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review
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Abstract: Osteogenesis imperfecta (OI) is a kind of heritable connective tissue disorder, including blue
sclerae, hearing loss, skeletal dysplasia causing bone fragility and deformities. It is typically caused by
collagen related gene mutations, which could lead to bone formation abnormalities. Scoliosis is one of the
most common and severe spinal phenotype which has been reported in approximately 26-74.5% of all OI
patients. Recent breakthroughs have suggested that OI can be divided into more than 16 types based on
genetic mutations with different degrees of scoliosis. In this review, we summarize the etiology of scoliosis
in O, especially the genetic studies of different types. We aim to provide a systematic review of the genetic

etiology and clinical suggestions of scoliosis in OI.
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Introduction unilateral spinal anesthesia (12), among which scoliosis is

o ) ) ) commonly seen.
Osteogenesis imperfecta (OI) is a kind of heritable skeletal According to previous investigations, the prevalence of
scoliosis in Ol varies from 26% to 74.5% (2,3,5-7,11,13,14).
The severity and prevalence of scoliosis in different types

of Ol is various (7able 1), and the type III patients often

dysplasia, which is often called “fragile bone”. It affects
about 1 in 5,000 to 20,000 births (1), and most cases are
caused by mutation of collagen related genes, non-collagen

genes account for less than 10% of OI patients (Tuble 1).
The classical phenotypes of OI include frequent long bone
fractures, vertebral compression fractures, short stature,
blue sclera and dentinogenesis imperfecta (DI) (11). Patients

can also have other manifestations, such as scoliosis,
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had higher prevalence of severe scoliosis than type I and IV
2,3,6).

The outset years of scoliosis in OI cases ranged from
2 to 65 years (15), always the spinal malformation progresses
rapidly after 5 years old or after the spinal curve exceeds
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Figure 1 The pathogenesis of different types of OI with scoliosis. OI, osteogenesis imperfecta; CyPB, cyclophilin B; SPARC, secreted

protein, acidic, cysteine-rich; FKBP, FK506-binding protein; P3H1, prolyl3-hydroxylase 1; CRTAP, cartilage-associated protein; PEDE,

pigment epithelium-derived factor; IFITMS, interferon-induced transmembrane protein 5.

50 degrees (16). Although scoliosis was rare before 6 years
of age (17), some types of OI can also have scoliosis just
after born (18).

The curvature of scoliosis in OI was different varying
from 7 to 105 degrees (19). According to a national cross-
sectional study by Karbowski (14), 73.7% was mainly mild
(<40 degrees), while 10.5% showed moderate (<60 degrees),
9.2% severe (<80 degrees) and 6.6% very severe deformity
(>80 degrees). The vertebral deformities included codfish or
wedge-shaped vertebrae (20) which were mostly common,
and platyspondylia. Another study indicated that there
were four types of vertebral body deformities including
biconcave, flattened, wedged and unclassifiable vertebrae.
The number of biconcave vertebrae (normally six or more)
may indicate the severity and possibility of scoliosis (21).

Although scoliosis develops indolently, once the
malformations evolve, they tend to be progressive and have
numerous influence on the patients’ life, such as pulmonary
function and height (22). The treatment is ineffective in
severely affected individuals who have minimal cortical
bone (23), so it is necessary to prevent spinal curvature
progression before severe complications arise (16,17). We
are going to explore the tendency and severity of scoliosis,
and give some interventions before scoliosis progressing in

© Journal of Spine Surgery. All rights reserved.
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different types of OI (24). This review will be the first to give
an integrated genetic landscape and aim to provide a basic

knowledge of scoliosis in OI (25).

Genetic variants and pathogenesis

There are 19 types of OI according to genetic variants,
the pathogenesis is not fully understood yet as shown in
Figure 1. Based on the mechanism, OI can be divided into
five groups (26). According to previous research, all of the
groups and 16 types of the 19 types were reported to be
manifest with scoliosis.

In the first group, OI is mainly caused by defects in
collagen synthesis, structure, or processing including type
I-IV and XIII. Most of OI patients have mutations in type
I collagen related genes. Based on severity, Ol is classified
into four types (27). As shown in Tible 1, patients with Ol
type I to IV always have variants in either collagen, type I,
alpha-1 (COL1A1) or collagen, type I, alpha-2 (COL1A42).
The production of type 1 collagen al or a2 chains would
decrease. Patients with type I OI always have lower bone
mineral density (BMD), thinner cortexes and reduced
trabecular number (28) which would cause vertebra
compression fracture. Together with joint hypermobility,

7 Spine Surg 2017;3(4):666-678
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patients manifested with scoliosis as shown in Table 2. Type
IT Ol is also caused by mutations in COL1A1 or COLIA2,
but this type is always too lethal to observe bone change
and scoliosis. Type III has severely deforming and higher
prevalence of scoliosis with vertebra compression and
platyspondyly. Bisphosphonate treatment could decrease
Cobb angle progression rates in type III at early age (24).
Type IV can also have vertebra compression and severe
scoliosis. OI type XIII is mainly caused by BMPI defects
which leads to retention of the C-propeptide (61). Scoliosis
with umbilical hernia and platyspondyly were reported at
early age (58).

