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Cone and cone-rod dystrophies (CD/CRD) are a group 
of rare inherited retinal degenerations that are phenotypi-
cally and genetically heterogeneous [1]. Visual impairment 
is primarily due to the loss of cone photoreceptors causing 
a loss of visual acuity, abnormal color vision, photophobia, 
and central scotomas. Some forms of CD/CRD are progres-
sive, leading to a loss of peripheral vision [2]. Mutations in 
37 genes have been linked to CD/CRD (https://sph.uth.edu/
retnet/sum-dis.htm#B-diseases, accessed 10 Mar 2023); 
however, more than 30% of simplex/recessive cases remain 
to be solved [3].

One of the more recently identified genes causing CD 
is TTLL5, which codes for the tubulin tyrosine ligase-like 
family member 5 protein [4]. Initially, mutations in the TTLL5 
gene were found in four families with CD [5]; however, more 
recently, TTLL5 mutations have been associated with other 
phenotypes, including CRD, sectoral CRD, and early-onset 
severe retinal dystrophy [6–11].

TTLL5 glutamylase catalyzes posttranslational modifi-
cations of α-tubulin in the axonemes of cilia [12]. Recently, 
it was shown that TTLL5 glutamylates both glutamate and 
glycine amino acids in the RPGRORF15 protein, which localizes 
to the connecting cilia of photoreceptor cells [13]. In Ttll5 
knockout mice, RPGRORF15 is not glutamylated, resulting in 
opsin mislocalization and photoreceptor degeneration [14]. 
Thus, TTLL5-associated retinal dystrophy is a ciliopathy due 
to RPGRORF15 protein tracking dysfunction. Cone photore-
ceptor cilia express a higher level of TTLL5 protein compared 
to rods [5], which may explain why cones are affected first 
in this group of diseases. Here, we report 3 novel TTLL5 
mutations in two families with CD/CRD and describe a 
novel feature observed by spectral domain optical coherence 
tomography (SD-OCT) that may explain the retinal sheen 
observed in this phenotype.

METHODS

Study subjects: This study was approved by the clinical 
research ethics board of the University of British Columbia 
and adhered to the tenets of the Declaration of Helsinki. Three 
subjects were examined by retina specialists at the Eye Care 
Centre in Vancouver, Canada. The data presented are based 
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on a retrospective chart review, with diagnoses established 
from clinical assessment and supported by genetic testing 
results. Informed consent was obtained from all subjects 
included in the study.

Clinical assessment: For each study subject, a family history 
was taken to establish the likely inheritance pattern. All 
subjects had Caucasian ethnicity. An ophthalmic examina-
tion included best-corrected visual acuity, direct and indirect 
ophthalmoscopy, and slit-lamp biomicroscopy. In addition, 
the examination included color vision testing, color fundus 
photography (wide-field camera; Optos, Inc., Marlbor-
ough, MA, or Topcon narrow-field fundus camera, Oakland, 
NJ), contrast sensitivity, autofluorescence, and spectral 
domain optical coherence tomography (SD-OCT). Measure-
ments of retina thickness and the size of the ellipsoid zone 
were made using OCT software. Full-field electroretinog-
raphy (ffERG), according to the International Society for 
Clinical Electrophysiology of Vision (ISCEV) standards, was 
available for one subject.

Molecular genetic testing: Buccal swabs were taken for DNA 
testing and screened using a panel of 351 genes associated 
with retinal dystrophy (Blueprint Genetics, Marlborough, 
MA). This panel included the maternally inherited mito-
chondrial genome and well-established non-coding variants. 
Evaluations of the variants identified and interpretations 
were based on criteria established by the American College 
of Medical Genetics and Genomics [15]. The results were 
correlated with the subject’s clinical diagnosis and family 
history, and each subject received genetic counseling for their 
test results.

Structural modeling: 3D protein: We used the freely avail-
able missence3d package to predict the structural changes 
introduced into a protein by amino acid substitution [16]. 
The UniProt ID for the 1,281-amino-acid protein TTLL5 is 
Q6EMB2. We accessed the AlphaFold predicted structure 
platform [17], found the alpha helix for TTLL5, and then 
downloaded the protein data bank (PDB) file of the struc-
ture. The Arg478 residue maps with high confidence to the 
alpha helix structure which would suggest that changes at this 
residue would disrupt the protein function. The PDB file was 
uploaded to the missence3d software along with the specific 
amino acid substitution.

