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Abstract
We review genetic diseases with identified molecular bases that include abnormal, reduced (hypoplasia), or absent
(aplasia) patellae as a significant aspect of the phenotype. The known causal genes can be broadly organized according to
three major developmental and cellular processes, although some genes may act in more than one of these: limb specification
and pattern formation; DNA replication and chromatin structure; bone development and differentiation. There are also
several genes whose phenotypes in mice indicate relevance to patellar development, for which human equivalent syndromes
have not been reported. Developmental studies in mouse and chick embryos, as well as patellar involvement in human
diseases with decreased mobility, document the additional importance of local environmental factors in patellar ontogenesis.
Patellar anomalies found in humans can be an important clue to a clinical genetic diagnosis, and a better knowledge of the
genetics of patellar anomalies will improve our understanding of limb development.

Development of the patella

The patella is a large sesamoid bone present in the human
knee. Sesamoid bones as a group are defined by their origin
within cartilaginous tissue. The term sesamoid is sometimes
used less specifically to include any of a variety of acces-
sory ossicles occurring near joints [1]. In humans, most
sesamoid bones are small, mostly found in the hands and
feet, and are frequently variable in occurrence (i.e., are not
present in all individuals). The patella is by far the largest
human sesamoid bone, is invariable and is the only one
routinely included in the total bone count (although the
fabella is sometimes included). The patella is only one
among several ossicles that occur in the knee joint in
humans and other animals (see Fig. 1 of Samuels et al. [2])

Regarding nomenclature, the field unfortunately lacks
consensus on the precise meaning of the term “patella”.
Many articles use the term to include pre-ossified cartila-
ginous structures, or even pre-chondrocyte primordial cells,
in the developing knee joint. In others, the term is used for
the final ossified skeletal element. There is some dis-
crepancy between the evolutionary literature, in which the
term usually implies a bone as in most cases only fossilized
specimens are available, and the developmental literature, in
which pre-ossified structures are readily observed in model
organisms (or humans). In this review, we employ the term
broadly to include both the ossified element and definitive
non-ossified precursors as appropriate.

Developmentally, the patella is not yet ossified at birth in
humans and in other organisms that have been studied
(mouse, rabbit, chick). In the human embryo, a patellar
anlage has been observed as early as stage 19 fetuses
(7 weeks, 16–21 mm), and in most or all stage 20 fetuses
(7 weeks, 18–23 mm) [3]. At this point, it has been
described as a cellular condensate or blastema, with no
obvious cell subtype or identified biomarkers. Shortly
thereafter the patellar anlage becomes chondrified as a
“hyaline cartilage mass” [4], at approximately the same time
as cavitation of the knee inter-zone begins [5]. In humans,
ossification typically begins at 5–6 years of age (sometimes
earlier) at several small internal foci, which grow and
eventually merge, with completion of ossification during
adolescence. There is a general (though not universal)
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consensus that the patella develops within the quadriceps
femoris tendon (Fig. 1) and hence is a true sesamoid.

The delayed ossification of the patella introduces an
aspect of potential uncertainty in interpreting the genetics of
this structure. Patellar hypoplasia or aplasia is typically
defined through radiographic imaging, sometimes with
manual inspection, but these are ambiguous or infeasible in
very young children and infants. In most examined cases,
the definition is with respect to the final ossified skeletal
element, thus cases ascertained very young cannot be
assessed reliably for patellar status. In many cases, it is also
unclear whether there is any patellar primordium or carti-
laginous material, although some case reports do comment
on whether any palpable material is present in the knee joint
at the appropriate position. Therefore it is rarely possible to
distinguish a failure of patellar development per se from a
later stage partial or complete failure of ossification. Patellar
biopsies are not typically performed, therefore the presence
of cartilaginous patellar material usually remains uncertain.
This makes interpretation of patellar determination vis-à-vis
differentiation challenging.

