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Abstract
Congenital fibrosis of the extraocular muscles type 1 (CFEOM1) is a rare inherited strabismus
syndrome characterized by non-progressive ophthalmoplegia. We previously identified that
CFEOM1 results from heterozygous missense mutations in KIF21A, which encodes a kinesin
motor protein. Here we evaluate the expression pattern of KIF21A in human brain and muscles of
control and CFEOM1 patients, and during human and mouse embryonic development. KIF21A is
expressed in the cell bodies, axons, and dendrites of many neuronal populations including those in
the hippocampus, cerebral cortex, cerebellum, striatum, and motor neurons of the oculomotor,
trochlear, and abducens nuclei from early development into maturity, and its spatial distribution is
not altered in the CFEOM1 tissues available for study. Multiple splice isoforms of KIF21A are
identified in human fetal brain, but none of the reported CFEOM1 mutations are located in or near
the alternatively spliced exons. KIF21A immunoreactivity is also observed in extraocular and
skeletal muscle biopsies of control and CFEOM1 patients, where it co-localizes with triadin, a
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marker of the excitation-contractile coupling system. The diffuse and widespread expression of
KIF21A in the developing human and mouse central and peripheral nervous system as well as in
extraocular muscle does not account for the restricted ocular phenotype observed in CFEOM1, nor
does it permit the formal exclusion of a myogenic etiology based on expression patterns alone.

Section 1. Introduction
Congenital fibrosis of the extraocular muscles type 1 (CFEOM1) is a rare strabismus
syndrome characterized by congenital non-progressive ophthalmoplegia, with both active
limitation and passive restriction of globe movement. Individuals are born with bilateral
ptosis and their eyes fixed downward, with the inability to elevate either eye above the
midline and often with aberrant residual eye movements. Some children affected by
CFEOM1 have mild hypotonia and gross motor delays, but no other associations have been
found to consistently co-segregate with the eye disorder.

Traditionally, CFEOM1 was thought to be a myopathic disorder characterized by
extraocular muscle (EOM) replacement with fibrous tissue (Apt and Axelrod, 1978; Brown,
1950; Crawford, 1970; Harley et al., 1978; Laughlin, 1956). A neurogenic etiology for
CFEOM1 is, however, suggested by clinical signs of misinnervation (Yamada et al., 2005)
and by anatomical studies of human pathological tissues from individuals affected by
CFEOM1 (Engle et al., 1997). Postmortem findings in an affected adult from a large family
with CFEOM1 revealed selective absence of the levator palpebrae superioris and superior
rectus subnuclei of the oculomotor nucleus, and loss of the superior division of the
oculomotor nerve, which is comprised of axons from these subnuclei only. Consistent with
the absence of the superior division of the oculomotor nerve, there was absence of the
levator palpebrae superioris muscle and reduced mass of the superior rectus muscle, which
contained fat, connective tissue, and some residual myofibers. The remaining EOMs were
not fibrotic. Light microscopic findings from EOM surgical biopsies of two affected
members of the same large family revealed fairly normal appearing inferior and lateral recti
with increased central nuclei and select fibers with central mitochondrial clumping.
Together, these data suggested but did not prove that CFEOM1 is neurogenic, resulting from
failure of the normal development of the superior division of the oculomotor nerve and its
corresponding oculomotor subnuclei.

CFEOM1 is inherited as a dominant trait, and results from heterozygous missense mutations
in KIF21A (Yamada et al., 2003). KIF21A encodes an anterograde kinesin motor protein
(Marszalek et al., 1999), and the mutations underlying CFEOM1 are remarkable in that they
cluster primarily in the 3rd coiled-coil domain of the KIF21A stalk, with two additional
mutations reported in the motor domain (Chan et al., 2007; Lu et al., 2008; Yamada et al.,
2003). Moreover, many of the mutations recur in unrelated individuals, and over 70% of
probands with CFEOM1 harbor the heterozygous 2860C>T mutation resulting in a R954W
amino acid substitution in the 3rd coiled-coil domain (Chan et al., 2007; Yamada et al.,
2003), including those individuals whose postmortem and biopsy tissues are described
above (Engle et al., 1997).