RESULTS

Clinical assessment: Female subject 1 (P1) presented in 2013 
at age 43 with vision loss for 3 years and a history of high 
myopia (−12.00D right and −8.00D left), dyschromatopsia, 
central visual field loss, and decreased central vision. Best-
corrected visual acuity (BCVA) was 20/40 right and 20/30 

left, and photosensitivity to light. Dilated fundus examina-
tion (Figure 1A,B) revealed myopic crescents, abnormal 
pigmentation in the foveal region, and a central mild macular 
sheen. In the peripheral retina, there were extensive white 
beads reminiscent of Pearl degeneration. SD-OCT (Figure 
1C) revealed central macular atrophy with the disruption of 
the ellipsoid zone and outer nuclear layer thinning. Visual 
field testing showed a 5-degree central scotoma in both eyes, 
and peripheral fields were limited to approximate 60 degrees 
in each eye.

By 2016, P1 had reported increasing f lashing lights 
and more extreme photophobia. Visual acuity significantly 
decreased (20/160 right; 20/200 left). Binocular contrast 
sensitivity tested with a Pelli Robson chart was 0.75 (3/6 
rows), indicating a significant loss of contrast sensitivity. Full-
field electroretinography demonstrated a normal scotopic 
response, whereas photopic and flicker responses were mark-
edly reduced, indicating a cone deficit. By 2022, visual acuity 
had further declined to 20/200 right and left. The previously 
noted mid-peripheral retinal sheen had intensified when 
examined clinically (Figure 1D). The sheen can be observed 
as a bright fundus surrounding the abnormal pigmentation 
in the macula (Figure 1D) and increased autofluorescence 
in the macula region (Figure 1E). Short-wavelength fundus 
autof luorescence revealed increased autof luorescence 
across the posterior pole, central hypoautofluorescence, and 
a central perifoveal ring of hyperautofluorescence (Figure 
1E). A comparison of OCT imaging between 2013 and 2022 
(Figure 1 C,F) suggested a 15% increase in ellipsoid zone 
dropout (2,840 μm versus 3253 μm). A detailed assessment 
of the outer retina (Figure 1C,F inserts) revealed an outer 
retina with normal thickness between the outer limiting 
membrane and the retinal pigment epithelium (~84 microns). 
For comparison, equivalent fundus (Figure 1G), autofluores-
cence (Figure 1H), and OCT images (Figure 1I) are provided 
from a normal subject. Notably, in patient OCT images, the 
normal stratification of signals was changed in that the strati-
fication delineating the photoreceptor’s outer segments was 
absent (cf. the Figure 1F insert with the normal retina 1I). In 
the presence of a normal thickness, we concluded that there 
was a change in the composition of the photoreceptor’s outer 
segments rather than an atrophy of tissue.

Male subject 2 (P2) presented in 2021 at age 55 with a 
history of poor vision since his teenage years. A diagnosis 
of retinitis pigmentosa inversus (cone-rod dystrophy) had 
previously been made. P2 reported no useful central vision 
or reliance on peripheral vision for mobility. The subjects 
did not report night blindness, color vision deficiency, or 
issues with glare. His best-corrected visual acuity (BCVA) 
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was 20/400 right and 20/400 left. A dilated fundus exami-
nation revealed diffuse posterior pole atrophy involving the 
nasal and temporal retinas (Figure 2A). Short-wavelength 
fundus autof luorescence revealed posterior pole hyper-
autofluorescence increasing around the margin of central 

hypoautofluorescence (Figure 2B). OCT imaging revealed 
extensive outer retinal atrophy (Figure 2C).