Evolution of the patella

The patella as a skeletal element is far from universal
among Tetrapoda (Supplemental Figure S1). It is

definitively absent from early tetrapods, including primitive
reptiles, dinosaurs, and pre-mammalian ancestors such as
the Cynodontia. Among modern groups a true ossified
patella is found in most birds (Aves, descendants of dino-
saurs), many or most lizards (Squamata), and many mam-
mals [6, 7]. It is absent in other reptiles including Crocodilia
and Testudinae (turtles), thus appears to have evolved
independently at least three times in the largest extant tet-
rapod clades (birds, lizards, mammals). Even within mam-
mals, patellar occurrence is complex [2]. It is found almost
universally in placental mammals (Eutheria), but is absent
in most marsupials (Metatheria). It is found in a small
number of species in several marsupial sub-clades, whose
members’ lifestyles are not obviously similar to each other.
Even more unexpectedly, a large patella occurs in the extant
egg-laying mammals (Monotremata) such as the platypus,
that diverged much earlier than the placental-marsupial
divergence. A patella is also found among several extinct
mammalian groups, in side branches unrelated to any of the
three extant mammalian clades (Eutheria, Metatheria,
Monotremata). Thus, the patella has a complex evolutionary
history, with likely multiple introductions and possibly also
losses in diverse groups. Similar histories of convergent
traits have now been described for a variety of anatomical
features such as the cecal appendix [8]. The study of patellar
genetic syndromes in humans and other model systems thus
has the potential to inform evolutionary studies.

Fig. 1 Basic anatomy of the
human knee joint seen angled
from the rear. Proximal/distal
and dorsal/ventral pattern
formation axes are with respect
to the generalized Tetrapoda
hind limb. Illustration: Manuela
Bertoni
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Genetics of the patella

Here we discuss human genetic disorders with identified
molecular bases that include abnormal, reduced, or absent
bony patellae (hypoplasia or aplasia) as a significant aspect
of the phenotype (previously reviewed in refs. [9–11]). The
proportion of cases with patellar involvement is variable
among these disorders; such involvement may be typical
(most or all reported cases), or atypical (one or only some
cases). For some syndromes, the number of characterized
cases is too small to know the fraction with patellar invol-
vement. To limit the scope of this discussion, we have
excluded syndromes in which the patella is affected at the
same time as many or most other skeletal structures, thus
with little or no specificity. Syndromes with a well-defined
patellar component but no identified gene are discussed in
the Supplement. Developmental studies in mouse or chick
embryos document the additional importance of local
environmental factors in patellar development [12, 13].

Perhaps unexpectedly, many or most of the causal genes
for these syndromes can be broadly organized according to
only three major developmental processes, although some
genes may act in more than one of these: limb specification
and joint pattern formation, DNA replication and chromatin,
or bone development and regulation (Fig. 2, with four
temporally defined stages not uniquely correlated with the
three processes). It should be kept in mind that some of the

implicated genes discussed here may play additional, as yet
undefined physiological roles, therefore, the inference that
the specific developmental processes proposed here are in
fact the ones disturbed by functional variants in the parti-
cular genes remains to be proven in many cases.

In many of the human syndromes, the causal variants are
either heterozygous (transmitted from an affected parent or
arising de novo presumably in the parental germ line), or if
homozygous or compound heterozygous then at least one
allele is a simple substitution. For many of the associated
genes, complete loss of function of both alleles may be
either lethal or else yield a much more severe phenotype.
Thus, it is not implied that the syndromes described here
represent the definitive phenotype for the genes involved.
Rather, they implicate the genes in the processes of patellar
determination and/or differentiation.

Disorders likely of pattern formation and joint
specification

(Table 1) Interpretation of pattern formation syndromes
with respect to the patella is aided by a more general
understanding of its embryological determinants. The
patella arises in the knee joint of the hind limb, thus genes
involved in the specification of these positions are antici-
pated to play a role in patellar ontogeny. In embryological
terms, specification of hind versus forelimbs occurs along

Fig. 2 Temporal development of the patella. First, the anatomical
location of the patellar anlage is determined, with respect to multiple
body axes: rostral/caudal, via forelimb/hind limb specification; prox-
imal/distal, positioning the anlage at the junction of the stylopod
(future femur) and zeugopod (future tibia/fibula); and dorsal/ventral,
positioning the anlage on the correct side of the future knee joint.
Second, the cells of the patellar anlage are determined and begin to
differentiate into cartilaginous-like tissue. Third, the patellar anlage
grows to the appropriate size and shape, which varies significantly

