Retinitis pigmentosa caused by mutations in the
ciliary MAK gene is relatively mild and is not
associated with apparent extra-ocular features
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ABSTRACT.

Purpose: Defects in MAK, encoding a protein localized to the photoreceptor
connecting cilium, have recently been associated with autosomal recessive
retinitis pigmentosa (RP). The aim of this study is to describe our detailed
clinical observations in patients with MAK-associated RP, including an
assessment of syndromic symptoms frequently observed in ciliopathies.
Methods: In this international collaborative study, 11 patients carrying nonsense
or missense mutations in MAK were clinically evaluated, including extensive
assessment of the medical history, slit-lamp biomicroscopy, ophthalmoscopy,
kinetic perimetry, electroretinography (ERG), spectral-domain optical coher-
ence tomography (SD-OCT), autofluorescence imaging and fundus photography.
Additionally, we used a questionnaire to evaluate the presence of syndromic
features and tested the olfactory function.

Results: M AK-associated RP is not associated with syndromic features, not
even with subclinical dysfunction of the olfactory apparatus. All patients
experienced typical RP symptoms of night blindness followed by visual field
constriction. Symptoms initiated between childhood and the age of 43 (mean:
23 years). Although some patients experienced vision loss, the visual acuity
remained normal in most patients. ERG and ophthalmoscopy revealed classic RP
characteristics, and SD-OCT demonstrated thinning of the overall retina, outer
nuclear layer and photoreceptor—pigment epithelium complex.

Conclusion: Nonsense and missense mutations in MAK give rise to a non-
syndromic recessive RP phenotype without apparent extra-ocular features.
When compared to other retinal ciliopathies, M A4 K-associated RP appears to be
relatively mild and shows remarkable resemblance to RPI-associated RP, which
could be explained by the close functional relation of these proteins.
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Introduction

Retinitis pigmentosa (RP) comprises a
group of inherited retinal dystrophies
that share clinical characteristics but
display an impressive heterogeneity in
phenotype and genotype. Symptoms
include progressive loss of night vision
and peripheral visual field loss that
results in tunnel vision. Eventually,
patients may lose central vision (Ber-
son 1993; Hartong etal. 2006).
Although normal in early stages, the
fundus appearance in advanced RP
reveals attenuated retinal vessels, waxy
pallor of the optic disc, retinal pigment
epithelium (RPE) atrophy and bone
spicule pigmentations (Berson 1993;
Hartong et al. 2006). Full-field electro-
retinography (ERG) typically shows
reduced responses, where rod-driven
responses generally are equally or more
affected than cone-driven responses.
Mutations in the MAK gene, which
encodes male germ cell-associated
kinase, have recently been associated
with retinal degeneration in mice and
autosomal recessive RP in humans
(Omori et al. 2010; Ozgul et al. 2011;
Tucker et al. 2011). The MAK protein
is involved in regulating ciliary length
in many species (Berman et al. 2003;
Bengs et al. 2005; Omori et al. 2010),
and non-functional MAK results in
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elongation of the photoreceptor con-
necting cilium, diminished ciliary trans-
port (intraflagellar transport, IFT) and
subsequent photoreceptor degenera-
tion in mice (Omori et al. 2010).

Diseases that involve dysfunction of
the cilium are generally referred to as
ciliopathies (Hildebrandt et al. 2011).
They include multi-organ syndromic
phenotypes, as the mutated ciliary
genes are expressed in multiple tissues
(Nigg & Raff 2009; Mockel et al. 2011;
Novarino et al. 2011), although muta-
tions in ubiquitously expressed ciliary
genes may also result in single organ
disease (Estrada-Cuzcano et al. 2012a,
b,c). Expression of MAK was first
identified in murine testicular germ
cells (Matsushime et al. 1990). Subse-
quently, expression in photoreceptors,
olfactory receptors and in the epithe-
lium of the respiratory tract and cho-
roid plexus has been shown in mice
(Bladt & Birchmeier 1993; Blackshaw
et al. 2004). Nevertheless, no syndro-
mic features have been observed in
Mak ™/~ mice (Omori et al. 2010).