In the second group, OI is mainly caused by defects
in collagen modification including type VII-IX, XIV and
XVII. The collagen prolyl 3-hydroxylation complex which
consisted of three proteins in a 1:1:1 ratio of prolyl3-
hydroxylase 1 (P3HL1), cartilage-associated protein (CRTAP),
and cyclophilin B (CyPB) has a significant collagen post-
translational over-modification role (62). Each of those
protein is encoded by CRTAP, LEPREI and PPIB. Defects
of these three genes which cause delay of collagen helix
folding could lead to OI type VII, VIII and IX (63). Defects
of secreted protein, acidic, cysteine-rich (SPARC) which
encoded by SPARC also could lead to delay of collagen
folding, this type Ol is considered to be type XVII (10). Type
X1V is caused by TMEM38B mutations. The mechanism
has not been completely elucidated. According to recent
studies, TMEM38B mutations could inhibit calcium
release, abnormal calcium signaling would decrease
osteoblast growth and differentiation (64). Meanwhile post-
translational modification of collagen would be influenced
by calcium alteration of endoplasmic reticulum (26). In
those types, patients with scoliosis always have low BMD as
shown in Table 2.

In the third group, OI is mainly caused by defects in
collagen folding and cross-linking including type X, XI
and type caused by PLOD2 mutation. OI type X is mainly
caused by mutation of SERPINHI which encodes HSP47.
HSP47 is important in stabilizing folded collagen and
transferring to Golgi (49). This type of OI could lead to
platyspondyly and scoliosis at early age. Like SERPINHI,
FKBPI10 is another important gene in procollagen
modification (9). Its deficiency could lead to OI type XI.
Associated with FKBP10, PLOD?2 which encodes LH2 is
another gene which could cause OI (54). Scoliosis is also
very common in both types.

In the fourth group, OI is mainly caused by defects in
bone mineralisation including type V and VI. Mutations

© Journal of Spine Surgery. All rights reserved.
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of interferon-induced transmembrane protein 5 (IFITMY5)
could cause autosomal-dominant OI V. IFITMS5 has close
relationship with osteoblast, which may elucidate hyperplastic
callus formation and membrana interossea ossification of
forearms after injury (65). Patients with scoliosis could have
cystic lesions vertebral bodies or vedge-shaped compression
fractures (41). Connected with IFITMS5, SERPINF1 which
underlying OI type VI encodes protein pigment epithelium-
derived factor (PEDF) (41). PEDF plays an important role
in osteoprotegerin/RANKLE-pathway (66). Some studies
had shown that decreased PEDF level may lead to activated
osteoclast increased and thus induced bone resorption
(67,68). This type OI could have severe scoliosis (33).

In the fifth group, OI is mainly caused by defects
in osteoblast development with collagen insufficiency
including type XII, XV and XVI. SP7 which encodes
protein Osterix is target gene of Wnt pathway. Scoliosis
in OI type XII with SP7 mutation was also reported (57),
osteoblast development defects were considered to happen
in this progress. Both heterozygous and homozygous
WNTI mutations could lead to OI type XV. As a member
of Wnt family, mutations of WNT1 could cause complex
signaling pathway defects in bone formation. In this type,
scoliosis with early onset osteoporosis was reported (18).
Just like WNT1, CREB3L1 mutation could also influence
osteoblast development which may cause OI type XVI (69).
But no scoliosis was reported yet. As OI type XVI, PLS3
mutation could lead to OI manifesting with osteoporosis
and fractures (70). The exact mechanism is not known and
report with scoliosis was not found yet.

Mechanism of scoliosis

The mechanism of scoliosis in OI has not been clarified,
it is thought that there are some triggering factors such
as vertebral microfractures caused by vertebral growth
plates injuries or bone fragility. Some other factors like
length inequality, pelvic obliquity, ligamentous laxity and
inter-vertebral disc abnormalities would lead to scoliotic
progression.