among different mammalian species [2]. Fourth and finally, beginning
~5 years after birth and taking as much as a decade for completion,
multiple ossification centers form within the cartilaginous pre-patella
and merge to form the final sesamoid patella. Several of these events
are likely to require non-genetic local environmental (biomechanical)
factors. It remains uncertain which of these processes require the
patellar syndrome genes involved in DNA replication or chromatin
regulation, although replication genes are likely to play a role during
the phase of patellar organ growth
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the cranial–caudal axis of the body. Along the length of
each limb, the structure nearest the spine (proximal) is
generally referred to as the stylopod (including the femur in
the legs and humerus in the arms); the next distal structure
is the zeugopod (tibia/fibula in the legs, radius/ulna in the
arms); final the most distal structure is the autopod (feet and
hands). Thus, the knee is the joint defined at the intersection
of the hind limb stylopod and zeugopod. Finally, the patella
is a dorsal structure (Fig. 1). This is not intuitively obvious
in humans as the legs rotate in the hip joint with respect to
the rest of the body during development, as compared with
the primitive tetrapod body plan. In humans, this is more
evident for the elbow, which more naturally faces dorsally
when the arm hangs in a neutral position. Thus, genes
specifying the proximal/distal axis, the stylopod/zeugopod
joint along this axis, and the dorsal/ventral axis are expected
to play roles in patellar ontogeny. The forelimb ulnar ole-
cranon, a bony extension of the dorsal main shaft of the
ulna, is in a developmental sense the elbow equivalent to
the patella in terms of pattern forming elements, although it
arises through a different process and is not a sesamoid.

Nail-patella syndrome (NPS, MIM[161200]) is a rare
dominant human genetic disorder with multiple skeletal
abnormalities, including but not limited to nail dysplasia
with patellar aplasia or hypoplasia [14]. The patella can also
be irregularly shaped, mis-localized or prone to dislocations
(in part because of associated muscle anomalies). The
elbow is also affected, typically with reduction of the radial
head and/or capitella, leading to dislocation of the radius
[15]. NPS is caused by haplo-insufficient variants in the
LIM-homeodomain transcription factor LMX1B (MIM
[602575]) [16]. Homozygous mice lacking the gene are also
missing dorsal limb structures, indicating that LMX1B has a
key role in dorsal–ventral patterning at least in placental

mammals. The missing patella is thus probably secondary to
a more fundamental failure of dorsal determination in the
hind limb. A syndrome named Nail-patella-like renal dis-
ease (MIM[256020]) is reported in a single case [17],
however the article abstract states that there was no bone or
nail phenotype in the patient, only renal involvement, thus
this is apparently not actually a patellar disorder.

Ischiocoxopodopatellar syndrome (ICPPS, MIM
[147891], previously called small patella syndrome, SPS) is
a rare dominant disorder primarily affecting pelvic and hind
limb bone development, including hypo- or aplastic patellae
[18, 19]. General musculature and nails of the fingers and
toes are normal. ICPPS is caused by variants in transcription
factor TBX4 (MIM[601719]) [20]. As with LMX1B, the
missing patella in this syndrome appears secondary to a
more profound failure of determination, in this case of the
hind (lower) limb versus the fore (upper) limb. Extensive
studies of Tbx4 function in mice, birds, and fish confirm its
role in hind limb specification, although the exact timing
and role of its function remains somewhat unclear [21, 22].
Tbx4 plays additional roles in development as knockout
mice have much more severe phenotypes than simple limb
abnormalities [23]. Intriguingly, Tbx4 ectopically expressed
in the forelimb region of Tbx5 knockout mice (which lack
forelimbs) was able to partially rescue the phenotype, sug-
gesting that Tbx4, while necessary, is not sufficient to
specify hind limbs, at least in mice [24].

The primary phenotype of functional variants in the
transcription factor PITX1 (MIM[602149]) is congenital
clubfeet (CCF, MIM[119800]) often with other limb
anomalies such as polydactyly, but one variant is reported
to also cause patellar hypoplasia [25]. Other structural
variants in the gene, possibly in regulatory elements, cause
a more generalized homeotic-like transformation of the

Table 1 Disorders likely of pattern formation and joint specification

Syndrome [MIM] Patellar
involvement

Gene [MIM] Mode of transmission Molecular function Developmental
Process

Nail-patella Typical LMX1B Dominant, probable
haploinsufficiency

Transcription factor Limb patterning

[161200] [602575]

Ischiocoxopodopatellar (small
patella)

Typical TBX4 Dominant, possible
haploinsufficiency

Transcription factor Limb patterning

[147891] [601719]

Clubfoot with long bone
deficiencies

Atypical PITX1 Dominant, possible
haploinsufficiency

Transcription factor Limb patterning

[119800] [602149]

