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ORIGINAL ARTICLE
A missense mutation in ASRGL1 is involved in causing
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Abstract

Inherited retinal dystrophies are a group of genetically heterogeneous conditions with broad phenotypic heterogeneity. We
analyzed a large five-generation pedigree with early-onset recessive retinal degeneration to identify the causative mutation.
Linkage analysis and homozygosity mapping combined with exome sequencing were carried out to map the disease locus
and identify the p.G178R mutation in the asparaginase like-1 gene (ASRGL1), segregating with the retinal dystrophy
phenotype in the study pedigree. ASRGL1 encodes an enzyme that catalyzes the hydrolysis of L-asparagine and isoaspartyl-
peptides. Studies on the ASRGL1 expressed in Escherichia coli and transiently transfected mammalian cells indicated that the
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p-G178R mutation impairs the autocatalytic processing of this enzyme resulting in the loss of functional ASRGL1 and leaving
the inactive precursor protein as a destabilized and aggregation-prone protein. A zebrafish model overexpressing the mutant
hASRGL1 developed retinal abnormalities and loss of cone photoreceptors. Our studies suggest that the p.G178R mutation in
ASRGL1 leads to photoreceptor degeneration resulting in progressive vision loss.

Introduction

Inherited retinal degenerations (IRDs) are a group of conditions
that result in irreversible loss of vision. Clinical symptoms of reti-
nal degenerations commonly include night blindness and loss of
central or peripheral vision at initial stages, which may progress
to complete blindness at later stages (1). Primary pathology often
involves degeneration of photoreceptors or retinal pigment
epithelium (RPE) cells (2). Retinal degenerations are inherited in
autosomal dominant, autosomal recessive, X-linked, mitochon-
drial and complex modes. Broad phenotypic and genetic hetero-
geneity has been reported in patients/families with hereditary
retinal conditions (3-6). More than 80 genes have been estab-
lished to be involved in causing retinitis pigmentosa, a common
form of IRD (RetNet. In http://www.sph.uth.tmc.edu/Retnet).

Autosomal recessive retinal degenerations are more com-
mon in populations with high rates of consanguinity. Mutations
in several genes implicated in causing IRD have been identified
in patients from Pakistan with high consanguinity (7-15).
However, no single mutation or single gene contributing to a
significant proportion of IRD cases in this population has been
observed, indicating that the underlying cause of these degener-
ations in this population is genetically heterogeneous.

In this study, we describe the identification of a mutation in
the novel gene asparaginase like-1 (ASRGL1) as the underlying
cause of IRD in a five-generation consanguineous pedigree from
Pakistan.

Results

Clinical analysis

Individuals IV:1, IV:3, IV:7, and IV:8 underwent ophthalmic evalua-
tion (Fig. 1). Fundus examination revealed retinal vessel attenua-
tion and pigmentation in affected members IV:1 and IV:8, with
macular RPE atrophy in IV:1 (Fig. 2). Night blindness was reported
to be the first symptom of disease in all affected members.
Scotopic responses at 0 db and photopic 30 Hz flicker responses
were undetectable in affected individuals, demonstrating compro-
mised rod and cone photoreceptor function, while unaffected
individuals exhibited rod and cone responses within normal
ranges (Fig. 3). Onset of vision abnormalities in affected members
was reported to be between 5 and 8 years of age (Table 1).

Genome-wide linkage analysis

The large numbers of enrollment (six-affected individuals in
two consanguineous matings) augmented the power of the fam-
ily to generate statistically significant two-point LOD scores dur-
ing genome-wide linkage. Our theoretical estimates confirmed
that PKRD104 could attain a maximum two-point LOD score of
5.25 (at 6=0). Subsequently, we completed a genome-wide scan
and calculated two-point LOD scores that localized the disease
phenotype to chromosome 11q with a two-point LOD score of
3.23 with marker D11S4191 (at 6=0). Analysis of additional
Short Tandem Repeat (STR) markers in that region yielded two-
point LOD scores of 5.06, 1.99, and 5.22 with D11S4459,

D11S2006, and D11S1765 (Table 2). The haplotype constructed
from alleles of STRs further supported localization of the IRD lo-
cus in PKRD104 to chromosome 11q. As shown in Figure 1, there
is a proximal recombination at D11S905 in individual IV:8, and
distal recombination in individual IV:7 at D11S1883, and indi-
vidual IV:6 at marker D11S987. In addition, affected individuals
IV:1, IV:5, IV:6, IV:7 and V:1 are heterozygous for alleles of
D11S905. Taken together, this localizes the disease gene to a
13.1cM (22.65Mb) interval on chromosome 11q flanked by
markers D11S905, proximally, and D11S1883, distally (Fig. 1).