The vertebral body malformation may cause abnormal
spinal curve in OI. Wedged vertebrae had been reported in
OI patients representing kyphosis and quadriparesis (71).
Fragile bone and fracture could lead to deformities in some
severe OI forms, for example scoliosis (72). Although this
is very common in O, scoliosis patients can have no spinal
fracture (32,59).

Osteopenia is also very common in OI patients which

7 Spine Surg 2017;3(4):666-678



is in Ol

10SIs

f scol

ion o

icat

ic imp

Liu et al. The genet

672

(panurzu03) g S[qe],

(e€) 9002
‘e 18 UINJUSA - [ alones IA - - - - -
(2) €102 '[e 1@ yoney
(8 cLoz eI
oadeys :(ey) 2Loz seinjoel}
e 1@ 0yD ‘(2¥) 2102 uoissaidwod 4in
‘e 1@ Jojwas  AujigowadAy uiop G< padeys—abpapp A snobBAzoisroH awud g 1<O%1-0 SNLIHI gGLdry
pidsnouy ayy S8IpO( |BJgaUaA
(1Y) ¥102 e 19 Joqueq  jo uoneyfinbay 0l  suolss| onsho |ews A snobAzoseyoH  esusssIy 1<061 10 SNLIHI GgGLdrL
(o) €661 1e 1o luLe G'9 UOIssaIdwo eigapan V<H88G1 ™0
(6€) 6861 [& 1O lULEN - S PIIN Al snobAzoieleH  ssusssiy v<H820€®  [VIT0D €lebsL
(8€) 9661 12} punT AuiqowiedAH 6l jusujwold ‘aloneg Al snobAzoseleH Hiysesweli [9P996L 79610 LVLTOO ggb-leLebsL
- - snoBAzolslre asuass| < 0 ‘Lgb
(68) 9002 € n H W 1<Dg052 LV1700 €lebst
‘e 3@ Unjusp - of AlApuodsAyeld Il snobBAzoseyeH  esusssIN V<Ol9¥go  [VLT700 €lebsL
(2€) 1661
‘e 38 ouyonid - 4! paxJeN Il snobAzoseleH  esusssiN V<Oy66°0  [VLTOO €lebsL
(9€) 9661 "[e 19 4ONIO Auxe| juiop € 8jesopojN Il snobAzoseoH  esusssi O<LIBEYD  LVLTOO € lebst
SIS0I|00S
(Ge) €661 eluadoalso [ewiuiw ‘uoissaidwod
‘e Jo XnaukjoN paxiep 2 e Il snobAzosereH uonaleg [9PSGZA  2VLT0O L'geb.
uoneuibeaul -,0F ‘@injoe.y
(7€) 9661 /e 1o Buepm Jejiseg 6 UoISs2IdWOoD BIqOUSA Il snobAzoseleH yiyseweld 713d d9-29S LVL70D geb-le1ebsL
Aixe| uio - snobAzolele Burold <O+ ‘1gb
(68) 9002 | uor S | H |ds V<O L+LSAI LV1700 €lebst
‘e 38 Unjusp - 14 PIIN | snoBAzoieleH  esusssiy 1<Oleye®  IVI700 €lebsL
(ce) 2661
‘e 1o ondeyg  sjulof sjiqowiedAH 8¢ PIIN | snobAzoieyeH  esusssiy 1<91990  [VLT0O €lebsL
(1€) 066 | ‘1E 3 BUIlIIM - ) PIN | snobAzoieleH Hluseweld DL IVVIOPZIEY 8SEY O LV1700 €lebst
(0€) €661 e 18 J8N0IS  Alixe| Snojusweb| 8¢ 01> ‘PIN | snobAzoieleH Buronds I+ V-9 ‘SA9ZSAI LVLT70D gegb-lgLeb/L
aJinjoel}
(62) 510z "[e 1o Buep AupgowusdAy juiop €l uoISsaIdwod BIgOUdA | snobAzoieleH  Hlyseweld DIPP00L™®  LVLTOD eeiebst
aoualsjey odAjousyd dejian (sreeh) soljewoue [eigaue) odA @ouelllayu uonoun uoneo0| uoneIN aus uoibes
JoH jousyd depanQ oBe 195U I [BAgBUDA 110 Hioyu| fIoun 13800] uofeIn|\ 9} oLIOSOWILD

SISOT[09s TIM [ JO sod A1 JUSIDYIIP UT SIURLIEA JUDE) 7 J[qR],

7 Spine Surg 2017;3(4):666-678

jss.amegroups.com

© Journal of Spine Surgery. All rights reserved.