In a recent study, Stone et al.
described the ophthalmic features
observed in 24 MAK-associated RP
patients. In that study, all but one
patient were from Ashkenazi Jewish
origin and carried a homozygous 353-
base pair insertion in exon 9, which
results in loss of the retina-specific iso-
form of MAK (Stone et al. 2011b).
Although the MAK exon 9 insertion is
the most frequent cause of RP in
Ashkenazi Jews, this insertion has so
far not been identified in individuals
from other origins (Ozgul et al. 2011;
Stone et al. 2011b). Detailed clinical
features of RP patients carrying mis-
sense or nonsense mutations in MAK
have not been described yet. In addi-
tion, the presence of syndromic features
has thus far not been evaluated in any
M AK-related RP patient.

In this report, we describe the clin-
ical results of an international collab-
orative study that investigated the
clinical characteristics and possible
syndromic associations of 11 patients
with RP caused by nonsense or mis-
sense mutations in MAK.

Patients and Methods

Patients

Eleven RP patients with mutations in
MAK from seven families were studied

at Hacettepe University in Ankara,
Turkey (by RKO, family A); the Rad-
boud University Medical Centre in
Nijmegen, the Netherlands (by RAC-
vH, CBH and BJK, families B-D); the
Rotterdam Eye Hospital in Rotterdam,
the Netherlands (by LIvdB and FCCR,
family E); the Hadassah-Hebrew Uni-
versity Medical Center in Jerusalem,
Israel (by EB, family F) and the
Goldschleger Eye Research Institute
in Sheba Medical Center, Israel (by
YR, family G).

This study adhered to the tenets of
the Declaration of Helsinki and
informed consent was obtained from
all participating patients prior to blood
withdrawal and additional ophthalmo-
logic examinations. Prior to this study,
we obtained institutional review board
approvals.

Genetic analysis

In six families (families A-F), MAK
mutations were identified as described
previously (Ozgul et al. 2011). Genetic
analysis using Sanger sequencing of all
exons and intron—-exon boundaries of
M AK in the probands of five genetically
unsolved families of Iraqi origin resulted
in the identification of a homozygous
mutation in one family, which was
included in this study. The most recent
human genome variation society
(HGVS) nomenclature was used (http://
www.hgvs.org/mutnomeny/).

Clinical analysis

Clinical data were collected from the
medical records of these patients. Fol-
lowing the identification of causative
MAK mutations, six patients (families
B, C, D and E) were re-evaluated in
addition to the data collected during
routine visits over the years. Medical
history was registered with a focus on
age of onset, initial symptoms and
overall course of the retinal disorder.
Age of onset was defined as the age at
which the initial symptom was first
noticed by the patient. The initial
symptom was defined as the first symp-
tom noted by the patient.

The ophthalmic clinical examina-
tion included best-corrected visual
acuity (BCVA), slit-lamp biomicrosco-
py, ophthalmoscopy and fundus pho-
tography. Goldmann perimetry was
performed using targets V-4e, III-4e,
I-4e, 1-3e, 1-2¢ and I-le in all but two

patients: patient A-IV:1 underwent a
full-field 120 point screening test using
the Humphrey Field Analyser II (Carl
Zeiss, Dublin, CA, USA); perimetry
was unavailable in case F-II:2. Fundus
autofluorescence (FAF; Spectralis™,
Heidelberg Engineering, Heidelberg,
Germany) was performed in six
patients with a confocal scanning laser
ophthalmoscope. FAF images with a
view of 30° and 55° on the central
retina were acquired using a con-
focal scanning laser ophthalmoscope
(cSLO) with an optically pumped solid
state laser (488 nm) for excitation. All
patients underwent a full-field ERG
except for patient F-II:2. We per-
formed ERG according the guidelines
of the International Society for Clin-
ical  Electrophysiology of Vision
(ISCEV) (Marmor et al. 2009).
Responses were evaluated using local
reference values.

