1D) and CYPB (data not shown) in cells

from affected individuals. Consistent with these findings,

a1(I) P986 3-hydroxylation, which has been shown to be

decreased in individuals with deficiency of CRTAP (MIM:

605497), P3H1 (MIM: 610339),10 or CYPB (MIM:

123841),11 was not decreased compared to healthy donors

(Figure S2C and S3). Although the transcriptional
Journal of Human Genetics 107, 989–999, November 5, 2020 993



Figure 2. KDELR2 Variants in P1 and P2-1 Lead to Retention of Collagen Type I in Cultured Fibroblasts without Compensating Effects
of KDELR1 and KDELR3
(A) Expression of KDELR1, KDELR2, and KDELR3 in cultured fibroblasts was normalized toGAPDH and log2-transformed. For better visu-
alization, corresponding fold changes are displayed on a log2-transformed axis for controls and fibroblasts derived from affected indi-
viduals (P1 [p.His150fs] and P2-1 [p.His12Asp]). Individual values and the mean of technical replicates are given.
(B) Collagen type I protein (COL1) was detected in cultured fibroblasts by immunofluorescence microscopy after 1 or 3 days in different
areas of the same culture. The brightness and contrast of fluorescent images was adjusted for visualization. Representative pictures are
shown. Scale bar represents 20 mm.
(C) Soluble fraction of COL1 in the supernatant of cultured confluent fibroblasts was detected by immunoblotting after 1 and 3 days.
Ponceau S staining was used as loading control.
expression of the ER-resident chaperones HSP47 (encoded

by SERPINH1) and FKBP65 (encoded by FKBP10) was

almost unchanged between affected individuals and
994 The American Journal of Human Genetics 107, 989–999, Novem
healthy controls (Figure S1D), fibroblasts from affected in-

dividuals showed a decreased amount of intracellular

HSP47 (Figure 3A) and FKBP65 (Figure 3B).
ber 5, 2020



Figure 3. Mutations in KDELR2 in Fibroblasts Derived from Affected Individuals Result in Reduction of HSP47 and FKBP65 Accompa-
nied by Reduced Collagen Assembly and Quality due to Mislocalization of HSP47
(A) The protein amount of P3H1 and HSP47 in trypsinized fibroblasts was determined by immunoblotting on day 1 or day 3 in controls
and fibroblasts derived from P1 (p.His150fs) and P2-1 (p.His12Asp). Detection of b-actin was used as loading control.
(B) The amount of FKBP65 in cultured control and fibroblasts derived from P1 (p.His150fs) and P2-1 (p.His12Asp) on day 1 were exam-
ined by immunoblotting. GAPDH was used to control equal protein loading.
(C) The protein amount of HSP47 in the supernatant of fibroblasts was determined by immunoblotting on day 1 and day 3 in controls
and fibroblasts derived from P1 (p.His150fs) and P2-1 (p.His12Asp). Ponceau S staining was used as loading control.
(D) Representative immunoblot showing HSP47 amounts in the cell layer and supernatant of cultured control and fibroblasts derived
from P3 (p.Pro133Leu). GAPDH amounts and Ponceau S staining served as loading control.
(E) Negative staining EM and TEM were used to visualize triple helical collagen and maturing collagen fibrils, whereas immunogold EM
was used to detect localization of HSP47 in the supernatant of cultured control and fibroblasts derived from P1 (p.His150fs) and P2-1

(legend continued on next page)
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Both HSP47 and FKBP65 have a KDEL-like signal at their