Fuhrmann Atypical WNT7A Recessive, possible
hypomorphic

Cell-cell signaling Limb patterning

[228930] [601570]

Laurin-Sandrow [135750] Atypical LMBR1
[605522]

Dominant, probable gain
of function

Putative receptor Limb patterning

Acromelic frontonasal dysostosis
[603671]

Atypical ZSWIM6
[615951]

Dominant, possible gain of
function

Zinc finger with
SWIM domain

Possibly limb
patterning
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forelimbs (arms) toward hind limbs (legs), with reduction or
absence of the olecranon, and presence of a novel ossified
structure on the humerus reminiscent of a (fused) patella, as
well as wrist anomalies [26]. Pitx1 homozygous knockout
mice have reduced hind limbs with lack of an obvious
ossified patella [27, 28], whereas ectopic expression of
Pitx1 in forelimbs drives hind limb-like pattern formation
yet without an actual ossified patella, both in mice [29] and
in chicks [30]. As with TBX4, the action of PITX1 in
patellar development probably relates to its role in hind/
forelimb determination.

Fuhrmann syndrome (FS, MIM[228930]) is a disorder
of limb and joint development, of varying severity with
limb bowing, hypo- or aplastic femur, ulna or fibula, digital
anomalies, hypo- or aplastic patellae, reduced or absent
nails, sometimes with short stature and amenorrhea [31,
32]. It can be caused by variants in the intercellular sig-
naling factor WNT7A, for which a role in limb pattern
formation has been demonstrated in model organisms [33,
34]. Different variants in WNT7A also cause the more
phenotypically severe Al-Awadi-Raas-Rothschild limb/
pelvis/uterus-hypoplasia–aplasia syndrome (AARRS, MIM
[276820], also known as Schinzel phocomelia). There is at
least one case report consistent with an FS diagnosis for
which variants in WNT7A-affecting function were not
found, thus there may be genetic heterogeneity for this
disorder. That case was too young to assess patellar status.

Laurin-Sandrow syndrome (LSS, [MIM 135750]) is one
of several genetic disorders associated with variants in gene
LMBR1 [MIM 605522]. LSS includes multiple skeletal
abnormalities typically of the limbs, including mirror image
polydactyly. At least one reported case involved patellar
aplasia [35]. Although LMBR1 is the gene associated with
LSS, the specific causal variants involve duplications of an
intronic enhance element mediating sonic hedgehog reg-
ulation in limbs [36]. In contrast to LSS, a large truncating
deletion in LMBR1 causes acheiropodia, absence of both
hands and feet with arms and legs ending in stumps [37].
Similarly in mice dominant versus recessive, gain versus
loss-of-function phenotypes result from different classes of
variants in mice. These results suggest that the LSS and
related less severe phenotypes of LMBR1 in humans also
result from gain of function, possibly through ectopic
expression of the gene. Despite these extensive genetic
studies, little is known regarding the biochemical or cellular
function of the LMBR1 protein itself. LMBR1 contains
multiple putative transmembrane domains, and is proposed
to be a receptor or other cell membrane molecule which in
flies can potentiate bone morphogenetic protein signaling
[38].

Acromelic frontonasal dysostosis [MIM 603671] is a
developmental syndrome with severe craniofacial

dysmorphologies and variable involvement of the central
nervous system together with limb abnormalities. Patellar
hypoplasia is observed in some cases. All molecularly
characterized cases carry a single recurrent missense variant
in the gene ZSWIM6, encoding a SWIM-type zinc finger
domain whose specific biochemical function remains to be
described [39]. Where parents of the probands were avail-
able, they lacked the variant, suggestive of a de novo var-
iant. The variant is proposed to disrupt normal hedgehog
signaling, suggestive of a defect in pattern formation. It
seems likely that the phenotype in humans is a gain of
function, hence the role of ZSWIM6 in normal patellar
development is uncertain.