Retinal structure

We obtained cross-sectional images
along the horizontal meridian of the
central retina with commercially avail-
able spectral-domain optical coherence
tomography (SD-OCT) instruments
(Spectralis™, Heidelberg Engineering,
Heidelberg, Germany) in eight patients
using a 20° single line scan covering the
fovea. We quantified thickness of the
total retina, the outer nuclear layer
(ONL) and photoreceptor—RPE com-
plex (PR+RPE) in 4 M AK-related RP
patients. For reference purposes, a
normal data set for the thickness of
all three layers on SD-OCT was
obtained from 25 age-matched individ-
uals (mean age: 46 years, range 27—
62 years) without retinal or vitreoreti-
nal disease. Thickness measurements of
the ONL and the PR+RPE were per-
formed at the foveola and at 0.25, 0.5,
1, 1.5, 2 and 2.5 mm eccentricity from
the foveola using the thickness graphs
in Heidelberg Eye Explorer software
(Heidelberg Engineering, Heidelberg,
Germany). The ONL was measured
from the outer plexiform layer to the
external limiting membrane (ELM); the
RP+RPE thickness was measured from
the ELM to the Bruch membrane, and
the total retinal thickness was mea-
sured from vitreous—retinal interface to
the Bruch membrane complex (Fig. 1).
The reference lines that demarcate the
layers were manually set and verified;
all thickness measurements were per-
formed by the same operator
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Fig. 1. Illustration of the measured parameters on optical coherence tomography images. The
outer nuclear layer (ONL) was measured from the outer border of plexiform layer (yellow line) to
the external limiting membrane (ELM, green line). The thickness of the photoreceptor—RPE
complex (PR+RPE) was measured from the ELM (green line) to the Bruch membrane (red line),
and the total retinal thickness (RT) was measured from the vitreous—retinal interface (blue line) to

the Bruch membrane (red line).

(R.A.C.v.H.). Postacquisition interpo-
lation of normal data was performed
with custom programs using MatLab
(Version R2011a, The MathWorks
Incorporated, Natick, MA, USA).

Evaluation of extra-ocular symptoms

To evaluate the presence of syndromic
features in the patients with MAK
mutations, we questioned all patients
about the presence of various extra-
ocular manifestations covering defi-
ciencies in most tissues that are usually
involved in syndromic ciliopathies
(Mockel et al. 2011). This question-
naire investigated hearing and balance
abnormalities, renal failure or anoma-
lies, cardiac and respiratory anomalies,

olfactory deficiencies, polydactyly,
obesity, cognitive impairment, fertility
disorders, hypogonadism and dental
anomalies. Additionally, we assessed
olfactory function in six patients using
the University of Pennsylvania Smell
Identification Test (UPSIT; Sensonics
Inc, Haddon Heights, NJ, USA),
because olfactory deficiencies fre-
quently go unnoticed by patients (Hoff-
man et al. 2009) and olfactory
functioning might be affected based
on the expression of MAK in murine
olfactory receptors (Bladt & Birchme-
ier 1993). UPSIT scores were evaluated
using the age-matched gender-stratified
scoring keys provided in the manual
(Doty 1995).

We avoided further invasive proce-
dures to assess the testicular function,
as spermatogenesis was normal in
M AK knockout mice, and sperm motil-
ity and male-derived litter sizes were
only mildly reduced (Shinkai et al.
2002).

Results

Clinical characteristics

This study included a total of 11 patients
(mean age: 50 years) from seven families
(Fig. 2). Longitudinal data were avail-
able for seven patients (mean duration:
9.3 years). The mean age at onset was
30 years and ranged from childhood to
the age of 54, but could not be reliably
determined in three patients. The age at
diagnosis (mean age: 38 years, range:
20-57 years, n=10) was generally
within the first decade after the onset
of the disease. All patients noticed night
blindness as initial symptom of their
disease. In one patient (E-II:1), the
molecular diagnosis preceded the visual
symptoms after segregation analysis in
her family. One year later, she noticed a
slightly prolonged adaptation to dark-
ness and minor constriction of her
temporal visual field.

An overview of the clinical findings
in these patients at the most recent
examination is provided in Table I.
The course of the BCVA in the cases
with follow-up data is shown in Fig. 3.

Family A (RP-2001) Family B (009539) Family C (027775) Family D (012115)
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Fig. 2. Revised pedigrees of six families included in this study. Where relatives were available (families A, D and E), the mutation segregates with the
disease. Plus signs denote the wild-type allele, square boxes indicate men, circles indicate women, and affected individuals are pointed out in black. An
arrow indicates the proband. Double lines point out consanguineous marriages; the numbers above the double lines indicate the degree of
consanguinity.
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(Continued)

Table 1.