Candidate gene analysis

Screening the disease gene interval on chromosome 11 revealed
the presence of a previously reported retinal disease gene,
Bestrophin-1 (BEST1/VMD2), associated with Best macular degen-
eration and recessive bestrophinopathy (16-19). Although the
clinical signs or symptoms of our patients were different from
classical Best macular degeneration, affected members IV-8 and
IV-9 were screened for the presence of BEST1 gene mutations and
none were observed, suggesting the possible involvement of a
novel gene in causing retinal degeneration. Examination of the
exome sequence did not reveal large deletions in the BEST1 gene.

Exome sequencing and analysis of variants

Exomes of two affected (IV:7 and IV:8) and one unaffected mem-
ber (IV:2) of the PKRD104 pedigree were captured (Fig. 1) and vari-
ants were identified. A total of 4641 homozygous variants
including Single Nucleotide Polymorphism and Insertion
Deletion were present in both affected members in the homozy-
gous state and absent or heterozygous in the unaffected member
(IV:2). Among these, 503 were rare (<0.003) or novel variants.
Forty-nine of these variants were found to be in the coding region
and only 13 of them were predicted to be pathogenic
(Supplementary Material, Table S1). No intronic canonical splice
variants were observed to be segregating with the phenotype in
our study family. Segregation analysis of these variants identified
a single missense change, c.532G > A in the ASRGL1 gene segre-
gating with retinal degeneration in PKRD104 (Fig. 1). This c.
532G > A variant observed in the ASRGL1 gene is predicted to be
damaging by SIFT (0.00), probably damaging by PolyPhen2 (0.998)
and also disease causing by Mutation Taster (0.999). The glycine
residue is highly conserved in different species (Supplementary
Material, Figure S1). This gene is located in the critical interval
identified by linkage and haplotype analyses. This variant is not
listed in both the 1000 genomes and ExAC database. This variant
was absent in 1790 unaffected individuals (150 ethnicity-matched
controls, 300 Caucasian controls and 1340 unaffected individuals
of Arab ancestry). Examination of the exome sequence data of in-
dividuals affected with IRD and from Pakistani (117 individuals),
Indian (80 individuals), Middle Eastern (48 individuals), Arabic
(208 individuals), Caucasian (350 individuals) and Japanese (618
individuals) populations did not detect ¢.532G > A or additional
causative mutations in the ASRGL1 gene. This suggests that,
¢.532G > A variant in ASRGL1 is rare and this mutation in this
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Figure 1. (A) Haplotype analysis and segregation of the ASRGL1 p.G178R mutation in a five-generation pedigree with recessive IRD: haplotype was constructed with the
genotypes of 7 microsatellite markers and identified D1154459 and D1151883 markers as the boundaries of the disease interval on chromosome 11 (q12.1-q13.1). The
p.G178R ASRGL1 mutation segregated with IRD in this pedigree. (B) Sequence of the region encompassing the ASRGL1 p.G178R mutation in an affected, carrier and unaf-

fected individual from the pedigree with IRD.

gene may not contribute to a significant proportion of cases with
IRD in these populations.

Expression profile of ASRGL1

Among the ocular tissues tested, high levels of ASRGLI tran-
script was observed in the optic nerve and retina while rela-
tively low levels of expression were noted in the iris-ciliary

body, lens or RPE of 2-months-old wild type (wt) C57BL/6 mice
(Fig. 4A). The ASRGL1 transcript expression levels increased
steadily in the retina from P14 to P60 and sustained high levels
of this transcript were noted in the adult retina at the age of six
months (Fig. 4B). High levels of expression of ASRGL1 transcript
was observed in the heart and brain tissue of 2-months-old
mouse while low to minimal expression was noted in the re-
maining tissue tested (Fig. 4C).
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Figure 2. Fundus images of two affected and one unaffected member: Fundus images of affected members show retinal vessel attenuation, pigmentation (IV:1 30 years
old and IV:8 50 years old) and a bull’s eye pattern of RPE atrophy in IV:1. Whereas, the fundus images of the unaffected member IV:3 showed no abnormality.