HOX genes in mice

A number of mouse HOX gene mutants have been engi-
neered, which have effects on hind limb development.
There are four vertebrate HOX gene clusters on different
chromosomes (named HOXA, HOXB, HOXC, HOXD),
and at each locus genes are named in proximal–distal order,
such as HOXA1, HOXA2,…, HOXB1, HOXB2,…, etc.
There are up to 13 individual HOX genes per cluster, but
individual and different genes have been evolutionarily lost
in each cluster in various vertebrate lineages. HOX genes
play roles in multiple developmental processes including
limb formation [40]. Of the 39 human HOX genes, syn-
dromes have been identified resulting from variants in nine
to date: HOXA1, A2, A11, A13, B1, C13, D4, D10, and D13.
The phenotypes of these syndromes are diverse, with some
involving limb abnormalities, however patellar features
have not been reported. Genetics of the Hox genes has been
intensively studied in mice through targeted mutagenesis.
Of particular interest is the triple homozygous knockout of
all three mouse Hox11 genes, Hoxaaccdd-11 (Hoxb11 is
permanently inactivated in the mouse genome) [41]. Among
other features, these mice as embryos have an atypical hind
limb knee skeletal morphology described as tripartite,
although the patella appears to be present and normal. More
surprisingly, in these mice an ectopic ulnar patella develops
in the forelimb in place of the olecranon. Mice lacking
Hoxd-10 are viable, and also have hind limb defects, with a
position shift of the patella proximally along the knee joint,
and occurrence of another ectopic sesamoid bone proximal
to the patella [42]. Mice deleted for various combinations of
Hoxa-10, Hoxa-11, Hoxd-9, or Hoxd-10 also show anom-
alous patellar morphologies and/or multiple knee sesa-
moids [43]. To date no human genetic syndromes are
reported to involve any of the HOX9 genes, whereas a
heterozygous variant of HOXD10 causes abnormality of the
ankle [44], and a heterozygous variant of HOXA11 causes
amegakaryocytic thrombocytopenia together with
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radioulnar synostosis, i.e., abnormality of upper limb
development [45].

Disorders likely of DNA replication and/or chromatin

(Table 2) Variants in genes implicated in limb specification
and patterning are reasonably obvious in terms of their
potential role in patellar dysostosis. In contrast, there is a
group of genetic syndromes whose causal genes play a
much more general cellular role, and whose involvement in
patellar development is less readily explained. Although the
syndromes are phenotypically pleiotropic and diverse, and
the biochemical functions of the causal genes differ, they
are united by their involvement with chromatin structure
and/or DNA replication.

Meier-Gorlin Syndrome (originally MGS, now MGORS,
also called ear-patella-short stature syndrome, [MIM
224690]) is a recessive developmental disorder including
hypo- or aplastic patellae with other pleiotropic features
including short stature and small ears [46]. The absent or
reduced patellae in MGORS have significant impact on
locomotor function in many of the affected patients, who
may require surgery, leg braces or wheelchairs. The mole-
cular basis of MGORS has now been clarified, with causal
variants in multiple genes encoding components of the
DNA replication machinery: ORC1, ORC4, ORC6, CDT1,
CDC6, GMNN, MCM5, and CDC45 have been reported to
date [47–52]. The ORC-encoded proteins function as a
complex that binds to eukaryotic DNA origins as the first
step in replication, with subsequent binding of CDT1 (after

its release from GMNN), CDC6 and ultimately the MCM
complex [53, 54]. Only one of these genes appears to be
mutated in any individual patient; there are no examples of
di-genic inheritance (so far). The aspect of small total body
size (stature) is hypothesized to result from reduced total
cell number, itself caused by increased time required for
more widely spaced replication forks to fuse, thereby
slowing overall mitosis. It is unclear why replication defects
would lead to small ears and patellar aplasia; conceivably
cells in these tissues have a special requirement for rapid
replication or cell division as part of the normal develop-
mental program. However, other syndromes of primordial
dwarfism, including some variants in ORC1, do not include
a patellar phenotype [55], thus there may be another, uni-
dentified role for the replication machinery in patellar
development, perhaps to regulate specific gene expression
via chromatin structure. ORC1 is also implicated in cilia
function, although a potential involvement of cilia in the
MGORS phenotype is speculative.