The clinical phenotype in P2 is more severe than has 
been previously reported; however, the area of hype-
rautof luorescence surrounding the margin of central 

Figure 1. Retinal imaging for subject P1 (A–F) compared to a normal subject (G–I). (A, B) Wide-field retinal photography for P1 taken in 
2013 shows pigmentary changes at both the macula plus Pearl degeneration in the peripheral retina. (C) SD–OCT imaging demonstrated an 
ellipsoid zone deficit (horizontal bar) in the left macula. (D) Repeat retinal photography in 2022 illustrated a dramatic retinal sheen associated 
with hyperautofluorescence (E) and further enlargement of the ellipsoid zone defect (F). Size bar=200 µm. Detailed assessment of the outer 
retina (C,F insert, dotted lines) revealed the normal thickness of the outer retina between the outer limiting membrane and the retinal pigment 
epithelium (~84 microns), but the absence of stratification delineating the photoreceptor’s outer segments. Small white arrows indicate (i) 
the outer limiting membrane; (ii) the ellipsoid zone; (iii) the interdigitating zone; and (iv) Bruch's membrane/RPE complex. Representative 
images display the fundus (G), autofluorescence (H), and OCT imaging (I) from an unaffected individual.
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hyperautofluorescence at the posterior pole is a common 
finding. Patient P1 has a less severe phenotype than P2 but 
is in keeping with other reported TTLL5 mutations [5,10,11].

Genetic testing results: Panel-based testing in P1 revealed a 
homozygous missense variant in the TTLL5 gene c.1433G> 
A;p.(Arg478Gln). This missense variant has not been reported 
previously and was predicted to be deleterious by all in-silico 
prediction tools [POLYPHEN, SIFT, MUTTASTER]. 
Furthermore, the combined annotation dependent depletion 
(CADD) score at this nucleotide position is 29.3, which is very 
high (>20 considered highly conserved), placing this variant 
in the top 1% of deleterious variants in the human genome. 
Based on structural modeling using the missense3d package, 
we could make an unbiased prediction about the consequence 
of this missense mutation. The software predicts that the 
Arg478Gln substitution replaces a buried charged residue 
(Arg, RSA 6.4%) with an uncharged residue (Gln), which 
has a significant effect on the protein’s structure. Thirteen 
individuals have been reported in gnomAD as heterozygous 
for this variant; however, no homozygous individuals have 
been reported. The affected amino acid is highly conserved 
in mammals and in evolutionarily more distant species, which 
suggests that this position does not tolerate variation (Figure 
3A). This variant is in the c-terminal microtubule-binding 
domain of the protein that is required for interaction with 
the TTLL catalytic core domain [11]. The subject’s son was 
examined and found asymptomatic with a normal eye exam.

In P2, panel-based testing identified two heterozygous 
variants in TTLL5 that might be trans. The first variant 
c.2384_2387del;p.(Ala795Valfs*9) is absent from the 
gnomAD reference population. The affected amino acid is 
in the cofactor interaction domain (CID) of TTLL5, which 
interacts with RPGRORF15. The second variant identified was 
c.241C>G;p.(Leu81Val), which was also absent from the 

gnomAD reference population. This variant was predicted to 
be deleterious by all in-silico prediction tools. This missense 
variant is in the TTLL catalytic core domain of the protein 
that binds to ATP. The affected amino acids in each of these 
variants are highly conserved in mammals and other species 
(Figure 3B). No other variants were detected in this patient. 
The parents and siblings of P2 were negative for the pheno-
type, and his two children had a normal retinal exam. None of 
these family members was available for segregation analysis. 
By our in-silico analysis, the two missense variants we have 
identified (Arg478Gln; Leu81Val) are likely to be pathogenic; 
however, segregation analysis and functional studies are 
needed to confirm their pathogenicity. The location of these 
novel variants on the TTLL5 protein structure is shown in 
Figure 4.

DISCUSSION

Disease-causing mutations in TTLL5 were initially reported 
with a CD phenotype, though this has now been extended to 
include CRD, sectoral CRD, and late-onset retinal dystrophy 
(Table 1). In this study, we report three novel TTLL5 vari-
ants in two subjects with either CD or CRD. We identified 
a homozygous c.1433G>A;p.(Arg478Gln) variant in P1 with 
CD. This variant is in the c-terminal microtubule-binding 
domain of the protein. The only other reported variant in 
this domain is also a missense mutation (heterozygous 
c.1450C>T;p.Arg484Cys coupled with a frameshift muta-
tion) causing sectoral CRD [11]. The phenotype for both 
mutations was diagnosed in the fourth decade of life, with 
progressive deterioration over time. Two other homozygous 
missense mutations have also been associated with CD 
but in other protein domains. The c.1627G>A;p.Glu543Lys 
mutation in the linker region of TTLL5 was associated with 
onset of CD symptoms at age 53 [5]. The other mutation 
c.2266A>T;p.Ile756Phe in the CID region of TTLL5 was 