Localization of ASRGL1 in the retina

Immunostaining of 2-months-old C57BL/6 mouse retinal sec-
tions with anti-ASRGL1 antibodies localized this protein to the
photoreceptor inner segment region (Fig. 4D). The expression of
ASRGL1 is found to be minimal to absent in other layers of the
retina (Fig. 4D).

In vitro biochemical analysis of ASRGL1

The active form of ASRGL1 is generated by autocatalytic process-
ing (20). To evaluate whether the p.G178R mutation alters either

the autoprocessing or the asparaginase and/or isoaspartyl pepti-
dase activity of this enzyme, the cDNA encoding wt-ASRGL1 and
G178R-ASRGL1 sequences were tagged with nucleotides encoding
an N-terminal His6 affinity tag and expressed from a T7 promoter
in Escherichia coli (DE3) BL21 cells (20). Wt-ASRGL1 and G178R-
ASRGL1 proteins were isolated by immobilized metal ion affinity
chromatography and analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Incubation of wt-
ASRGL1 at 37°C resulted in a reduction in the intensity of the
full-length protein band (~38kDa) over time, concomitant with
an increase in two lower molecular weight bands (~23 and
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Figure 3. Full field ERG response in two affected and one unaffected member of the family with IRD. Scotopic responses at 0db and 30 Hz flicker responses of affected
members IV:1 (30 years old) and IV:8 (50 years old) were undetectable suggestive of compromised rod and cone photoreceptor response while the unaffected individual
(Iv:3) exhibited rod and cone responses within normal ranges.

Table 1. The clinical phenotype of affected members

ID Sex Age Symptom Age of onset Fundus appearance Lens abnormalities
v:1 M 30 years Night blindness 8 years Pigmentation, Retinal attenuation and Bull’s NO

eye pattern of RPE atrophy in the macula
Iv:5 F 34 years Night blindness N/A Pigmentation and Retinal attenuation NO
IvV:6 F 32 years Night blindness N/A Pigmentation and Retinal attenuation NO
v:7 M 45 years Night blindness 8 years Pigmentation and Retinal attenuation NO
Iv: 8 M 50 years Night blindness 7 years Pigmentation and Retinal attenuation NO
Note: N/A indicates ‘Not Available’.
Table 2. Two-point LOD scores of chromosome 11q markers for family PKRD104
Markers cM Mb 0 0.01 0.05 0.07 0.1 0.2 0.3 Zonax Ommax
D11S905* 51.95 40.95 —00 —0.438 —0.088 0.111 0.28 0.4 0.269 0.4 0.2
D11S4459 58.4 56.74 5.06 4.742 4.526 4.307 3.973 2.818 1.612 5.06 0
D11S2006 59.24 59.95 1.990 1.953 1.802 1.724 1.605 1.191 0.765 1.990 0
D11S4191* 60.09 60.23 3.239 3.02 2.871 2.721 2.494 1.718 0.939 3.239 0
D11S1765 61.78 61.01 5.228 4.909 4.693 4.474 4.14 2.983 1.776 5.228 0
D11S1883 65.05 63.6 —00 2.131 2.377 2.468 2473 2.022 1.285 2.473 0.1
D11S987* 67.48 68.12 —00 1.73 1.813 1.818 1.759 1.336 0.791 1.818 0.07

Note: Asterisks (*) denote markers used in the genome-wide scan.

15kDa), corresponding to the processed o and p subunits (Fig. 5A).
In contrast, no evidence of processing over the same period of
time was observed for G178R-ASRGL1 suggesting that the
p.G178R mutation may impair the autocatalytic activity of
ASRGL1. Additionally, incubation of G178R-ASRGL1 at 37°C over
time resulted in accumulation of high molecular weight (HMW)
species indicating protein aggregation (Fig. 5A).