Radial patellar hypoplasia, which includes cleft or arched
palate, diarrhea, and dislocated joints, little size and limb
malformation, nose slender and normal intelligence
(RAPADILINO, [MIM 266280]) is a recessive develop-
mental disorder with multiple limb deformations including
patellar hypo- or aplasia [56]. The causal gene is a DNA
helicase, RECQL4, in which variants can also cause the
phenotypically overlapping syndromes of Rothmund-
Thompson (RTS, MIM[268400]) and Baller-Gerrold
(BGS, [MIM 218600]) [57]. RECQL4 patients generally
retain some gene function, and some mouse gene deletions

Table 2 Disorders likely of DNA replication and/or chromatin

Syndrome [MIM] Patellar
involvement

Gene [MIM] Mode of
transmission

Molecular
function

Developmental
Process

Meier-Gorlin 1–7 Typical ORC1 [601902], ORC2 [601182], ORC4
[603056], ORC6 [607213], CDT1 [605525],
CDC6 [602627], GMNN [602842], CDC45
[603465]

Recessive, partial
loss of function

Origin
recognition
binding

DNA
replication, cell
division

[224690, 613800,
613803, 613804,
613805, 616835,
617063]

RAPADILINO Typical RECQL4 Recessive, loss of
function

DNA helicase DNA
replication, cell
division

[266280] [603780]

Genitopatellar Typical KAT6B Dominant,
probable
haploinsufficiency

Histone
acetyltransferase

Chromatin

[606170] [605880]

Proteus Typical AKT1 Dominant, gain of
function

Phosphoinositide
3-kinase

Cell growth

[176920] [164730]

Roberts Atypical ESCO2 Recessive, loss of
function

Sister chromatid
cohesion
acetyltransferase

DNA
replication, cell
division

[268300] [609353]

Seckel [210600] Atypical ATR [601215] Recessive,
probable loss of
function

Kinase DNA
replication,
repair
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are severely disabled or die as embryos or shortly after
birth, suggesting a complete gene deletion might be lethal in
humans [58]. The RECQL4 protein has been documented as
a component of the MCM complex of the DNA replication
machinery [59], but it may play additional roles in DNA
repair and in mitochondria.

Genitopatellar syndrome (GPS, [MIM 606170]) includes
patellar aplasia as a prominent aspect of the phenotype, in
addition to urogenital abnormalities, intellectual deficit, and
facial dysmorphology [60, 61]. GPS is caused by variants in
the gene KAT6B encoding a histone acetyltransferase (for-
merly called MYST4 or MORF) [62, 63]. GPS patients are
heterozygous for variants which probably arise de novo in
parental germ lines. Heterozygous de novo truncating var-
iants in KAT6B can also cause the pleiotropic Say-Barber-
Biesecker Variant of Ohdo Syndrome (SBBYSS, MIM
[603736]). SBBYSS is generally different than GPS,
although hypoplastic patellae are an aspect of both syn-
dromes. A chromosomal translocation that inactivated one
copy of KAT6B was found in a patient with a Noonan
Syndrome-like phenotype of short stature, delayed bone
age, dysmorphic features, cognitive anomalies, but no
reported patellar problems [64]. As of yet there is no
reported direct involvement of KAT6B in DNA replication
or cell division, although it is anticipated to play a role in
epigenetic gene regulation.

Proteus syndrome ([MIM 176920]) involves severe and
variable overgrowth of multiple tissues including bone, and
is caused by somatic activating variants in the phosphoi-
nositide 3-kinase, AKT1 ([MIM 164730], also known as PI-
3-kinase). AKT plays a key role in cell growth signaling
pathways and some cancers, and patellar hyperplasia is a
recurrent component of the phenotype [65].

Roberts syndrome (RBS, MIM[268300]) is a pleiotropic
developmental disorder, the hallmarks of which include
moderate to severe limb deficits, facial clefting, growth
deficit but with genital enlargement, intellectual deficit, and
variable internal organ defects [66]. Patellar hypoplasia is a
variable component of the phenotype. RBS is considered
allelic with the milder SC phocomelia. Cellular studies from
patients noted abnormal mitotic chromosomes, suggestive
of a problem with chromatin. RBS and SC phocomelia were
subsequently shown to be caused by variants in the gene
ESCO2 (MIM[609353]), an acetyltransferase involved in
sister chromatid cohesion during mitosis [67].

Seckel syndrome [MIM 210600 for SCKL1 and a gen-
eral description of the syndrome] represents a genetically
heterogeneous group of related disorders, for which the
basic phenotype includes dwarfism and microcephaly,
together with a somewhat distinctive head with a narrow
face, receding lower jaw, protruding nose, and large eyes
causing a “bird-like” appearance. The genes known to
mutate to cause Seckel include several components of

centrosomes and other known players in DNA replication.
There is phenotypic overlap between Seckel and micro-
cephalic dwarfism especially type II [MIM 210720] [68]
and MGORS, with Seckel cases typically showing dis-
proportionately greater reduction in head size versus height
compared to the other syndromes. One particular subtype of
Seckel, SCKL1, caused by variants in the gene ATR,
includes hypoplastic patellae in at least two published
patients [69]. ATR [MIM 601215] encodes a kinase (Mec1
in yeast) believed to play a role in DNA damage repair, and
also in regulation of replication fork transit and origin firing
as well possibly as other genomic functions [70].