Visual

ID/Age

of onset

Non-

ERG results

acuity

Follow-
up (y)

ocular

Autofluorescence

results

Goldmann

Lens

Initial

(y)/Age/

Sex

Dx

findings

Ophthalmoscopy results Scot.  Phot.  perimetry OCT results

status

symptom RE LE

RP

None

NA

NA

NA NA

NA

NA

20/50 NA

20/63

Night

F-1I:2/NA/

blindness
Night

3/M

3

F-1L:4/NA/

RP

NA None

NA

Midperipheral scotomas,

SR

SR

Mild pigmentary changes around

Aphakic after

20/32

20/50

temporal VF more affect

than nasal VF

arcades

congenital

blindness

7/F

5

cataract

NA

Sectorial
RP
RP

None

NA

Midperipheral temporal

MR

SR

Posterior pole normal, mild changes in

20/25

20/32

Night

F-I1:5/NA/

scotoma

nasal retina

blindness

Loss of photoreceptor NA None

Constricted VF, central

SR

Normal posterior pole, mild attenuation

Clear

20/25

20/25

=
20
z

reflectance peripheral of

residue: 20°, mild central

(age
28)

(age
28)

of the vessels, mild waxy pallor of the

blindness

macula. Diffuse atrophy of

sensitivity loss

optic disc, RPE atrophy and bone

choriocapillaris.

spicules in the periphery.

internal limiting

Hand movements; ILM =
posterior subcapsular cataract; RE = right eye; RPE = retinal pigment

All features are present symmetrically, unless mentioned otherwise. Dx = final diagnosis; ERG = electroretinography; ERM = epiretinal membrane; HM

photopic responses; PSC =

moderately reduced; NA = not available; NR = non-recordable; Ph =

left eye; MR
epithelium; Sc = scotopic responses; SR = severely reduced; VF = visual field; WNL

membrane; LE

within normal limits.

The mean BCVA was approximately 20/
40 at a mean age of 50. BCVA was >20/
50in at least one eye of nine patients and
>20/25 in six of these cases, including
individuals in their seventh or eighth
decade of life. We observed a vision
impairing stromal haze, which was
already reported at the age of 57, in the
cornea of the right eye of patient B-II:9.
The origin of this haze was not clear.
Lens opacities were observed in patient
C-II:3 (polar posterior cataract) and
patient E-I1:3 (mild posterior subcapsu-
lar cataract), whereas patients B-11:9, D-
II:1 and F-II:4 underwent cataract
extraction, the latter patient due to
congenital cataract.

Ophthalmoscopy revealed typical
RP features including vessel attenua-
tion, waxy pallor of the optic disc and
bone spicules in all patients (Fig. 4A—
E). In early stages, the nasal and
inferior quadrants were predominantly
affected, whereas in later stages, the
retina in the superior quadrant became
affected in a likewise fashion. The
temporal retina showed less densely
packed bone spicules in end-stage dis-
ease (Fig. 4A-B,D-E). The macular
region was unaffected in all patients
except for patient B-II:9, who, at the
age of 74, showed large atrophic chori-
oretinal lesions (Fig. 4F) with a corre-
sponding low visual acuity of hand
movements in both eyes. An earlier
examination, at the age of 57, revealed
a bull’s eye maculopathy.

Autofluorescence imaging (mean
age: 51, range: 41-63 years) revealed
typical RP features (Fig. 4G-H),
including the hyperautofluorescent ring
associated with the transitional zone
where photoreceptor inner and outer
segments are lost (Popovic et al. 2005;
Greenstein et al. 2012)(Fig. 4I-J), and
hypoautofluorescent lesions in the mid-
periphery. Electrophysiological rod-
and cone-driven responses were either
severely reduced or non-recordable
(Fig. 5). In patients E-II:3 and F-II:5,
the responses showed a rod—cone pat-
tern, where rod-driven responses were
more severely affected than cone-driven
responses. ERG responses within the
normal limits were obtained in patient
E-11:1, although scotopic minimal
responses were at the lower end of the
normal spectrum.

Perimetric testing revealed that tun-
nel vision was a prominent feature in
six patients (55%): constricted visual
fields up to 10° were observed
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Fig. 3. Best-corrected visual acuity (y-axis) related to age (x-axis) in seven patients with MAK-
related retinitis pigmentosa. If visual acuity differed between both eyes, the best visual acuity was
used. Small variability in visual acuity was observed in the patients of families D and E. HM, hand

movements.

