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Supplemental Figure 1. New MKKS sequence variations in patients with LCA

Chromatograms showing nucleotide variations in MKKS coding sequence and

corresponding amino acid changes. These variants have either been previously

identified in BBS patients™?

or predicted to be pathogenic by in silico analysis (see

Supplementary Methods). Newly identified DNA variants are in the same regions of the

gene as previously reported mutations (see Figure 1A).
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Supplemental Figure 2. Fundoscopy results show rescue in combination mutants

Fundus photographs of 3-4 month old mice carrying various combinations of Mkks*® and

rd16/rd16

Cep290rd16 alleles. Upper panel: Cep290 mice show extensive pathology,

rd16/rd16, Mkk Sko/+

whereas in the Cep290 mouse, pathological retinal pigment epithelium

(RPE) changes are restricted to the peripheral retina (see arrows). Note the blood vessel

attenuation in Mkks

(arrows), but minimal fundus changes in the
Cep290™1%*;Mkks*”’* mouse. Lower panel: The Cep290™% 1 Mkks /*° double
homozygous mutant mice show variability ranging from near normal fundus (left), to

differences between eyes of the same individual (R and L images in the center), or

within a single retina.
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Supplemental Figure 3. Additional EM examples of basal bodies (left) and connecting
cilia (right) of P14 photoreceptors. In Cep290™1%1¢ photoreceptors, basal bodies and
connecting cilia appear structurally normal (as in wild type), whereas the basal bodies in
Mkks<e/x photoreceptors show extra electron dense material distributed beyond the
microtubule ring, with cilia exhibiting an oblong, irregular shape. In

Cep290rd16/ +;Mkksk°/ ko photoreceptors, less extra electron-dense material is present

compared to Mkks

, and a circular profile of connecting cilia is restored.
Photoreceptors of double homozygotes reveal a range of hazy circular structures, which

rarely produce a separate membrane-bound cilium at this age.



p<0.0001

1565 p=0.0003 —
p=0. Jwr

B Cep290erdie
Cep290rd1ordis; Mkksker+
Bl Mkkskorke
Cep290r419/+ ;Mkkske’ke
Bl Cep290r41erdis; Mkkskorke

©
<?

W
?

ABR threshold in decibels
o
. e

Q(\/ J
> \‘0\2\

Supplemental Figure 4. Rescue of ABR thresholds in mice carrying different
combinations of Cep290™*° or Mkks* alleles. Additional stimulus wavelengths are

completely consistent with data shown in Figure 6D.
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Olfactory epithelium (P14)

Supplemental Figure 5. Presence of olfactory cilia in P14 mice with different Cep290™
or Mkks*® genotypes. Double immunolabeling with antibodies to acetylated a-tubulin (a
marker of microtubules, red) and y-tubulin (basal body marker, green) show that cilia

ko/ko

are present in all mutant genotypes at this age. The loss of cilia in Mkks mice at later

ages9 is likely due to degeneration. Scale bar: 10 um.
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Supplemental Figure 6. Presence of olfactory cilia in P14-P18 mice with different
combinations of Cep290™® or Mkks*® genotypes. A. Immunolabeling of P14 retinas in
the designated genotypes with the antibodies indicated. PCM1 appears to accumulate
at the outer limiting membrane in both Cep290™*%"° and Cep290™*%"%; Mkks**/*

genotypes. B. Notice the large variation observed in the Cep290™*%"°: Mkks /%

genotype. C. In the Cep290™*%"6: Mkks /<

genotype, despite questionable
development of the connecting cilium (see Figure 5B), rhodopsin and peripherin2

(Phrph2) accumulate in the outer segment region. Abbreviations: Rho, rhodopsin; OS,

outer segments; cc, connecting cilia; IS, inner segments; ONL, outer nuclear layer.



Supplemental Tables

Supplemental Table 1. Oligonucleotide primer sequences for MKKS (NCBI accession #

NM170784) mutation screening.

Forward Reverse
exon 3a ATTTTATAGCCACAATGCTGC AAAATGATGTGGCCTTCAGC
exon 3b GATCCTCCTTTGTTTGGTGC CAAGATGTTAACAGTGACACAAACC
exon 4 TTGTGGGGCTTTTATGTTGG TTGCTTTCTATACTACCTAGGGAAGC
exon5 TCTCTGTATTCACTATGATGCTTTG TGCACCCCTGAACCTAAAAG
exon 6 CCAGACCCCAAATTAAATGAAAG ACAGGGCTTTGGGAGAAAAC




Supplemental Table 2. Overview of MKKS sequence variants, including polymorphisms,

likely pathological variants, and their allele frequencies.