Kif21a was identified and cloned from a PCR based screen of a mouse retinal cDNA library
(Marszalek et al., 1999), and its initial expression pattern was defined using an antibody
directed against a mouse fusion protein that recognized a 6.2 kb transcript and a 180 kDa
protein. By western blot analysis of adult mouse tissue lysates, protein expression was high
in brain, intermediate in kidney and testes, low in liver, lung, and heart, and absent in spleen.
By immunohistochemistry, Kif21a was found in neuronal cell bodies and processes
extending from adult retinal ganglion cells, mitral cells, pyramidal cells, motor neurons, and
absent from glial cells (Marszalek et al., 1999). Analysis of Kif21a mouse and KIF21A
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human mRNA by northern-blot and RP-PCR (Yamada et al., 2003) revealed that expression
in mouse whole embryos began at ~E10.5 and then slowly decreased, while expression in
mouse brain started embryonically and gradually increased. In human fetal and adult tissue,
KIF21A mRNA was most abundant in brain, and within adult human brain, mRNA
expression was high in cerebral cortex, cerebellum, putamen, lower in the medulla, and
absent from spinal cord. Lower levels of expression were noted in liver, kidney, and heart.
Notably, expression was also present in skeletal muscle.

The CFEOM1 phenotype is restricted spatially and temporally to developing ocular cranial
nerves and extraocular muscles. The identification of KIF21A transcripts in most regions of
the adult human brain and in skeletal muscle led us to ask about its developmental
expression pattern in mouse and human, in order to determine whether this may provide
insight into a myogenic versus neurogenic etiology, and help to explain the restricted
CFEOM1 phenotype. Moreover, we wondered if we could detect a difference in the
expression of KIF21A protein in CFEOM1 tissues compared to control tissues. Thus, we
have further defined the spatial and temporal expression pattern of KIF21A/Kif21 protein in
both the developing and mature nervous and skeletal system of mouse and human, and in
postmortem and biopsy tissues of individuals with CFEOM1.

Section 2. Results
2.1 Immunoreactivity of Kif21a/KIF21A in mouse and human neuronal and muscle tissues

Using a polyclonal antibody generated against the C-terminus of mouse Kif21a with one
amino acid mismatch against human KIF21A (Tischfield et al., 2010), we detect a ~180 kDa
mouse protein with somewhat greater affinity than a ~185 kDa human protein (Fig. 1A).
Analysis of protein lysates obtained from several human and mouse neuronal and non-
neuronal and embryonic tissues reveal Kif21a protein expression is first detected at high
levels at E9.5 in the mouse embryo (Fig. 1A) and continues to be expressed in adulthood,
where it is detected at high levels in the human cerebral cortex, cerebellum, and spinal cord
in the adult human and mouse brain (Fig 1B). We then examined KIF21A expression in
patient tissue from an individual with CFEOM1 and Alzheimer’s disease whose autopsy was
previously reported (Engle et al., 1997), and who harbored the R954W amino acid
substitution in KIF21A (Yamada et al., 2003). KIF21A is reduced in lysates from the
CFEOM1 cerebral cortical tissue as well as in cortical tissue from Alzheimer and ALS
patients without CFEOM1 (Fig 1B). KIF21A/Kif21a is also detected in both extraocular
(Fig. 1C) and, to a lesser degree, skeletal muscle (Fig. 1D) in mouse and human.