(Table 1). Visual field loss followed the
patterns reported earlier (Stone et al.
2011a,b), where no or minor temporal
field defects are present in early stages
of the disease, whereas in more
advanced stages, the field is constricted
to a central residue. However, the
course of visual field loss was highly
variable: patients C-II:3, G-II:1 and E-
II:3 had an isolated central residual
field (pattern 5) at age 25, 28 and 49,
respectively, whereas E-11:1, D-I1:1 and
D-II:4 had a nearly complete visual
field (pattern 1) at age 54, 55 and 63,
respectively. Details of visual fields are
depicted in Fig. 6. Central sensitivity
remained relatively spared in seven
patients, which is in accordance with
the observed visual acuity (Table 1).

Retinal structure

We observed profound loss of photo-
receptor layer structure in the perima-
cular zone in six patients (mean age: 57;
range: 28-74 years). In accordance
with the findings at ophthalmoscopy
and perimetry, photoreceptor loss was
more advanced towards the fovea in
the nasal retina compared with the
temporal retina (Fig. 4]). In later
stages, loss of the photoreceptor layer
temporal to the fovea occurred
(Fig. 4K).

Thickness measurements are plot-
ted in Fig. 7; normal data were plot-
ted (mean + 2 SD) as reference for
the data from the patients. The over-
all retina became thinned beyond the
fovea in three RP patients, of which
two patients also showed a thinned
foveal retina. The OCT scan in
patient D-II:4 was acquired slightly

superior to the foveal dip, resulting in
the thickened foveal retina depicted in
Fig. 7 (top panel). The other values in
this patient were within the normal
range due to the early stage of
disease. Both ONL and PR+RPE
layers were thinned beyond the fovea,
except for patient C-II:3 in whom the
foveal ONL and PR+RPE thinned
as well. Thinning of the retinal,
ONL and PR+RPE thickness in the
fovea correlated with a decrease in
visual acuity. We did not observe
thickening of the ONL or PR+RPE
layer.

Evaluation of extra-ocular features

All patients were in good general
health. No extra-ocular manifesta-
tions were reported in the question-
naire and, more specifically, no
history of subfertility or infertility
was reported in both males included
in this study. In the six patients
tested with the UPSIT, the absolute
ability to smell varied from complete
loss (anosmia, patient B-II:9) to nor-
mal olfactory function (normosmia,
patient D-II:4). However, the absolute
ability to smell decreases with age in
normal individuals while variance of
olfactory function widens, and anos-
mia is observed in a portion of the
normal elderly above the age of 60
(Doty 1995). Compared with age-
matched controls, the olfactory func-
tion of the six patients tested in this
study were all within the normal
limits, although often at the lower
end (Table 2). None of the patients
complained about loss of their ability
to smell or taste.

Discussion

MAK has recently been added to the
expanding list of genes associated with
autosomal recessive RP (Ozgul et al.
2011; Tucker et al. 2011). Pathologic
mutations in MAK cause abnormal
elongation of the cilium, which even-
tually results in photoreceptor cell
death (Omori et al. 2010). Defects in
genes involved in ciliary structure or
transport are known to cause syn-
dromes that include retinal dystrophy
(Campo & Aaberg 1982; Eudy et al.
1998; Zito et al. 2003; Mockel et al.
2011). The exclusion of syndromic
abnormalities in M A4K-associated RP
is therefore important. Previously,
Stone and co-workers described the
retinal phenotype in a genetically
homogeneous group of almost exclu-
sively Ashkenazi Jewish patients (Stone
et al. 2011a,b). The RP patients in this
study carry causative mutations differ-
ent from the specific insertion described
in MAK and were not of Ashkenazi
Jewish ancestry.

The MAK-associated retinal phenotype

The retinal phenotype of the patients in
this study is typical for RP and starts
with night blindness and subsequent
progressive constriction of the visual
field. Visual acuity can remain rela-
tively normal up to late age due to
prolonged survival of the central ret-
ina, as was observed by Stone et al.
(2011a,b). However, in cases B-1I:9, C-
I1:3 and F-II:2, visual acuity decreased
to 20/50 or less in both eyes at the age
of, respectively, 74, 41 and 57 years,
although in case of C-11:3 this may also
be explained by visually disturbing
cataracts.