673

Journal of Spine Surgery, Vol 3, No 4 December 2017

(pomusu)) T d1qe],

- 8 - snoBAzowoH - 1<00€g}0
snobAzoieloy
- - - punodwo) yiysewelq 1dnpgyeo+0dnpLego
- 14" 2In}oBl} 9BIQOLSA snobAzowoH ylysewei4 odnpggo
- / snobAzowoH  asusssi\ V<OPye 0
- - 2IN}oeJ} SBIGOUSA snoBAzowoH - V<5/£g'0
- - snobAzowoH ylysewe. EleiaRe]
) £102 FE H HY E| Depy L
‘[e 18 9z1emyds SBUO0Q UBIWIOAN el - IX snobAzowoH ulysawelq 1dnpgy6 o 0LdaM4 2'ebzy
(rq) Loz
‘e 18 seAloH
-Bind (gg) 2102 S8U0g UBIWIOM
‘e 39 sauleg ‘elusdosisO 9 uotssaidwo) [X snobAzowoH ylyssweld VSUIDDIBPZ/LEL L/ZLO  0LdEMd z'1ebsL
(6) €102
‘e 18 9z4/emyods (gS)
L10g ‘e Jo ussyeys eluadoslsQ Ke) SISOI|00S 9J9N8S IX snhoBAzowoH lyseweld odnpgy 2o oLdgy4 ZLebst
snobAzowoH lysewel4 osulges 180
(1S) 010z Te 1o Aeuely  eluedos)so aioneg - seIgaeA abpap X snobAzowoH  uopsle@ [OPESE 12E0  0LdaMd Z'lebsy
(0S) L10g e 10 Aojj@y  UONEPIEIBI YIMOID a2 eN IX snobAzowoH ylyssweld [PP9SL 22l o 0LdaXMd Z'iebsL
(6v) 0102
‘e 38 uasuensuyD eluadoslsQ L AlApuodsAield X snoBAzowoH  esusssip 0<1€820 LHNIJY3IS g'elbyry
Hlysewel 9PBSG 9550
(8%) 6002 1Y E| YOVVISP6SS 9
‘e 19 )ig uep AujigowsadAH Sy VYIS X| snobBAzowoH 8suasuoN 1<DIGp0 gldd 2eb-1gbgt
(v) L002 '[e 39 [eAQED elusdosisQ 9 Aikpuodshyed A snobAzowoH asussuoN V<09691 0 IECEER] vedl
snobAzolele osussuo < o)
(9%) 6002 H N 1<Dc0}t
JiRERELETIIY eluedoslsO £l AiApuodshie|d A snobAzowoH Buronds VY<D81+55020 JECEER] vedL
ainjoeu}
(Sv) L1LOC '[e 1o Jowy ang mon gy uoissaidwod eigapap IIN  snobAzowoH  uonejed  1HVVOVISPE0S 1080 dv.1H0 €'¢ede
(rv) GLog 1B 19 pliW ‘einjoely
uelueweignsejeg eluadoslsQ / uoissaidwod eigousp IIA SnoBAzowoH esussuoN 1<98} 10 dv1HD g'zede
aoualeey adAlousyd depean (s1e0f) saljewoue [eigaps  odA aouelIayu uonoun uoeo0| UoieIN aus uoiBe
19Y jousy 48O oBe 195UQ 1 [BIQBIBA 110 Hisyu| poung 11e00] uoneniy 9] aWosOWoIyD)

(panuruo3) 7 d[qe],

7 Spine Surg 2017;3(4):666-678

jss.amegroups.com

© Journal of Spine Surgery. All rights reserved.



is in Ol

10SIs

f scol

ion o

icat

ic imp

Liu et al. The genet

674

‘Aysuap [eJauiw suoqg ‘QINg (YoH-auIs}sAo ‘0IpIoe ‘uigloid paleloas ‘OHVCS ‘0| uteloid Buipuig-906M4 ‘01daM4 ‘| Jequisw
‘H @pejo Jouqgiyul asepidad uidias ‘| HNIJYIS ‘g oselawosi |Ajoid-|Apidad ‘gidd ¢ | ueoA|boaloid payouus-auljoid pue -auiong| ‘L3443 ‘G u1e10id sueiquIBWISUERI] padonpul
-uoJauBluUl ‘GINILI4] ‘uielold paleloosse-abe|iued qyiy) ‘g-eydie ¢ adAl ‘usbe|joo ‘gv 110D ‘L-eydie ‘| adAl ‘usbe(joo ‘1v 710D ‘erospadwl sisausboalso |0 "yuow ¢,