Data from SDS-PAGE gel densitometry (Fig. 5B and C) and
size exclusion chromatography (data not shown) revealed that
the unprocessed wt-ASRGL1 fraction partitions to HMW species,
given the high instability of the unprocessed protein (21). Both
unprocessed and processed fractions of G178R-ASRGL1 partition
to HMW species. Further analysis revealed that the p.G178R
substitution affects only autocatalytic processing and solubility
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Figure 4. Expression profile of ASRGL1 in ocular and body tissue. (A) Levels of expression of ASRGL1 transcript in 2-months-old old mouse ocular tissue as measured by
quantitative real-time PCR. PE: Posterior eye cup (RPE + Choroid); ICB: Iris-Ciliary body; ON: Optic nerve. (B) Expression of ASRGL1 transcript in the retinal tissue of mice
during development and aging as measured by quantitative real-time PCR. (C) Levels of expression of ASRGL1 transcript in 2-months-old mouse different body tissue
as measured by quantitative real-time PCR. (D) Immunostaining of 2 months old mouse retinal sections with only secondary antibodies did not reveal positive staining
in the left image. Right side image representing the localization of ASRGL1 protein to the photoreceptor inner segment region of a 2-months-old mouse retina: ASRGL1
signal was represented by green fluorescence and red fluorescence color represented S-cones. RPE: Retinal pigment epithelium; OS: outer segments; IS: inner segments;
ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GC: ganglion cell layer.

and not the L-asparaginase nor the isoaspartyl peptidase activ-
ity of the enzyme. Circularly permutation of ASRGL1 allows to
decouple auto processing from substrate hydrolysis (21). When
comparing the hydrolysis of the L-asparagine substrate ana-
logue, L-aspartic acid-f-hydroxamate (AHA) to the wt and
mutant enzymes, both in the circularly permuted format (wt-
(cp)ASRGL1 and G178R-(cp)ASRGL1), the keat/Ky values were not
significantly different from each other (P<0.38) (Table 3). In
addition, the mutant in the circularly permuted format (G178R-
(cp)ASRGL1) displays a preserved activity towards the isoaspar-
tyl dipeptide, -Asp-Phe methyl esther (Table 3). All together
these findings suggest that the p.G178R mutation results in
highly impaired autocatalytic processing of ASRGL1 causing the
protein to aggregate, leaving only a small fraction of functional
enzyme. This in turn may result in accumulation of isoaspartyl
peptides and L-asparagine and the formation of protein
aggregates.

Expression and localization of ASRGL1 in
heterologous cells

Cos-7 cells transfected with mammalian constructs containing
wt-ASRGL1 (wt/wt) tagged with cMyc showed the distribution of
ASRGL1-cMyc fusion protein throughout the cytoplasm,
whereas cells transfected with constructs containing the mu-
tant ASRGL1 (mut/mut) showed juxtanuclear localization of the
G178R-ASRGL1-cMyc signal. Staining these transfected cells
with vimentin antibodies indicated re-organization of the cyto-
skeleton in cells expressing the mutant ASRGL1 (Fig. 6A-F,
Supplementary Material, Figure S2A and B). Similar results were
obtained when 293-A cells were transfected with the wt and
G178R-ASRGL1 constructs (data not shown). Mock-transfected
cells did not have immunostaining. These observations suggest
that the mutant ASRGL1 may form aggresomes and not be avail-
able to exert its normal function.
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following in vitro incubation at 37 °C over time.

Table 3. Summary of kinetic parameters of G178R-(cp)ASRGL1 hy-
drolysis of L-AHA

A. L-AHA hydrolysis

Variant Reat (77 K (mM) Rear/Kn (MM~ 's77)
wt-(cp)ASRGLL 18+005 009+001 2028
G178R-(cp)ASRGL1 1.8 £0.04 0.1 +0.01 18 £ 2.2