In M AK-associated RP, visual field
loss was initially restricted to the tem-
poral field that gradually progressed to
loss of the entire (mid)peripheral field
and ends with a isolated central resi-
due. These perimetric findings correlate
with the patterns described earlier in
MAK-related RP by Stone et al.
(2011a,b), although we observed only
three of five patterns and end-stage
pattern 5 was reached at an earlier age
by patients C-II:3 and G-II:1 (Fig. 6).

SD-OCT imaging clearly demon-
strated the overall thinning of the
retina, as well as thinning of the ONL
and PR+RPE, whereas foveal thickness
initially is spared. PR+RPE thickening




Fig. 4. Fundus photographs and autofluorescence imaging in patients with M A4 K-related retinitis pigmentosa. A, Composition fundus photograph of
the left eye of case D-II:4 (age 63) illustrating attenuated vessels, waxy pallor of the optic disc and bone spicule pigmentations in the nasal-superior
midperiphery. B, Composition photograph of the left fundus in patient D-:I1:1 (age 72) showing attenuated vessels, pallor of the optic disc and bone
spicules in the midperiphery. C, Composition fundus photograph of the left eye in patient C-11:3 (age 41) revealing severely attenuated vessels, a pale
optic disc amd sporadic bone spicules in superotemporal and superonasal midperiphery (black arrows heads). D/E, Composition fundus photos of the
right eye in patient E-II:3 at age 44 (D) and age 46 (E) highlighting the increase in bone spicule pigmentations in the nasal and inferior quadrants as
well as the progression in atrophy of the RPE. F, Photograph of the left fundus in patient B-11:9 (age 74) showing large RPE lesions surrounding the
fovea, as well as attenuated vessels, waxy pallor of the optic disc and bones spicule pigmentations. G/H, FAF images of the left fundi in patients D-
II:4 at age 63 (G) and E-II:3 at age 46 (H) revealing a hyperautofluorescent ring surrounding the normal appearing macula and fine
hypoautofluorescent spots in the nasal and superior midperiphery. I, FAF image of the left fundus of case C-II:3 (age 43) revealing a
hyperautofluorescent ring around the fovea and irregular hypoautofluorescent spots scattered throughout the posterior pole. J/K, OCT scans along
the horizontal meridian of the central retina in patients D-11:4 at age 63 (J) and E-11:3 at age 46 (K) highlighting the remaining photoreceptors and the
transitional zone (marked by white arrow heads).
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that could accompany the elongation
of the connecting cilium to twice its
normal length, which was present in
rod photoreceptors of MAK knockout

mice (Omori et al. 2010), was not
observed in our patients. This absence
of retinal thickening may signify the
absence of these structural abnormali-

ties in human photoreceptors, although
it cannot be excluded that such thick-
ening lies beyond the resolution of
current OCT systems.
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Fig. 5. ERG recordings of two patients with
recordable responses. (patient E-11:3 at age 43
and G-II:1 at age 28). Only scotopic mixed
(rod + cone) responses and photopic (cone)
responses are depicted. Arrowheads indicate
the moment of the light flash. Control shows
normal responses of individuals with healthy
retinas. Patient E-II:3 has severely reduced
scotopic responses and photopic responses just
within normal limits. Both dark-adapted and
light-adapted responses of patient G-1I:1 show
barely detectable responses of <10 microvolts.
ERG, electroretinography; ms, millisecond;
1V, microvolts.

Genotype—phenotype analysis

All but one (B-II:9) patients demon-
strated the slowly progressive, central-
preserving retinal phenotype.
Accordingly, the mutations identified
in our patients (Table 3) all affect the
kinase activity that is crucial for normal
functioning of the MAK protein (Ozgul
et al. 2011). Nonsense mutations,
which are generally assumed to have
more detrimental effects on protein
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Fig. 7. Retinal laminar architecture by OCT in M AK-related RP. Thickness of the overall retina,
ONL and photoreceptor—-RPE complex (PR+RPE) along the horizontal meridian in four patients.
In patient B-1I:9, only the retinal thickness could be measured as unstable fixation led to low scan
quality. Shaded areas: normal limits (mean 4+ 2 SD) as measured in 25 individuals without
vitreoretinal and retinal disease (mean age: 46 year). VA, visual acuity; HM, hand movements.