Disorders likely of bone development and/or
differentiation

(Table S1) The patella is expected to be affected in syn-
dromes whose phenotypes include general defects in bone
development and/or maintenance. There are no syndromes
with identified genes specifically involved in bone phy-
siology, where patellar involvement is the major phenotypic
component. Instead, patellar involvement is variable, and
sometimes atypical, in these syndromes. Even so, the genes
shed some light on the requirements for patellar develop-
ment (see Supplement for more details). Causal genes
include two transcription factors known to participate in
regulating bone growth and/or maturation: GDF5/CDMP1/
BMP14 (MIM[601146]) has patellar involvement in some
cases of Du Pan syndrome (MIM[228900]); SOX9 (MIM
[608160]) has a patellar phenotype in one reported case
among many of campomelic dysplasia (MIM[114290]).
Less obviously, a gene involved in muscle development and
function has patellar involvement in some cases: the acet-
ylcholine receptor subunit gamma gene CHRNG (MIM
[100730]) in the Escobar variant of multiple pterygium
syndrome (MIM[265000]). Possibly the patellar aspect of
the Escobar type is secondary to reduced leg motion in
utero, as studies of chemically paralyzed chick embryos
support a requirement for muscle activity for proper patellar
development [13]. Finally, in one subtype of Bruck syn-
drome (BRKS1 MIM[259450], Kuskokwim variant), which
normally includes severe arthrygryposis (joint contractures)
with attendant muscular atrophy, some cases include a
patellar component. The causal gene, FKBP10 (MIM
[607063]) which somewhat confusingly encodes protein
FKBP65, appears to participate in proper collagen post-
translational processing.

Other disorders

Patellar involvement has been reported either in isolation or
syndromic, in a number of cases for which a molecular
cause remains to be found, or for which a genetic etiology is
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only hypothesized. See Supplemental Table S2 for more
details on these phenotypes.

Conclusions

As discussed in this review, a wide range of genetic syn-
dromes include patellar abnormalities as a component of the
phenotype. In many cases, the causal genes are known to
play roles in one of three processes: pattern formation, DNA
replication/chromatin structure, or bone development/
differentiation.

One challenge in patellar genetics is the delayed normal
ossification of the bone. Thus, syndromic cases ascertained
younger than ~ 5 years of age cannot be reliably assessed
for patellar development, as standard imaging cannot
resolve defects in patellar cartilage. Moreover, essentially
all the syndromes described in this review are ascertained in
living probands, whereas patellar specification begins as
early as 7 weeks of fetal development. In patellar hypo-
plasia/aplasia observed in children or adults, it is difficult to
know how early the aberrant developmental process began.
Published studies of knee joint ontogeny in genetically
modified mice are similarly difficult to interpret as staining
of embryos for bone does not visualize abnormal patellar
cartilage development.

The involvement of housekeeping genes of DNA repli-
cation and/or repair, and chromatin structure, is one of the
most unexpected aspects of patellar syndromes. There are
several possible scenarios one can imagine for the role of
these genes. Cells giving rise to the patellar anlage could
have a special requirement for rapid division and genome
replication. There is some precedent for such a model: cells
in the developing brain have a special (though as yet not
fully understood) requirement for a particular pattern of cell
division, such that variants in many genes encoding ubi-
quitous components of the centrosomal machinery give rise
to a relatively specific microcephaly phenotype. Alter-
natively, pathogenic variants in replication and chromatin
genes may cause aberrant regulation of particular gene
networks required for proper patellar specification or
development. There is some evidence that origin recogni-
tion complexes play a role in gene regulation in yeast, in
addition to their role in genome replication. Clearly studies
in targeted mouse knock-in mutants carrying
particular hypomorphic alleles of the identified causal genes
would be helpful in understanding the basis of the patellar
phenotype. CRISPR or related technologies make the con-
struction of such targeted mutants eminently feasible.
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