2.2 KIF21A splice variants in the fetal brain
We primarily detect a single band in our western blot analysis, however occasionally a
doublet is observed likely reflecting alternative splicing and/or post-transcriptional
modification of KIF21A/Kif21A. In order to investigate whether KIF21A is alternatively
spliced and to identify spliced isoforms, we amplified and performed sequence analysis on
the ~5kb full-length KIF21A open reading frame from a human fetal brain cDNA library
(Fig. 2). Sequence analysis of 47 isolated clones identifies a complex pattern of KIF21A
splicing, with at least 9 isoforms resulting from alternative splicing of exon 12 and exons
29–31. The alternatively spliced exons encode regions between the first and second coil-coil
domain and in the linker region between the last coil-coil and the start of the WD40 repeat
domain of KIF21A. We did not find alternative splicing of any of the exons altered by
CFEOM1 mutations (exons 2, 8, 20, and 21), and none of the CFEOM1 mutations identified
to date are located in or near the alternatively spliced exons.
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2.3 Kif21a/KIF21A expression in developing mouse and human brain
By immunohistochemistry of mouse embryonic tissues, Kif21a expression is observed in
both the mitotically active ventricular zone and in post-mitotic neurons throughout the
mouse central nervous system (Fig. 3). Expression is observed in a diffuse staining pattern,
as shown at E10.5 (Fig. 3A,B,D–F), E11.5 (Fig. 3M–O), and E13.5 (Fig. 3G–L and P–U),
and corresponding control sections incubated with secondary antibody only were negative
for signal (Fig. 3C). Kif21a expression in the midbrain includes expression in the cytoplasm
of oculomotor nuclei (co-labeled with Islet1), shown at E10.5 and E13.5 (Fig. 3D–I). At
E13.5, expression can be seen in peripheral cranial and spinal motor and sensory nerves
(Fig. 3S–U).

Immunohistochemistry analysis of KIF21A in CS16, CS17, and CS22 human embryo tissue
indicates the expression pattern of KIF21A is similarly widespread in the developing central
and peripheral nervous system of humans (Fig. 4A–F). In CS16 and CS17 human embryonic
sections, KIF21A expression is not restricted to any one specific region or neuronal cell
type; we observe KIF21A reactivity in both mitotic and postmitotic neurons throughout the
developing CNS, and in both neuronal cell bodies and their processes (Fig. 4A–C). KIF21A
expression is detected in all cranial and spinal motor (e.g. oculomotor, trochlear and
abducens [Fig. 4A,C]) and sensory (e.g. vestibular [Fig. 4C]) nuclei and nerves (e.g.
oculomotor and trochlear nerves [Fig. 4A–C] and optic nerve [Fig. 3D]). This expression
pattern of KIF21A is maintained in later stages of human embryonic development examined
(Fig. 4D–F), including in the developing cortex at CS22, where expression is seen in both
the ventricular zone and in the cortical plate (Fig. 4F), layers that contain mitotic and post-
mitotic cells, respectively.

2.4 KIF21A expression in the mature human nervous system
By Western blot analysis, Kif21a/KIF21A is detected at high levels in the adult mouse and
human cerebral cortex, cerebellum, and spinal cord (Fig. 1B). To further assess the spatial
distribution of KIF21A in the mature human brain and compare this to the published
expression in mouse (Marszalek et al., 1999), we surveyed postmortem brain tissue from a
3.5 year old and a 65 year old, both of who died of non-neurological causes and did not have
CFEOM. Similar to expression in mouse, we find human KIF21A to be expressed widely in
neuronal cell bodies and their processes within both the central and peripheral nervous
system, including all layers of the frontal and occipital cortex (Fig. 5A,B), hippocampus,
striatum, and in the Purkinje cells of the cerebellum (Fig. 5C,D). Most neurons in the
brainstem, including oculomotor, trochlear, and abducens motor neurons, express KIF21A
(Fig. 5E–J). Throughout all levels of the spinal cord, alpha-motor neurons and their
processes were immunoreactive for KIF21A (Fig 5K–L). Cerebellar granule cells (Fig.
5C,D) and neurons in the superior and inferior colliculi were among the few cell populations
found to be KIF21A negative in the human brain, providing an internal control for this
broadly expressed protein. No glial expression was observed and corresponding control
sections incubated with secondary antibody only were negative for signal. Table 1
summarizes KIF21A expression in the mature human brainstem.