Pattern 1 Pattern 4
Legend
E-ll:1, age 54 D-ll:4, age 63 D-ll:1, age 55 B-11:9, age 57
B V-de
M |l-4e
W |-4e
M -3e
M -2e
W |-1e
Pattern 5
E-II:2, age 49 G-Il:2, age 28 D-II:1,age 72 B-II:9, age 74 C-ll:1, age 25

Fig. 6. Patterns of visual field loss by Goldmann kinetic perimetry. All fields are depicted as right eyes. Patterns are numbered according to Stone et al.
(2011b). Pattern 1: Field show nearly full extent with the V-4e isopter and absolute scotoma, if present, are situated in the superotemporal quadrant.
Pattern 4: isolation of the central field from the residual nasal field by a complete midperipheral scotoma. Pattern 5: only a residual small central island
with V-4e and even smaller with I-4e. Fields are grouped by pattern. Patient ID and age are at the top of each map. Solid areas: absolute scotoma.
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Table 2. UPSIT scores and interpretation of six patients with M AK-associated RP.

Absolute olfactory
function corrected

Patient Age UPSIT score Percentile* for age and gender
B-1I:9 74 15/40 7th Anosmia

C-1I:3 41 32/40 13nd Mild microsmia
D-II:1 72 26/40 17th Moderate microsmia
D-11:4 63 36/40 53rd Normosmia

E-II:1 54 33/40 17th Mild microsmia
E-1I:3 49 33/40 6th Mild microsmia

* Percentiles indicate the percentage of normal individuals that reach an equal or lower score as
the patient. UPSIT = University of Pennsylvania Smell Identification Test.

Table 3. Genetic findings in the patients included in this study.

Allele 1 Allele 2

Patient ID Mutation Effect Mutation Effect Exon Consanguinity
A-1V:1 c.718C - T  p.GIn240* c.718C - T  p.GIn240* 8 First cousins
B-1I:9 c.388A - C p.Asnl30His c¢.388A — C p.Asnl30His 6 First cousins
C-II:3 c.37G - A  p.Glyl3Ser ¢37G - A p.Glyl3Ser 2 First cousins
D-11:1 ¢79G - A p.Gly27Arg NI r.0 2 No

D-11:4 ¢.79G - A p.Gly27Arg NI r.0 2 No

E-II:1 ¢.79G - C  p.Gly27Arg ¢.542T - C p.dlel81Thr 2,7 No

E-11:3 c.79G - C  p.Gly27Arg ¢.542T - C p.dlel81Thr 2,7 No

F-1I:2 c497G -» A p.Argl66His ¢497G - A p.Argl66His 7 Yes

F-11:4 c497G - A p.Argl66His ¢497G - A p.Argl66His 7 Yes

F-1I:5 c497G - A p.Argl66His ¢497G - A p.Argl66His 7 Yes

G-II:1 c497G -> A p.Argl66His ¢.497G - A p.Argl66His 7 First cousins

NI = not identified.
*Premature protein termination.

function than missense changes, were
identified in family A. However, the
phenotype in patient A-IV:1 did not
significantly differ from that in the
other families. The p.Asn130His and
p.Gly13Ser mutations, identified in B-
II:9 and C-II:3, respectively, alter
amino acids that are universally con-
served across all known kinases (Hanks
& Hunter 1995), and these mutant
forms of MAK show virtually no kinase
activity in vitro (Ozgul et al. 2011).
However, the distinct retinal differences
between these two patients suggest
differences in the total mutational load
elsewhere in the genome.

Variants in other retinal genes may
have modified the phenotype in patient
B-11:9. Prior to the identification of
MAK mutations in patient B-11:9, tar-
geted next generation sequencing in
111 known blindness genes had been
performed (Neveling et al. 2012) (indi-
vidual 9535 in this study). A heterozy-
gous genetic variant was found in
GPR98, which might have a modifying
effect on the disease. Alternatively,
modifier effects from variants in other

(retinal) genes that were not analysed
in the targeted next generation
sequencing approach might be involved
in the phenotype in patient B-II:9 as
the atrophic macular phenotype devi-
ates significantly from the relative pres-
ervation of macular function observed
in the other patients. Additional
genetic analysis with, for example,
whole- exome sequencing may reveal
pathologic mutations other than those
present in MAK.