B. p-Asp-Phe methyl ester hydrolysis
Variant keat (s7) Ky (mM)
G178R-(cp)ASRGL1 75+03 1.1+=01

Reat/Kn (MM s 7?)
6.8 +0.9

Asparaginase activity of ASRGL1

Asparaginase activity was measured in the whole cell lysates of
2 x 10° Cos-7 post-transfected cells with the wt-ASRGL1 and
G178R-ASRGL1 plasmids to determine the effect of the p.G178R
mutation on the enzymatic activity of ASRGL1. The asparagi-
nase activity in the lysates of cells transfected with the G178R-
ASRGL1 or mock-transfected cells (Fig. 6G) was found to be
minimal. Whereas the lysate of cells transfected with the
wt-ASRGL1 showed significantly higher asparaginase activity
(P < 0.0001) compared with the lysates of cells expressing
G178R-ASRGL1 or mock-transfected cells.
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Figure 6. Expression and localization of wt and G178R-ASRGL1 in Cos-7 cells. (A) Cos7 cells transfected with wt-ASRGL1 tagged with cMyc (green), showed the distribu-
tion of ASRGL1-cMyc fusion protein throughout the cytoplasm. (B) The cytoskeletal marker Vimentin (Red) distributed throughout the cytosol. (C) Merged image of A
and B. (D) The cells transfected with G178R-ASRGL1 showed perinuclear localization of the G178R-ASRGL1-cMyc fusion protein (green). (E) Re-organization of Vimentin
signal (Red) in cells transfected with G178R-ASRGL1. (F) Co-localization of G178R-ASRGL1 and Vimentin. (G) Asparaginase activity in the whole cell lysates of cells trans-
fected with wt-ASRGL1 and G178R-ASRGL1. The asparaginase activity detected in cells expressing the G178R-ASRGL1 was significantly lower (P < 0.0001) compared with

the enzymatic activity observed in cells expressing the wt-ASRGL1.

Zebrafish study

In order to study the effect of ASRGL1 knockdown on the zebra-
fish retinal phenotype, we co-injected zebrafish at 1-cell stage
with either a start site morpholino (MO) or splice site MO along
with a p53 MO to suppress off-target effects caused by MO’s (22).
Zebrafish co-injected with p5S3MO and Asrgll-start site MO or
Asrgl1-splice site MO’s at 5 pg concentration had the lowest sur-
vival percentage at 6 dpf and resulted in fish with abnormal and

deformed phenotypes starting at 1 dpf (Table 4). The axial
length of zebrafish injected with 1 pg of start site MO + p53 MO
and splice site MO + p53MO had a higher survival percentage
when compared with the fish injected with p53MO + negative
control MO (Table 4).

The Asrgll-start site MO and splice site MO at 1 pg concen-
tration were able to knockdown the expression of Asrgll tran-
script, when compared to the negative control MO injected fish
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Table 4. Gross morphology and axial length measurements of zebrafish injected with MOs and mRNA

Type of injection Fish Fish survived Fish Axial length Gross Morphology
injected at6dpf survived (%) (uM) at 6 dpf of fish at 6 dpf
(0dpf)

Injection with MO

Asrgl1-Start site MO 5pg+p53 MO 5pg 60 2 3.33 Abnormal and deformed fish

Asrgl1-Start site MO 3.5pg+ p53 MO 3.5pg 64 21 32.81 2345 +9.85 None

Asrgll-Start site MO 1pg+3.5pg p53 MO 120 98 81.67 238.80 = 10.5 None

Asrgl1-Splice site MO 5pg+p53 MO 5pg 65 5 7.69 Abnormal and deformed fish

Asrgl1-Splice site MO 3pg+p53 MO 3.5pg 60 24 40 231.84 +7.82 None

Asrgl1-splice site MO 1pg+ p53 MO 3.5pg 60 45 75 234.16 =+ 6.86  None

Negative control MO 3.5pg +p53 MO 3.5pg 120 96 80 232.62 =7.68 None

Injection with mRNA

Dye injection 75 53 70.67 23228 + 9.4 None

Wt-ASRGL1 20 pg 102 75 73.53 23348 = 6.5 None

Wt-ASRGL1 100 pg 40 36 90 23424+ 6.2 None

Wt-ASRGL1 200 pg 50 40 80 23562+7.4 None

G178R-ASRGL1 3 pg 101 46 45.54 23448 = 8.16 None

G178R-ASRGL1 4 pg 100 37 37 220.80 = 10.13 None

G178R-ASRGL1 5pg 110 32 29.09 185.12 = 5.38  Fish with small eye phenotype/
abnormality and edema