2.5 KIF21A/Kif21a expression in extraocular and skeletal muscles
Extraocular muscle (EOM) is fundamentally different from other skeletal muscles (Porter
and Baker, 1996; Porter et al., 1995; Porter et al., 2001b; Spencer and McNeer, 1980) with a
unique gene expression profile (Porter et al., 2001a). Thus, we examined KIF21A
expression in human skeletal and extraocular muscle biopsies and postmortem tissues to
determine if differences may account for the selective CFEOM1 phenotype. By western blot
analysis, Kif21a/KIF21A is expressed in both extraocular and skeletal muscles of both
mouse and human (Fig. 1C,D). By immunofluorescence, Kif21a has a sarcomeric expression
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pattern in both muscle types (Fig. 6A–F), and its expression does not differ among different
EOMs. Co-staining with antibodies to components of the sarcomere, including myosin,
tropomyosin, and actinin, and to a component of the calcium-coupling system, triadin, we
find that Kif21a/KIF21A co-localizes most precisely with triadin in both muscle isotypes
(Fig. 6A–F).

2.6 Expression of KIF21A in CFEOM1 tissue
To determine if we can detect differences in KIF21A expression in individuals with
CFEOM1 who harbor KIF21A missense mutations compared to controls, we examined
KIF21A expression in postmortem brain tissue, and in extraocular and skeletal muscle
biopsies obtained from patients who harbored the KIF21A R954W amino acid substitution
(Engle et al., 1997; Yamada et al., 2003), and compared these to the expression patterns
described above. First, we found that the size of the KIF21A protein is unchanged by
Western blot analysis (Fig 1B). Next, we examined the spatial pattern of KIF21A
immunoreactivity in the cerebral cortex, hippocampus, striatum, and cerebellum from
postmortem CFEOM1 tissue (Engle et al., 1997; Yamada et al., 2003) and found that
expression did not appear to differ between CFEOM1 and control tissue (Fig 7A–D).
CFEOM1 postmortem brainstem and spinal cord were not available for study. Finally, we
examined the EOM and skeletal muscles from CFEOM1 biopsy and postmortem tissues.
KIF21A co-localizes with triadin, and no differences were found in its distribution in
CFEOM1 EOM and skeletal muscles compared with controls (Fig 7E–J).

Section 3. Discussion
We find Kif21a/KIF21A to be widely expressed in neurons of both the central and
peripheral nervous system during development and in maturity, and identify no spatial
restriction of human expression compared to mouse that might account for the human
CFEOM1 phenotype. Moreover, we do not detect a difference in size or distribution of
KIF21A in tissues from individuals who harbor the CFEOM1 R954W amino acid
substitution, nor could we detect differences in the localization of KIF21A by
immunohistochemistry between normal and CFEOM1 diseased brain and muscle tissues.
These data indicate CFEOM1 is not likely to result from gross changes in the spatial or
temporal distribution of KIF21A. Although we did observe decreases in KIF21A protein
levels in CFEOM1 patients compared to healthy controls, the unknowns of harvesting,
handling, and processing of postmortem tissue and the co-affliction of Alzheimer’s in this
patient confound quantitative analysis of these data. We cannot, however, formally rule out
a specific reduction in KIF21A protein level as a result of the KIF21A R954W substitution.

Kif21a has been demonstrated to move in an anterograde direction in axons (Marszalek et
al., 1999), and to interact with Kank1 and Big1 in vitro (Kakinuma and Kiyama, 2009; Li et
al., 2011; Shen et al., 2008). Interestingly, we have also found KIF21A/kif21a to co-localize
with triadin in both extraocular and skeletal muscles. Triadin is located at the triad formed
by sarcoplasmic reticulum to both sides of a T-tubule, and serves as a component of the
muscle’s excitation-contraction coupling mechanism. The only other kinesin with reported
subcellular localization in skeletal muscle is Kif3b (Ginkel and Wordeman, 2000); it too co-
localizes with triadin and has been proposed to assemble and maintain these membrane
structures in myogenic cells by participating in the transport and/or recycling of specialized
membrane components. Thus, our data support an additional role for KIF21A in the calcium
coupling system and muscle physiology.

In conclusion, the role of KIF21A in the development and maintenance of neurons and
muscle and how these roles may relate to the pathogenesis of CFEOM1 remain unknown.
The expression pattern of KIF21A/Kif21a in both neurons and muscles of human and mouse
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does account for the restricted ocular phenotype observed in patients with CFEOM1 who
harbor mutation in the KIF21A gene, and does not permit the formal exclusion of a
myogenic etiology for this rare disorder. Because Kif21a/KIF21A expression does not
appear to vary between mouse and human, generation of appropriate Kif21a mouse models
should provide insight into specific features of developing ocular motor neurons and
extraocular muscles and help to elucidate the etiology of CFEOM1 and the role of KIF21A
in health and disease.