Although the absence of syndromic
features is not uncommon in ciliary
retinal  disorders (Estrada-Cuzcano
et al. 2012a,b.c), the question remains
why syndromic features are absent
while multiple tissues express MAK.
Tissue-specific isoforms can result in
disease features in only one tissue, and
a retina-specific isoform of MAK,
which includes an extra exon (exon 12
in that transcript) that is regulated by
exon 9 (Tucker et al. 2011), has been
described. However, none of the MAK
mutations identified in our patients was
located in either exon 9 or 12. Other
explanations may include variance in

levels of gene expression among tissues
and the high metabolic rate of the
retina compared with other tissues,
potentially making the retina more
prone to disruptive processes. Alterna-
tively, we cannot completely rule out
that we missed very subtle extra-ocular
features.

MAK-related RP versus ciliopathies

To date, mutations in 34 ciliary genes
have been associated with both syn-
dromic and non-syndromic retinal dis-
ease (RetNet, available at https://sph.
uth.edu/retnet/). Non-syndromic reti-
nal disease is caused by defects in 24 of
these genes, and the associated retinal
phenotypes are summarized in Table S1
(except for the M AK-associated pheno-
type). Besides MAK, 13 ciliary genes
are exclusively associated with non-
syndromic retinal disease, without being
associated with syndromic disease as
well. Although detailed descriptions of
most phenotypes associated with ciliary
gene defects are lacking, we observed a
remarkable clinical variability among
non-syndromic ciliary retinal disease,
ranging from relatively mild phenotypes
like pericentral retinal dystrophy and
occult macular dystrophy, to severe
early-onset retinal degeneration pheno-
types such as Leber congenital amauro-
sis (Table S1).

Non-syndromic RP forms caused by
ciliary genes generally initiate during
the first two decades of life and dem-
onstrate reduced visual acuity as an
early feature. Accordingly, profound
macular atrophy is observed in a subset
of these RP forms (Table S1). Mild RP
phenotypes without early macular
involvement are observed in retinal
disease associated with mutations in
RPI, RPILI, TOPORS or C2orf71
(Jacobson et al. 2000; Chakarova et al.
2007; Collin et al. 2010; Nishimura
et al. 2010; Audo et al. 2012; Davidson
et al. 2013b), which generally are
adult-onset and characterized by a slow
decline in visual acuity. As RPI,
RPILI and TOPORS are the only
ciliary genes that cause non-syndromic
dominant RP known to date, the clas-
sic dogma that dominantly inherited
RP is milder compared with recessive
and X-linked RP (Hartong et al. 2006)
also applies when only ciliary RP is
considered.

Like these dominantly inherited phe-
notypes, M AK-associated recessively
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inherited RP resides at the mild end of
the spectrum of diseases caused by
ciliary genes. It shows remarkable
resemblance to the phenotype observed
in patients with RPI mutations in
respect to the course of visual acuity
loss, the patterns of retinal degenera-
tion and visual field loss as described
by Jacobson et al. (2000). Underlying
mechanisms for the regional retinal
variations have been optioned to lie in
topographic characteristics in gene
expression (Sakuta et al. 2001; Sharon
et al. 2002; Cornish et al. 2005; Tanito
et al. 2008), but further studies are
necessary on this subject. The resem-
blance in phenotypes is especially
intriguing as RP1 and MAK are func-
tionally related: both proteins localize
to the outer segment axoneme in
murine photoreceptors, and RP1 is a
phosphorylation target of MAK
(Omori et al. 2010). Omori et al. sug-
gested that phosphorylation of RPI
may influence microtubule stability and
regulation of ciliary length. Moreover,
if lack of RPI1 phosphorylation is the
direct cause of MAK-associated RP,
this would also be in accordance with
the absence of syndromic features, as
RPI is expressed in the retina only
(Sullivan et al. 1999).

In conclusion, we observed slowly
progressive, autosomal recessive RP
without syndromic features in patients
with various nonsense or missense muta-
tions in MAK. Visual acuity usually
remains intact, although modifier effects
may have negative consequences on cen-
tral vision. M A K-associated RP is at the
mild end of the ciliopathic RP pheno-
types and shows remarkable resemblance
to the retinal phenotype observed in
RPI-related RP. Thus, defects in proteins
that act in the pathway that involves
MAK and RPI1, may lead to relatively
mild retinal phenotypes.
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