Figure 2. Retinal imaging for subject P2 (A–C). (A) Fundus imaging in P2 demonstrated widespread posterior pole chorioretinal atrophy 
surrounded by a rim of hyperautofluorescence (B). (C) SD–OCT imaging revealed widespread retinal atrophy (size bar=200 μm).
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associated with the onset of CD at 38 years of age [6]. These 
observations suggest that missense mutations are associated 
with a later onset of the retinal phenotype. A homozygous 
missense mutation was reported to be associated with retinitis 
pigmentosa (c.1039T>C p.Phe347Leu in TTLL core domain). 
Nonetheless, there were no clinical data in the report to allow 
comparisons to be made [8].

In P2, we identified two heterozygous variants associ-
ated with early-onset CRD. The c.241C> G;p.Leu81Val 
variant is the first reported missense variant in the TTLL5 
catalytic core domain. The other five reported mutations 
in the TTLL catalytic core domain are likely to result in 
truncated proteins derived from either in-frame nonsense 
mutations (two) causing CRD [6,10] or frameshifts that 
ultimately result in a nonsense mutation (three) causing CD 
[5,7,10]. All patients with a TTLL5 catalytic core domain 
mutation had an earlier onset of the retinal phenotype (range 
9–28 years). The second variant we identified in P2 was 
c.2384_2387del;p.Ala795Valfs*9, which resides in the CID 
domain of TTLL5. This variant deletes 4 base pairs, gener-
ating a frameshift leading to a premature stop of codon 9 
amino acids downstream. Although nonsense-mediated 
decay might be expected to degrade the transcript, a trun-
cated protein could be produced. If such a truncated protein 
was produced, it would lack a catalytic core domain and 

would likely be non-functional. Two other loss-of-function 
mutations that affect the CID domain include a homozy-
gous c.2132_2133insGATA;p.Met712Ilefs*15 mutation in 
a 58-year-old female patient diagnosed with CD [6] and a 
homozygous c.2029C>T;p.Arg677* mutation associated with 
CRD diagnosed in a female patient aged 46 [11]. Thus, muta-
tions in the CID domain are not phenotype specific.

From the location of the variants in TTLL5 identified in 
P1 and P2, we can infer the likely effect on protein func-
tion. The c.1433G>A;p.(Arg478Gln) variant in P1 is in the 
c-terminal microtubule binding domain of the protein. Hence, 
it is likely that microtubule binding is reduced because the loss 
of a positively charged arginine residue implies that TTLL5 
can no longer interact with the negatively charged c-terminal 
of the α-tubulin, thereby interfering with protein transport 
[18]. Based on the two domain locations of the variants in 
P2, there is likely to be a significant effect on RPGRORF15 
glutamylation, affecting the tracking of RPGRORF15 protein 
in the photoreceptor cilium. Cellular pulldown assays have 
demonstrated that the TTLL5 catalytic core domain interacts 
with the Glu–Gly repeat region of RPGRORF15 protein and the 
CID region interacts with the binding domain of RPGRORF15 
[14]. In Ttll5 knockout mouse, slow photoreceptor degen-
eration with early mislocalization of cone opsins is observed 
[14], mimicking the cone phenotype witnessed in patients.