Experimental Procedures
Antibody Production

We previously generated a polyclonal rabbit anti-Kif21a affinity purified antibody by
producing a synthetic peptide corresponding to the N terminal mouse Kif21a amino acids
(aa) 1655–1674 (NH2-{C}NLQDGQLSDTGDLGEDIASN-COOH)/human KIF21A aa
1653–1672 with an L/I mismatch at aa 1654 (Tischfield et al., 2010). The peptide was
purified by HPLC, conjugated to KLH and injected to immunize rabbits. The antiserum was
affinity purified and ELISA testing by Bethyl Laboratories (www.bethyl.com) and the
affinity purified antibodies were filtered with a final concentration of 1 mg/ml.

Human Tissue
The collection and processing of postmortem brain and muscle tissues from a 71-year old
with CFEOM1 and Alzheimer’s Disease, and extraocular and skeletal muscle biopsy tissue
from individuals with CFEOM1, all of whom harbored the R954W amino acid substitution,
as well as control autopsy tissue from individuals who died from unrelated disorders were
previously reported (Engle et al., 1997). The study was conducted with IRB approval from
Children’s Hospital Boston and appropriate informed consent was obtained.

Human embryos ranging in age from Carnegie Stage (CS) 16 to CS23 (approximately 37–56
days post-conception, respectively) were obtained from the MRC/Wellcome-Trust funded
Human Developmental Biology Resource at Newcastle University (HBDR,
http://www.hdbr.org), with appropriate maternal written consent and approval from the
Newcastle and North Tyneside NHS Health Authority Joint Ethics Committee. HDBR is
regulated by the UK Human Tissue Authority (HTA; www.hta.gov.uk) and operates in
accordance with the relevant HTA Codes of Practice.

Western Blot Analysis
Under a Children’s Hospital Boston IACUC approved protocol, mouse tissue/embryos of
varying ages were harvested, protein was isolated and protein concentration was determined
using the Protein Assay Kit (Sigma) according to the manufacture’s recommendations.
Immunoblotting was performed by loading equal amount of protein in each lane, separating
protein samples by 3–8% Tris-actetate gradient gels (Invitrogen), and transferring to a
nitrocellulose membrane. Blots were blocked then incubated overnight with either 1:5000 or
1:10,000 dilutions of anti-KIF21A antibody followed by 1:5000 dilution of HRP-conjugated
secondary antibody and visualized using Chemiluminescence Reagent Plus (Perkin-Elmer).

Alternative Splicing of KIF21A
The various alternative isoforms of KIF21A were amplified from 16-week human fetal brain
cDNA library (Clontech) with LA Taq (Takara). RT-PCR was performed in a 12-μl reaction
using Advantage2 Polymerase Mix (Clontech). The ~5kb full-length KIF21A ORF was
amplified using primers to either side of the open reading frame (KIF5′UTR2F, 5′-
TCAGCTCTGCGGTGCCGAGG -3′;KIF5′UTR2R, 5′-
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TCTGGGTACTGGCAGTTGTCCGGGAT -3′), and isolated clones were sequenced by
ABI 377 DNA sequencer (PE-Applied Biosystems).

Immunohistochemistry
Mouse Embryos—Mouse Embryos were fixed in 4% paraformaldehyde and embedded in
OCT for cryo-sectioning. Frozen sections at 8–10um were cut on a Leica 3050S cryostat,
and thaw-mounted on charged superfrost slides. Sections were blocked with 1–5% normal
goat/donkey serum in 0.1% Triton/PBS at room temperature for 1 hr and incubated
overnight with primary antibody (anti-Kif21a 1:1500, Anti-Tuj 1/1500, and Islet-1 1:300) in
blocking buffer at 4°C. After removal of primary antibody, 484 and 594 conjugated anti-
rabbit and anti mouse (Molecular Probes) secondary antibodies were added at a 1/2000
dilution at room temperature for 1 hr. Sections were mounted with Vectashield (Vector
Labs) for microscopy.