Total samples FREQUENCY

Significant MKKS variants*® 142 %
c.16 G>A p.A6T 2 1.43
€. 699 C>G p.I233M |1 0.71
c.724 G>T p.A242S 1 0.71
c.1015 A>G p.1339V 1 0.71
c.1127 G>T p.C376F 1 0.71
Total 6 4.29

Likely MKKS polymorphisms

c.117 CT p.P39P 19 13.57
c.179 C>A p.S60Y 13 9.29

c.534 T7>C p.1178I 29 20.71
¢.556 T>C p.L183L 1 0.71

c.1549 C>T p.R517C | 29 20.71
€.1595 G>T p.G532V | 29 20.71
c.lVS3+16 T>C 31 22.14
c.lVS3+33 G>C 64 45.71

* "Significant variants" are changes in conserved residues that are not detected in at

least 100 normal controls and in 1000G database (see also Table S3 and S4).



Supplemental Table 3. Analysis of MKKS sequence variants, identified in LCA and

juvenile RP patients.

POLYPHEN
primary . blosum62 SIFT score 0 .
MOGL retinal primary allele allele MKKS/+ score of of MKKS score conservation
Pt # - gene 1 2 mutation | MKKS . of MKKS (see Table 4)
disease . variant X
variant variant
Juv c.16G>A Tolerated Benign
767 ’ unknown ) -1 PSIC score Conserved
onset RP p.A6T score 0.15
1.378
c.16G>A Tolerated Benign
3787 LCA unknown ’ -1 PSIC score Conserved
p.A6T score 0.15
1.378
c.699 Benign
Tolerated
3787 LCA unknown C>G 1 s:oigaoelz PSIC score Not conserved
p.1233M ’ 1.239
NOT Benign
Juv. .724G>T
1110 ounvset RP unknown ¢ A2425 1 tolerated PSIC score Conserved (1)
P- score 0.02 | 1.280
Benign
741 Juv. unknown c.1015A> 1 Tolerated PSIC score Conserved (2,
onset RP G score 1.00 959 3)
p.1339V '
Possibly
p.Arg NOT . .
1762 | LCA cep200 | PO | 1508 | 112767 |, tolerated | 93Maging | Highly
998X X T score 0.04 PSIC score Conserved
p.C376F ’ 3.346




Supplemental Table 4. Alignments of MKKS and related proteins, showing sequences

flanking the altered amino acid residue identified in patients.

Multiple Alignments for:

McKusick-Kaufman/Bardet-Biedl syndromes
McKusick-Kaufman/Bardet-Biedl| (Canis familiaris)
hypothetical protein (Bos taurus)

McKusick-Kaufman syndrome protein (Mus musculus)
McKusick-Kaufman syndrome protein (Rattus norvegicus)
similar to McKusick-Kaufman/Bardet-Bied| (Canis familiaris)
hypothetical protein (Monodelphis domestica)

hypothetical protein (Gallus gallus)

McKusick-Kaufman syndrome (Danio rerio)

unnamed protein product (Mus musculus)

Multiple Alignments for:

McKusick-Kaufman/Bardet-Biedl syndromes
McKusick-Kaufman/Bardet-Biedl| (Canis familiaris)
hypothetical protein (Bos taurus)

McKusick-Kaufman syndrome protein (Mus musculus)
McKusick-Kaufman syndrome protein (Rattus norvegicus)
similar to McKusick-Kaufman/Bardet-Bied| (Canis familiaris)
hypothetical protein (Monodelphis domestica)

hypothetical protein (Gallus gallus)

McKusick-Kaufman syndrome (Danio rerio)

unnamed protein product (Mus musculus)

10

p. A6T

MSRLE
MSRLE
MSRLE
MSRLE
MSRLE
MSRLE
MSRVK
MSRLE
MSRIS

MSRLE

p. 1233M

SEVQLMRLLP
SEIQLMKILP
SEVQLMKILP
SEVQLRRLLP
SEVQLRRLLP
SEIQLMKILP
PEVQLMTF-P
PEIQFAKPFS
PEMLLPGDLE

SEVQLRRLLP

KKPSLCKSEPLTTERVRTTLSVLKR...

KKPSLCKSEPLTSERVRATLCVLKG...

KKPSICRSDPLTGERARASLAALKG...

KKPSLCKTEPLTSEKVRSTLSVLKG...

KKPSLCKTEPLTSERVRSTLSVLKG...

KKPSLCKSEPLTSERVRATLCVLKG...

KTPSLCTCELLTKEIVSKSLSGLRE...

KKPSLFISEPLTT--VSQPLSLLIA...

KKPALCTDEPLSNSTICQKITLLRN...