G178R-ASRGL1 6 pg 105 30 28.57 <180 Few zebrafish (n =>5) are significantly
deformed and rest had developmental
abnormalities

G178R-ASRGL1 12pg 105 8 7.62 <180 Abnormal and deformed fish

G178R-ASRGL1 25pg 45 2 4.44 <180 Abnormal and deformed fish

G178R-ASRGL1 50 pg 46 5 10.87 <180 Abnormal and deformed fish

G178R-ASRGL1 75 pg 49 4 8.16 <180 Abnormal and deformed fish

G178R-ASRGL1 100 pg 50 3 6 <180 Abnormal and deformed fish

G178R-ASRGL1 150 pg 54 4 7.41 <180 Abnormal and deformed fish

G178R-ASRGL1 200 pg 52 2 3.85 <180 Abnormal and deformed fish

after 24 h of injection (Supplementary Material, Figure S3). The
primers designed to amplify nearly 160 bp of the Asrgll tran-
script near the start site did not detect a band in qRT- polymer-
ase chain reaction (PCR), indicating that the expression of Asrgll
was negligible or absent. The splice site Asrgll1 MO reduced the
expression of the Asrgll transcript significantly indicating that
Asrgll transcript may be unstable and may undergo a nonsense
mediated decay, a mechanism that needs further investigation.
The knockdown of Asrgll transcript in zebrafish did not result
in any gross morphological, developmental or axial length
(Table 4) when compared with the negative control MO injected
fish at 6 dpf.

Evaluation of the retinal morphology of zebrafish injected
with 1 pg start site MO, splice site MO and negative control MO
at 6 dpf with ND1 antibody (labels rod photoreceptors) and Zpr1
antibody (labels double cone photoreceptors), did not reveal
gross morphological abnormalities (data not shown) suggesting
that loss of ASRGL1 may not have a significant effect on the ret-
ina of zebrafish at this age.

In order to determine the effect of overexpression of wt and
mutant hASRGL1 mRNA on the retinal phenotype, zebrafish at
the single cell stage (0 dpf) were injected with the above mRNA.
The retinal phenotype of these fish was evaluated by studying
the retinal morphology and expression of rod and cone specific
markers up to 6 dpf.

The zebrafish injected with <3 pg of G178R-hASRGL1 mRNA
did not show alternation in their eye axial length and survival.
The fish injected with 4 and 5 pg of G178R-hASRGL1 mRNA-

exhibited a smaller eye size with decrease axial eye length
(220.80 uM *£10.13 for 4 pg injection and 185.12 uM =+ 5.38 for 5 pg
injection) and elevated mortality with an increase in mRNA
concentration at 6 dpf (Table 4). The zebrafish injected with
G178R-hASRGL1I mRNA at concentrations >6 pg developed se-
vere pathology and mortality in a majority of the fish at 1 dpf,
while injection of wt-hASRGL1 mRNA at concentrations over
200 pg (40-fold higher) did not affect the retinal morphology or
axial length, indicating that wt-hASRGL1 mRNA does not exhibit
toxicity nor induce abnormal eye phenotype in zebrafish.

The zebrafish injected with 4pg of G178R-hASRGL1 mRNA
showed smaller eye phenotype (axial length 220 +10.13 pM) (P <
0.005) with pericardial edema and overall smaller size of the fish
when compared with the dye-injected and wt-hASRGL1 mRNA
(20 pg) injected fish (Supplementary Material, Figure S2C). In
G178R-hASRGL1 mRNA injected fish, a few to no cells that were
positively stained with blue cone opsin antibodies were ob-
served when compared with green and UV opsin expressing
cells and rod photoreceptors, indicating the loss of blue cones in
these zebrafish. Zebrafish injected with 5pg of G178R-hASRGL1
developed severe morphological and developmental abnormali-
ties including smaller eye (axial length < 185uM) (P < 0.005) phe-
notype and edema of the yolk-sack and pericardium.
Immunohistochemistry of the retinal sections showed disorga-
nized nuclear layers and rod and cone photoreceptors (Fig. 7).
The expression of ASRGL1 in zebrafish could not be analyzed, as
antibodies that recognize the zebrafish protein were not avail-
able. The G178R-hASRGL mRNA injections at concentrations >6
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Dye injected control fish eye