C terminus, RDEL and HEEL, respectively, for which

KDELR2 has been described to have specificity.8 Reduced

amounts and/or abnormal activity of HSP47 have been re-

ported to influence the amounts of FKBP65.12,13 InOI fibro-

blasts with a homozygous missense variant in SERPINH1

leading to reduction of HSP47, a decrease in FKBP65 was

observed, but not vice versa.12 Thus, intracellular reduction

of FKBP65 amounts in KDELR2-deficient cells might have

been caused by reduced HSP47 amounts. HSP47 and

FKBP65 are ER-resident chaperones that have been sug-

gested to act together in collagen type I biosynthesis down-

stream of the 3-hydroxylation by the CRTAP/CYPB/P3H1

complex of the single P986 residue in the a1 chains of pro-

collagen type I.12,13 Pathogenic variants in SERPINH1 and

FKBP10 have been reported to cause progressively deform-

ing OI and Bruck syndrome 2/progressively deforming OI,

respectively.14,15 Fibroblasts of individuals with pathogenic

SERPINH1 or FKBP10mutations produce collagen chains of

normal electrophoretic mobility,14,15 and accordingly,

collagen type I from fibroblasts of P1 (p.His150fs) and

P2-1 (p.His12Asp) was pepsin-resistant and showed a

normal electrophoresis pattern (Figures S2A and S2B and

2C). Interestingly, in cells of individuals with a pathogenic

homozygous missense variant in SERPINH1 encoding

HSP47, ‘‘slightly delayed overall transit time from the ER

to the extracellular space of collagen’’ was observed,

although no obvious retention could be detected.14

In addition to FKBP65, HSP47 is known to interact in the

cell with other proteins (e.g., TANGO1 and LH2), many of

whom contribute to key steps in collagen regulation and

function, including helix stability, telopeptide hydroxyl-

ation, collagen secretion, and matrix assembly,16 and fail-

ure to recycle HSP47 to the ER may influence these key

steps. Further investigations are necessary to elucidate

the precise consequences of deficient KDELR2-dependent

retrograde transport due to bi-allelic pathogenic KDELR2

variants on these processes.

To assess the impact of KDELR2 variants on general retro-

grade transport, we treated cells with Brefeldin A to block

membrane transport out of but not back to the ER.17 The

Golgi protein GM130was rapidly redistributed throughout

the ER of control fibroblasts when treated with Brefeldin A

for 15 min (Figure S4A). Assessment 60 min after removal

of Brefeldin showed that the morphology of the Golgi

apparatus was partially re-established. The steady-state dis-

tribution of GM130 was similarly altered in fibroblasts of

P1 (p.His150fs) and P2-1 (p.His12Asp), indicating that

neither the general Golgi-to-ER transport in cells of

affected individuals in which KDELR1 and KDELR3 are un-

affected nor retrieval of ERmembrane proteins is impaired.

In addition, previous reports have shown that KDELR2

triggers the Src signaling pathway to balance the mem-

brane flux between ER and Golgi compartments and to
(p.His12Asp) after 3 days. Representative pictures are shown as ove
(lower panel). Scale bars represent 250 nm (upper panel), 100 nm (lo
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regulate KDELR1- and KDELR2-dependent extracellular

matrix degradation and invadopodia formation in cancer

cells.18,19 In primary fibroblasts from P1 (p.His150fs) and

P2-1 (p.His12Asp), no obvious reduction of Src phosphor-

ylation could be detected by immunoblot analysis

compared to controls (Figure S4B). Other functions of the

KDEL receptors were previously described and include

participation in the ER stress response, specifically a role

in the regulation of ER quality control.7 However, our

data showed a lack of aberrant cellular stress levels and

response in fibroblasts of P1 and P2-1. We could not detect

differences in the expression of the ER-resident KDEL-

motif-containing PDI/P4HB (in which heterozygous muta-

tions have been reported to cause Cole-Carpenter syn-

drome5) and the Golgi-resident Giantin (Figure S5A) or

the expression of the ER stress-induced chaperone cal-

nexin (data not shown). Time- and dose-dependent stimu-

lation of cells of affected individuals with the ER stress

inducers tunicamycin and thapsigargin also showed no

differences in the expression of the ER stress markers

HSPA5 and DDIT3 (Figures S5B and S5C). These results

indicate that the impact of identified KDELR2 variants

on these general processes is rather small and that KDELR2

must have another essential role in bone metabolism.

Interestingly, HSP47 was found to be secreted in the cell

culture media in P1 and P2-1 (Figure 3C) and this was inde-

pendently confirmed in P3 (Figure 3D). This abnormal

secretion presumably accounts for the reduced amounts

of intracellular HSP47. HSP47 normally associates tran-

siently with procollagen molecules in the ER, aiding

formation of the collagen triple helix for export to extracel-

lular matrix by preventing unregulated aggregation of

these molecules. HSP47 is thought to dissociate from these

proteins under low pH conditions in the Golgi apparatus

to be recycled to the ER.20,21 Our data demonstrate that

this is an active process dependent upon the ability of

KDELR2 to bind HSP47, and KDELR2 is essential for recy-

cling HSP47 back to the ER. Failure of HSP47 to dissociate

from collagen may result in these molecules’ being ex-

ported in complex. Secretion of HSP47 in affected individ-

uals points to the inability of KDELR2 variants to recycle

HSP47 back to the ER. To analyze whether secreted

HSP47 does interfere with collagen fibril assembly, the

structure of the secreted collagen fibrils in human fibro-

blast supernatants and the location of HSP47 molecules

were analyzed by negative staining, immunogold detec-

tion, and transmission electron microscopy as described

previously.22,23 Specimens were labeled with antibodies

directed against human HSP47. Immunogold staining re-

vealed that this secreted HSP47 was bound to monomeric

and multimeric collagen molecules (Figure 3E). In addi-

tion, collagen in controls was able to fold into banded

collagen fibers, whereas the collagen fibrils in the cell cul-

ture media of fibroblasts of affected individuals remained
rviews (upper panel) or higher magnification of diluted samples
wer panel).
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A

B

Figure 4. Evolutionary Conservation of KDELR Members of the PQ-Loop Motif Superfamily
(A) KDELR2 residues substituted in affected individuals (black triangles) are identical from yeast to man. Transmembrane regions are
shown above the amino acid sequences. His12 and Tyr158 (box A) co-operate to coordinate the KDEL ligand of target proteins in a polar
binding cavity. A short hydrogen bond between p.Glu127 and p.Tyr158 (box B) lock this in place. The PQ-loop motif for which the su-
perfamily is named is colored gray.