KKPSLCKTEPLTSEKVRSTLSVLKG...

KKSTALKVALFCTTLSGDTSD

KKSEAFKVALFCASLSGDLSD

KKSDSFKVALFCVSLSGDLSD

QKASGLRVALFCTSLSGDFSNA

QKSSTLRVALFCASLSGDFSNA

T

KKSNALKVALFCISMSGEISDS

KRSDAVKVAVFCVSMSGDLFDP

LGDGPFKVVLFGVSLSGDISEVG



Multiple Alignments for:

McKusick-Kaufman/Bardet-Biedl syndromes
McKusick-Kaufman/Bardet-Biedl| (Canis familiaris)
hypothetical protein (Bos taurus)

McKusick-Kaufman syndrome protein (Mus musculus)
McKusick-Kaufman syndrome protein (Rattus norvegicus)
similar to McKusick-Kaufman/Bardet-Biedl| (Canis familiaris)
hypothetical protein (Monodelphis domestica)

hypothetical protein (Gallus gallus)

McKusick-Kaufman syndrome (Danio rerio)

unnamed protein product (Mus musculus)

Multiple Alignments for:

McKusick-Kaufman/Bardet-Biedl syndromes
McKusick-Kaufman/Bardet-Biedl| (Canis familiaris)
hypothetical protein (Bos taurus)

McKusick-Kaufman syndrome protein (Mus musculus)
McKusick-Kaufman syndrome protein (Rattus norvegicus)
similar to McKusick-Kaufman/Bardet-Bied| (Canis familiaris)
hypothetical protein (Monodelphis domestica)

hypothetical protein (Gallus gallus)

McKusick-Kaufman syndrome (Danio rerio)

unnamed protein product (Mus musculus)
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p. A242S

QLMRLLPIKKSTALKV
QLMKILPIKKSEAFKV
QLMKILPIKKSDSFKV
QLRRLLPTQKASGLRV
QLRRLLPTQKSSTLRV
QLMKILPIKKSEAFK-
QLMTF-PIKKSNALKV
QFAKPFSVKRSDAVKV
MLLPGDLERLGDGPFKV

QLRRLLPTQK------

p. 1339V

KMTGTQPIGSLGS |
SKVTGTQPIGSIGS I
SKVTGTWPIGSLGS I
SKVTGATPIGSLNP I
SKVTGATPIGSLYP I
SKVTGTQPIGSIGS I
CEMTGTQPIGSLNF I
SQVTGSKPIASIYS L
AKITGARAVASLFS L

SKVTGATPIGSLNP I

A LFCTTLSGDTSDTGEGT

A LFCASLSGDLSDTGEGT

A LFCVSLSGDLSDTGEGT

A LFCTSLSGDFSNAGEGV

A LFCASLSGDFSNAGEGT

A LFCISMSGEISDSGEGT

A VFCVSMSGDLFDPEEGT

V  LFGVSLSGDISEVGDV

CPNSYGSVKDVCTAKFGSK

SPSSYGSVKDLCPAKFGFK

SPSSYGSVKDLCIAKFGCK

VSTTYGSVKDVCSARFGS

VSTTYGSVKDVRSARFGSKY

SPSSYGSVKDLCPAKFGFK

SPTSYGYVKDLCYTNFGSKP

SPSCYGSLKDVRAESFASK

VPEAYGLVAGLCFQDCGSKK

VSTTYGSVKDVCSARFGSK



Multiple Alignments for:

McKusick-Kaufman/Bardet-Biedl syndromes
McKusick-Kaufman/Bardet-Biedl| (Canis familiaris)
hypothetical protein (Bos taurus)

McKusick-Kaufman syndrome protein (Mus musculus)
McKusick-Kaufman syndrome protein (Rattus norvegicus)
similar to McKusick-Kaufman/Bardet-Bied| (Canis familiaris)
hypothetical protein (Monodelphis domestica)

hypothetical protein (Gallus gallus)

McKusick-Kaufman syndrome (Danio rerio)

unnamed protein product (Mus musculus)
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p. C376F

HLIPNEATICSLLL
HLIPYEATICSLLL
HLIPNKTTICSLLL
HLLPNEATVCTLLL
HLLPNEATICSLLL
HLIPYEATICSLLL
HLIPNDSTVCSLLL
HLIPNDTTVCSLIL
LLSSKAAISTMVL