Human Embryos—Samples were fixed overnight at 4°C in 0.1M phosphate buffered
saline (PBS) containing 4% paraformaldehyde (PFA; Sigma Aldrich, Poole, UK) before
short-term storage at 4°C in 70% ethanol. Placental tissue for karyotype analysis was
sampled prior to fixation of the tissue. The stage of development was assessed on the basis
of external features according to the Carnegie staging protocol (O’Rahilly and Muller, 1987)
modified for use with individual embryonic samples (Bullen and Wilson, 1997). Positive
and negative controls from quality checked embryos were included in each experiment.
Control anti-Ki67 antibody was used on a known quality checked embryo as a positive
control. Briefly, paraffin sections were dewaxed and were rinsed in two changes in absolute
ethanol. Endogenous peroxidase activity was blocked with methanol peroxide solution for
10 min at RT. Sections were then rinsed in TBS and incubated with 10% normal serum in
TBS for 10 min at RT. Primary anti-KIF21A antibody was added in normal serum blocking
solution in TBS at a 1:1500 dilution and incubated for 1–2 hr at RT, or overnight at 4°C.
Sections were washed and incubated with Goat or Horse anti- rabbit secondary antibody in
normal serum in TBS at 1/500 dilution for 30 min at RT. Sections were then incubated with
tertiary complex utilizing standard VECTASTAIN Elite ABC kit PK6100 in TBS for 30 min
at RT and developed with Sigma DAB kit (D-4293) for 10 min at RT. Sections were then
counterstained with haematoxylin or 1% toluidine blue (2mins) then washed, dehydrated,
cleared, and mounted for light microscopy.

Human Adult Brain Tissue—Frozen sections from postmortem and biopsy human tissue
were cut on a Leica 3050S cryostat at 10um to 20um thickness, thaw-mounted on
SuperFrost*/Plus slides and then left to dry at RT (slides were stored at −80 °C). All steps
were then carried out at RT in a humidified chamber. Frozen sections were post fixed with
4% paraformaldehyde for 30 min. Sections were hydrated with three 15 min washes in PBS
and endogenous peroxidase activity was quenched with 0.5% hydrogen peroxide solution in
methanol for 30 min. After three additional washes in PBS sections were blocked with 10%
goat or fetal calf serum in PBS with 0.1% Trition X 100 (Sigma) for 1 hr. Primary anti-
KIF21A antibody at a 1:400 dilution in blocking buffer was applied to sections overnight at
4°C. The sections were washed three times in PBS for 15 min and then incubated for 1 hr
with biotin or horseradish peroxidase conjugated secondary antibodies (Jackson Immuno) at
a dilution of 1:1000. Sections were then drained and washed with PBST (PBS, 0.05%
Tween-20) × 3 and signal visualization was observed by DAB Fast (Sigma) or Vectastain
ABC reagent (Vector Labs) according to manufacturer’s recommendations.

Human Muscle Immunocytochemistry
Surgical and postmortem extraocular muscle biopsies were restricted to the distal segments
and did not include the orbital layer. Skeletal muscle biopsies were taken from the

Desai et al. Page 7

Gene Expr Patterns. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



quadriceps and postmortem muscle from the psoas or quadriceps. Longitudinal sections 10–
20um in thickness were cut on a Leica 3050S cryostat. Sections were washed briefly with
PBS, post-fixed with 4% PFA and washed 3 times in PBS. Sections were subsequently
blocked for 1 hr with 20% HI-FCS (heat inactivated fetal calf serum) in PBST (PBS, 0.05%
Tween-20). Primary antibody (1:400 anti-KIF21A and 1:1000 anti-Triadin) was diluted in
PBST- 5% normal blocking serum and sections were incubated overnight at 4 C in primary
antibody. The following day, slides were washed with PBST-20% HIFCS and PBS and
incubated with secondary antibody fluorescently labeled with FITC or Cy3 at 1:400 dilution
in PBS 5% FCS at RT. Slides were drained and washed was with PBST and mounted with
Vectashield mounting media.
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Highlights

KIF21A, the protein product of the KIF21A gene mutated in Congenital Fibrosis of
the

Extraocular Muscles type 1 (CFEOM1), is widely expressed in developing and
mature neurons and muscle in both human and mouse.