(legend continued on next page)
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thin and imperfectly folded. It has already been shown

that HSP47 is an effective inhibitor of collagen fibril forma-

tion in vitro at neutral pH.24 The role of HSP47 in prevent-

ing collagen aggregation, although an advantage for triple

helix assembly in the Golgi, may therefore be responsible

for failure of extracellular collagen fibril formation in all

affected individuals reported here, and interference with

fiber formation is likely to play a major role in the

pathogenesis.

The question regarding how bi-allelic missense variants

can cause an identical clinical phenotype as the bi-allelic

frameshift variants resulting in reduction of KDELR2 re-

mained. Members of the KDELR family demonstrate a

high degree of evolutionary conservation (Figure 4A).

Both residues mutated in P2-1 and P3 (c.398C>T

[p.(Pro133Leu]) are identical from yeast to man. Recent

crystal structures of the G. gallus KDELR224 reveal that

the C terminus of the KDEL peptide interacts with His12

and Tyr158 through a water molecule, which is situated

at the base of the peptide binding site. The conformational

changes induced by KDEL peptide binding are stabilized

through the formation of a short hydrogen bond between

Glu127 and Tyr158, which locks the peptide within the re-

ceptor through interaction with Arg159. Substitution of

the positively charged His12 for the negatively charged

Asp is predicted to prevent KDEL peptide binding. Indeed,

a p.His12Ala variant of the KDEL receptor resulted in com-

plete loss of KDEL peptide binding in vitro and in vivo.24

Because KDELR2 translocation to the ER is dependent

upon exposure of the dilysine-like retrieval sequence,

following peptide binding, the p.His12Ala mutant protein

would be unable to recognize cargo or translocate to the

ER, i.e., the same net effect as absence of KDELR2. The

KDELR family is part of the PQ-loop protein superfam-

ily,25 characterized by a PQ-loop motif, which introduces

a distinctive kink into TM5; in the KDEL receptor, this

motif appears to play an important role in the positioning

of Glu127 (Figure 4B). Pro133 is part of the KDELR2 PQ-

loop motif; mutation to the amino acid Leu is predicted

to remove the structurally important kink in TM5, reposi-

tioning Glu127 and preventing formation of the short

hydrogen bond between this residue and Tyr158, which

is required to stabilize KDEL peptide binding. The

p.Pro133Leu variant is therefore also predicted to have a

similar effect on KDELR2 function as p.His12Asp.

In summary, in four families with progressively deform-

ing OI, recessive variants in KDELR2,consisting of one ho-

mozygous frameshift variant, two different homozygous

missense variants, and a compound heterozygous

nonsense andmissense variant, were identified. On the ba-

sis of recently published crystal structures of chicken

KDELR2 in signal peptide-free and peptide-bound states,
(B) The crystal structure of G. gallus KDELR2 (PDB: 6I6H; colored N-t
The PQ-motif and His12 side chain are highlighted. On the right is a
acting side chains. Hydrogen bond interactions are shown as yellow d
peptide with His12 is shown as a red sphere.
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the homozygous missense and frameshift KDELR2 variants

result in the same net effect: inability of KDELR2 to pick up

cargo or translocate to the ER. Our experiments show (1)

intracellular decrease of HSP47 and FKBP65 (both bearing

KDEL-like motifs) and (2) reduced amount in culture me-

dia of procollagen type I in combination with (3) abnormal

quality of secreted collagen type I with extracellular HSP47

bound to monomeric and multimeric collagen. Our results

demonstrate defects in KDELR2 that lead to impaired

KDELR2-dependent retrograde transport, resulting in a

progressively deforming OI phenotype. In addition, we

provide evidence for a crucial role of HSP47 in the patho-

genic mechanism leading to OI because it appears bound

to the collagen molecules extracellularly, most likely dis-

rupting fiber formation. In the cell, HSP47 is known to

interact withmany other proteins contributing to collagen

regulation and function. Failure to recycle HSP47 to the ER

may therefore influence these interactions. Although

further elucidation of the precise chain of events leading

to OI is necessary, impaired KDELR2-mediated retrograde

Golgi-to-ER transport can be considered another patho-

genic mechanism in OI. This discovery highlights the

importance of intracellular HSP47 retrograde trafficking

in bone metabolism.
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