HLLPNEATVCTLLL

NRNDTAWDELKLTCQ

NRNDTAWDELKLTCQ

NRNDTAWDELKLTCQ

SRNDTAWEELKLTCQ

SRNDTAWEELKLTCQ

NRNDTAWDELKLTCQ

NRNETSWNELKLTCQ

NRNETTWDELKRACE

HRNETMLEELKMTCQ

SRNDTAWEELKLTCQ



Supplemental methods

A summary of clinical and genetic characteristics of five patients with significant MKKS
variants. Patient MOGL 767 is from a non-consanguineous pedigree from Trinidad and
Montserrat. She presented at age 26 years with a lifelong history of nyctalopia, followed
by color vision loss. Acuities were 20/80 in the right eye and 20/50 in the left with -3.50
D [correction]. She had a non-detectable ERG and 5° visual field by V4e target. One year
later, her vision was only light perception, with an extinguished visual field. Her retinal
vessels were attenuated, optic disc was normal color, and the retina had very mild salt
and pepper changes with restricted pigmentary maculopathy. We have not determined
the causal gene for this severe and rapidly progressive retinal dystrophy phenotype, but
did identify a heterozygous MKKS variant, p.A6T, which changes the hydrophobic amino
acid alanine to a hydrophilic threonine. The blosum62 score suggests a pathological
change, while SIFT and Polyphen predictions do not (Supplemental Table 3). Ala6 is
conserved in all mammals (see Supplemental Table 4).

Patient MOGL 1110 is from a non-consanguineous French-Canadian pedigree
and presented at age 7 yr with a lifelong history of nyctalopia. Acuities were 20/70 in
both eyes with -9.00D [correction], ERGs were non-detectable, and VFs were full to V4e
and l4e targets. Fundus examination revealed diffuse pigmentary changes, narrow
vessels and a prominent hypopigmented peri-foveal ring. At age 17 yr, acuities
decreased to 20/80 (right) and 20/150 (left) and visual fields were decreased to 50° and
5° by V4de and l4e targets, respectively. Despite extensive mutation screening (APEX

technology), the causal gene has not yet been determined in this patient; nonetheless,
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MKKS analysis revealed a heterozygous p.A242S variant that changes the hydrophobic
alanine to a hydrophilic serine. SIFT analysis suggests that this is a harmful change, while
blosum62 and Polyphen analyses do not. Interestingly, this change has been reported in
MKS/BBS and is considered a mutation (3). The Ala242 is well conserved (see Suppl.
Table 4).

Patient MOGL 741 presented at age 20, with lifelong nyctalopia, nystagmus and
high hyperopia since the age of eight months. Her visual acuities were 20/40 with +3.00
D [correction], with no detectable ERGs and constricted VFs and midperipheral
scotomas. Her retinal exam was significant for a hypopigmented foveal change. At age
27 years, acuities were 20/50 with slightly decreased VFs sizes (still 60°) and unchanged
retinal exam. Despite mutation analysis by APEX technology, we were unable to
determine the causal gene. MKKS analysis revealed a heterozygous p. 1339V variant that
changes a hydrophobic isoleucine to a hydrophobic valine. Whilst not considered
damaging by blosum62, SIFT or Polyphen analysis, the variant has been reported in
MKS/BBS and is reasonably conserved(2).

Patient MOGL 3787, a 15 year old male patient, had severe vision loss and
nystagmus since early childhood. There was parental consanguinity. Visual acuities were
light perception in each eye (+1.00-1.75X90). Kinetic visual fields (V-4e target) indicated
a small island of vision in the temporal field of each eye. ERGs were undetectable. There
were small posterior subcapsular lens opacities and rare vitreous cells. On fundus
examination, there was vessel attenuation, waxy pallor of the optic nerve head, small

clumps of pigment with rare white dots throughout the mid- and far periphery and a
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central ring of depigmentation. This patient has two MKKS variants p. A6T and p. 1233 M,
the latter changes a hydrophobic isoleucine to a hydrophobic methionine. P. A6T has
been described previously for patient MOGL767. The p. 1233M change is not considered
damaging by blosum62, SIFT or Polyphen and is not well conserved.

Patient MOGL 1762 has severe LCA and is from a non-consanguineous Mexican
pedigree, but no further clinical data are available. She harbors two different CEP290
mutations and one MKKS variant of high pathogenicity. In CEP290, we found p. C998X
and p. R1508X, while in MKKS we discovered a heterozygous p. C376F variant that
changes a hydrophilic cysteine to a hydrophobic phenylalanine. The in silico analyses
(blossum62, SIFT, and Polyphen) suggest that this change is harmful to the MKKS protein
function, and the conservation is complete amongst the nine species compared (Suppl.
Table 4). The presence of potentially pathogenic mutations in two different ciliopathy
genes (CEP290 and MKKS) is consistent with recent reports of modifier loci (4-6) that
influence clinical phenotypes. Unfortunately, we no longer have access to the patient

for additional clinical studies.
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