KIF21A co-localizes with triadin in skeletal and extraocular muscle.

The spatial pattern of KIF21A expression in available brain and muscle tissues from
individuals with CFEOM1 does not vary from control tissues.

The expression pattern of KIF21A does not account for the restricted CFEOM1
phenotype nor does it clarify if the primary etiology of CFEOM1 is neurogenic or
myogenic.
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Figure 1. Western blot analysis of Kif21A antibody in mouse and human tissues
(A) Western blot analysis using polyclonal Kif21a/KIF21A antibody (Tischfield et al., 2010)
on mouse and human tissue lysates. Specific bands at 180 kDa and 185 kDa are detected
from E14.5 mouse and human fetal brain tissue lysates, respectively, and both the mouse
and human bands are absent following antigen competition using a 50 fold molar excess of
the peptide, indicating that the antibody recognizes endogenous KIF21A/Kif21a. (B)
Immunoblot with anit-KIF21A antibody in tissue lysates obtained from control mouse brain,
and postmortem human brain from a control individual, and individuals with CFEOM1 and
Alzheimer’s disease, Alzheimer’s disease without CFEOM1, and ALS without CFEOM1.
(C and D) Western blot analysis of mouse and human extraocular muscle (C) and skeletal
muscle (D) tissue lysates. KIF21A/Kif21a is detected in both muscle types, with higher
signal in mouse than human, and in EOM than skeletal muscle. Actin was used a loading
control. Abbreviations used are as follows: E = embryonic age; ms = mouse; hm = human,
EOM = extraocular muscle; SM = skeletal muscle; AD = Alzheimer’s disease; ALS =
amyotrophic lateral sclerosis; ctx = cortex; crb = cerebellum.