Figure 3. Evolutionary conservation of variant nucleotides identified by genetic testing. (A) Family tree for subject P1. The homozygous muta-
tion affecting codon Arg478 is conserved in mouse (Mou), chicken (Chk), and zebrafish (Zeb) TTLL5 proteins. (B) Family tree for subject 
P2. The heterozygous mutation affecting codon Leu81 and the heterozygous mutation codon Ala795 are also conserved through evolution.
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Based on the observation that mice lacking Ttll5 are 
infertile with defective sperm motility [19], it has been 
proposed that patients with mutations in TTLL5 may have 
fertility problems [6]. Data from 6 families suggested that 
homozygous loss-of-function mutations in TTLL5 were 
associated with reduced sperm motility and infertility, 
whereas missense mutations were not [6]. In other studies 
[5,10], fertility did not segregate with several loss-of-function 
mutations, including homozygous p.Glu543*; heterozygous 
p.Leu134Argfs*45;p.Trp1118*, and heterozygous p.Arg71*;p.
Pro196Glufs*47 mutations. In our P2 subject, the heterozy-
gous p.Ala795Valfs*9 variant is less likely to be associated 
with infertility, as he had 2 children. Correspondingly, 
growing evidence does not support the initial hypothesis that 
fertility directly relates to the TTLL5 genotype.

A notable observation in the TTLL5-associated retinal 
phenotype is the presence of a macular sheen best seen clini-
cally, although the origin of this sheen has not been addressed 
in any studies reported thus far. In these studies, where OCT 
imaging was presented, ellipsoid dropout was a common 
finding, as were areas of hyperautofluorescence surrounding 

margins of central hypoautofluorescence in the perifoveal 
region of the retina [5,7,10,11]. In one study, increased hyper-
autofluorescence was noted over a 6-year period in one patient 
[6]. Interestingly, knockout mice for either the Rpgr or Ttll5 
genes show a change in their fundus color from orange to a 
metallic gray sheen [14]. Nevertheless, OCT imaging for these 
mice has not been performed. A macular sheen in humans 
has been observed in other phenotypes, including fenestrated 
sheen macular dystrophy [20], X-linked juvenile retinoschisis 
[21], female carriers of X-linked retinitis pigmentosa [22], and 
Muller cell sheen dystrophy [23]. Fenestrated sheen macular 
dystrophy is characterized by an irregular yellow lesion with 
red fenestrations [20]. Recently, autosomal recessive muta-
tions in the CRB1 gene have been identified in fenestrated 
sheen macular dystrophy [24]. Although there was a loss of 
the ellipsoid zone in the foveal region, the photoreceptor outer 
segment band was still present in the macula. In X-linked 
retinoschisis, an unusual sheen was associated with a muta-
tion (p.Arg102Trp) in the RS1 gene [19] before schisis cavities 
were present. The sheen seemed to be associated with major 
vascular arcades and was said to emanate from inner retinal 

Figure 4. Topology of the TTLL5 protein and approximate location of all reported mutations. There are 4 major domains in the TTLL5 
protein: the TTLL core domain that binds to ATP; an overlapping c-terminal microtubule binding domain (c-MTBD) that interacts with 
microtubulins; a linker region, followed by a cofactor interaction domain (CID) that interacts with to RPGRorf15; and a receptor interaction 
domain (RID) of unknown function. Bold-type numbers identify the amino acid (aa) position relative to the location of each domain. 
Arrowhead: Mutations identified in this study. Double arrowhead lines represent previously reported large deletions in the TTLL5 protein.
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layers. Autosomal-dominant Muller cell sheen dystrophy is 
caused by a mutation in the transthyretin gene (p.Glu109Val) 
and has a cellophane-like appearance [25]. In this report, 
a longitudinal SD–OCT study revealed that the sheen was 
linked with increasing cystic changes in the inner retinal 
layers without initial macular involvement [25]. The retinal 
sheen observed with TTLL5 mutations would appear distinct 
from other phenotypes in that OCT imaging suggests that this 
originates in photoreceptors’ outer segments. Significantly, 
the edge of this retinal sheen changes with the increase in 
ellipsoid zone disruption with time in subject P1. It would also 
correlate with molecular studies suggesting that the focus of 
pathology in TTLL5 mutations is the connecting cilium.

In conclusion, we report two subjects with 3 novel TTLL5 
variants exhibiting late-onset cone dystrophy and early-
onset cone rod dystrophy. Vision loss and changes in retinal 
imaging in one subject show the progression of the disease 
over 9 years. Fundus photography correlated with SD-OCT 
imaging suggests that the macular sheen characteristically 
demonstrates with TTLL5 mutations derives from the photo-
receptor’s outer segments at the posterior pole.
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