(rs) zLoz
‘Je 1o senloH-Bind - - — sioyjo snobAzowoH  osusssiy V<D9G8| 0 2doid yebg
ang pasea.osp .
(o) groz e 10 ‘AngowusdAy g ainjoely v=oL8L2
OUOPUOT-BZOPUSIA juiop L6l UoIssaidwod eigaua INX ~ SnoBAzowoH  asuassiy V<9/6%0 DHYdS L'egcbg
9SUasUON V<D$88'0
(81) €102 fe 19 Nokd sainjoe.l4 «C - AX  snobAzowoH  esusssiy D<1€689 LINM LeLbzt
(09) 9102 1210 A7 sisolodosisQ Sy wbIs AIX  snobAzowoH Burolds D<1/-SS¥0  g8EWINL Z'Lebs
snobAzoisloy 1<0i62t
(69) G102 T2 19 OUYD eluisy fealjiqun «Ch PIIA 11X punodwo)  asusssi D<Vv8082 Ldng €'leds
sauoq
uejwiom ‘Aysusp
aU0Q Pasealosp
‘moge Jo
(85) zloz  AwnaisuexesedAy
‘e 1o zo|D-zou/el\  ‘Blusy [edljiquin G® Gl AikpuodsAyed X snobAzowoH  esusssiy D<QLY.0 Ldwg Lgds
auoq
(26) 0102  lendioo0 uelwIom
‘Je jo euizunde]  ‘wnjeuled snyoad 8 S1S01109S P|IN IIX snoBAzowoH ulysewel4 VI9P2S0 Lo /dS gL'elbzl
(99) 9102
‘[e j@ luesseypakag  ainjoeJluod uior ] SIS0lj00soydAy) IX snobAzowoH ulysawelq VI9P9/.6™0 0LdaM4 2'ebzy
(g9) L1oz
‘e 3o ulg|ulels  sjulof ojiqowedAH 1974 - IX snobAzowoH esussuoN 1<0/0¢t° 0LdaM4 Z'lebsL
souaJsey odAjousyd depan (s1e3f) sal[ewoue [eigapsp adA @ouBIayU uonoun uoEedO| UonEIN aua uoibas
JoY jousy HeAO ob& 19sU0 ] [edgapen 110 Hieyu| louny 11e00| uoneniy ) SWOSOWOIYD

(panuruo3) 7 dIqe],

7 Spine Surg 2017;3(4):666-678

jss.amegroups.com

© Journal of Spine Surgery. All rights reserved.



Journal of Spine Surgery, Vol 3, No 4 December 2017

might be the pathology of scoliosis because of vertebral
fragility (73). Some studies have shown the positive
correlation of scoliosis with Z-score BMD and BMI (74).
In Coll1a1”"/+ mice model with OI and Ehlers-Danlos
Syndrome (EDS) (75), the scoliosis mice had lower BMD
and bone mineral content (BMC) compared with age-
matched +/+ littermates which may lead to the early and
rapid progressive malformation of vertebrae body.

There were many other factors which may influence
scoliosis in OI. According to a retrospective study (11),
scoliosis was significantly associated with age, whereas other
clinical characteristics such as gender, weight, SDI were not.
In some cases (76), scoliosis and vertebral body compression
only happened during growth. Engelbert (4) found that the
age of first achieving scoliosis was associated with the age of
anti-gravity motor milestone, such as “supported sitting”.
The connection may be caused by mechanical loads change.
Some other studies also shown that the prevalence of
scoliosis at maturity was not influenced by bisphosphonate
treatment history although the treatment could decrease the
progression (24).

Another important reason is increased mechanical
strains during childhood. Mechanical loads with osteopenia
can cause bone remodeling and progressive deformations,
and the pedicle elongation is the most common result.
Some OI cases with severe hyperlordosis had been
reported to be caused by lumbar pedicle elongation and
spondylolisthesis (77). Some other researchers proposed
mechanostat model to illustrate bone deformations cause
by mechanical forces (78).

Joint hyperlaxity can lead to scoliosis and chest
malformations (73). In a subset of OI (79), patients with
OI/EDS can have scoliosis because of ligamentous laxity,
dislocations of other joints and mild osteopenia, with a
few fractures. This may be caused by mutation of exon 6
fromochain which lead to N-propeptide retention.

Conclusions

Most of the types OI could manifest with scoliosis, with
type III patients have higher prevalence and type XV has
the earliest scoliosis onset age. The exact mechanism of
scoliosis in OI is complex and has not been fully elucidated.
Based on current studies, scoliosis is mainly influenced by
OlI type, osteopenia, age, BMD, BMC, mechanical strains
and ligamentous laxity.
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