Desai et al. Page 11

Gene Expr Patterns. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. KIF21A splice variants by in-frame alternative splicing
Nine splice isoforms of KIF21A were identified from sequencing of 47 cDNA clones from a
16-week human fetal brain library. Each isoform with its corresponding spliced exons is
listed at the left, while the number of each clone identified and the corresponding percentage
of all clones are indicated in blue text. The genomic structure of KIF21A is provided in the
schematic, with each of the 38 exons denoted by a black vertical line from beginning with
exon 1 on the right. Red vertical lines denote the four alternatively spliced exons 12, 29, 30,
and 31. Three clones were not abled to be classified.
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Figure 3. Spatial distribution of Kif21a in the developing mouse embryo
(A–C) Sagittal and coronal sections of E10.5 mouse embryo immunostained with Kif21a
(A,B) and 40X image of negative control without primary antibody (C). (D–L) Coronal
sections through the midbrain of E10.5 (D–F) and E13.5 (G–L) mouse embryos co-
immunostained with Kif21a and Islet1. Islet1 marks the nuclei of oculomotor neurons (nIII)
seen at low power images in (D–I) and high power images 60X magnification in (J–L). (M–
U) Cryosections of mouse embryos co-immunostained with Kif21a and Tuj1 antibodies.
(M–O) Mid-sagittal sections through an E11.5 embryo. Kif21a protein is observed in a
diffuse staining pattern throughout the developing CNS. (P–R) Coronal sections of E13.5
developing forebrain. Kif21A immunoreactivity is detected in both the ventricular and post
mitotic mantle zones with only a few areas of negative staining. Kif21a is detected at higher
levels in the regions of the habenular commissure and lateral ventricle. (S–U) Transverse
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sections through E13.5 spinal cord, highlighting expression in spinal motor and sensory
axonal projections and dorsal root ganglia. All images are 10X magnification unless
otherwise indicated. Abbreviations used are as follows: Mes = mesencephalon; Mid =
midbrain; SC = spinal cord; FP = floor plate; nIII = oculomotor nucleus; HBC = habenular
commissure; LV = lateral ventricle; TE = thalamic eminence; E = eye; VZ = ventricular
zone; DRG = dorsal root ganglion; SN = DRG sensory nerve; MN = spinal motor nerve.
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Figure 4. Spatial distribution of KIF21A in the developing human nervous system
Transverse sections of CS16 (A), CS17 (B,C), and CS22 (D–F), human embryos
immunostained with anti-KIF21A/Kif21a antibody. Sections were counterstained with
haematoxylin or 1% toluidine blue. KIF21A expression is detected in the structures labeled,
including cranial and peripheral nerves and in mitotic and postmitotic neurons throughout
the developing CNS at CS16 (A), and CS17 (B, C). (D, E) Representative sections through
CS22 human fetus demonstrating KIF21A expression in the developing cortex, eye, and
optic nerve. (F) Higher magnification of boxed region of (E) shows expression of KIF21A in
neurons of the developing cortical plate and ventricular zone. Abbreviations used are as
follows: III =oculomotor; IV = trochlear; V = trigeminal; VI = abducens; VII = facial; VIII
= vestibular; IX = glossopharangeal; X = vagus; XII = hypoglossal.
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Figure 5. Spatial distribution of KIF21A in the mature human nervous system
Immunohistochemistry using anti-KIF21A antibody of control human postmortem brain
sections from cortex, cerebellum, brainstem, and spinal cord. (A–B) KIF21A
immunoreactivity in neuronal cell bodies, axons, and dendrites of the occipital cortex. (C–D)
Immunoreactivity in Purkinje cells and their processes in the cerebellum. Cerebellar
granular cells are negative for KIF21A. (E–L) Immunoreactivity in motor neurons and their
processes of the oculomotor (E, F), trochlear (G, H) and abducens (I, J) nuclei in the
brainstem, and anterior horn cells (K–L) of the spinal cord. (A, C, E, G, I, and K are 20X
magnification and B, D, F, H, J, and L are 100X magnification).
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Figure 6. Spatial distribution of KIF21A in human extraocular and skeletal muscle tissues
Longitudinal cryostat sections of extraocular (EOM) and skeletal (SK) muscles obtained via
biopsy of individuals without CFEOM are immunofluorescently labeled with antibodies to
KIF21A (A, D) and triadin (B, E) and photographed at 60X magnification. KIF21A and
triadin co-localize to the membrane system between sarcomeres in EOM (C) and SK (F)
muscles.
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Figure 7. Spatial distribution of mutant KIF21A in human CFEOM1-diseased brain and muscles
Post-mortem (A–D) and biopsy (E–J) tissues from individuals with CFEOM1 who harbor
the KIF21A exon 21 2860 C>T (R954W) mutation. Similar to control tissues,
immunostaining of KIF21A is present in neuronal cell bodies and processes in the cerebral
cortex (A,B) and Purkinje cells (C,D) of the cerebellum at 20X and 100X magnification.
Longitudinal cryostat sections of EOM (E–G) and SK (H–J) muscle biopsies immunostained
with KIF21A and triadin reveal similar spatial distribution to control muscles at 60X
magnification.
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Table 1

Structure KIF21A expression Signal

Midbrain
Level of superior colliculus

• Superior Colliculus (negative)

• Round Cells +

• Oculomotor nucleus ++

• Mesencephalic trigeminal nucleus ++

• Edinger-Westphal +

• Substantia Nigra +

• Red Nucleus ++

Level of inferior colliculus • Inferior colliculus (negative)

• Dorsal nucleus of raphe +

• Trochlear nucleus ++

• Interpeducular nucleus +

• Mesencephalic trigeminal (sensory) +

• Substantia Nigra +

Cerebellum • Granule Cells (negative)

• Purkinje Cells +

Pons
Level of cranial nerve VI and VII

• Abducens nucleus ++

• Facial nucleus ++

• Pontine nucleus +

• Reticular formation +

• Raphe pontine +

• Ventral gray matter +

Medulla
Level of cranial nerve X and XII

• Hypoglossal nucleus +

• Dorsal efferent nucleus of Vagus +

• Solitary tract +

• Nucleus ambiguous +

• Cuneate nucleus +

• Inferior olivary nucleus +
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