>

Green Opsin Blue Opsin

UV Opsin

Injected with 4pg G178R-hASRGL7T mRNA

(o]

Blue Opsin

Green Opsin

UV Opsin

Injected with 20pg Wt-hASRGL1 mRNA

Injected with 5pg G178R-hASRGL1 mRNA

Figure 7. Retinal maker protein expression in zebrafish injected with wt or G178R-ASRGL1 mRNA. (A) Dye-injected fish showing normal distribution of cones. (B) Fish
injected with 20 pg wt-ASRGL1 mRNA showed normal pattern of cone distribution. (C) Fish injected with only 4 pg G178R-ASRGL1 mRNA showed loss of green cones.
(D) Fish injected with 5 pg of G178R-ASRGL1 mRNA showed eye development abnormality. First column: Immunostaining with rod specific antiobodies (green); Second
column: Immunostaining with Blue/Red/UV opsin specific antibodies (Red). The third column in each panel is the merged image of sections stained for rod and cone

photoreceptors and the nuclei stained with DAPIL

pg developed severe pathology and mortality at 1 dpf. However,
injections with wild-type hASRGL1 mRNA at concentrations
over 200 pg (40-fold higher) did not develop abnormal pheno-
type or alteration in the axial length of the fish, indicating that
the over expression of G178R-hASRGL1 mRNA induces develop-
mental abnormalities and ocular phenotype.

In order to study the effect of ASRGL1 knockdown on the
zebrafish retinal phenotype, we co-injected zebrafish at 0 dpf
with either start site MO or splice site MO along with a p53 MO
(data not shown). Evaluation of the retinal morphology of these
fish at 6 dpf did not reveal gross morphological abnormalities
suggesting that loss of functional ASRGL1 may not have a sig-
nificant effect on the retina of zebrafish at this age.

Discussion

Linkage and haplotype analysis localized the disease locus in
the PKRD104 pedigree to chromosome 11p11.2-q13.1. Exome se-
quencing and variant analysis identified the c.532G>A; p.G178R
mutation in the ASRGL1 gene segregating with IRD.

The hASRGL1 is a member of the N-terminal nucleophile
family that catalyzes the hydrolysis of L-asparagine and isoas-
partyl-dipeptides (20,21). This enzyme is synthesized as an in-
active precursor protein that undergoes autocatalytic
intramolecular processing to generate its active form (20). The
ASRGL1 gene has not been implicated in causing pathology in-
cluding retinal degenerations. The effect of the p.G178R
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mutation on hASRGL1 and the retinal physiology are not known.
We tested the hypothesis that the p.G178R mutation impairs
hASRGL1 function by expressing the mutant protein in bacteria
and mammalian cells. Purification of recombinant G178R-
ASRGL1 from E. coli showed significant impairment of autocata-
lytic activation and an accumulation of HMW species, as
compared with wt (Fig. 5A). Expression of G178R-ASRGL1 in het-
erologous cells resulted in altered intracellular localization
of the protein and formation of aggresomes (Fig. 6A-F).
Furthermore, the zebrafish expressing the G178R-hASRGL1 de-
veloped retinal abnormalities (Fig. 7) while the knockdown of
hASRGL1 in zebrafish did not have a significant effect on the ret-
inal phenotype. These data suggest that the p.G178R mutation
observed in patients with retinal degeneration is likely to cause
misfolding, intracellular misrouting and/or formation of higher
molecular weight ASRGL1 aggregates. Protein misfolding and
mis-localization have been reported as the primary cause of pa-
thology in band keratopathy, a recessive condition similar to
IRD due to the involvement of ASRGL1 mutation (23). In addi-
tion, protein misfolding, intracellular misrouting and accumula-
tion of misfolded proteins in cells have been reported in
dominant and recessive retinal degenerations and neurodegen-
erations (24-26).

The levels of asparaginase activity in the lysates of cells
transfected with the mutant ASRGL1 construct is significantly
lower compared with cells expressing the wild-type protein (Fig.
6G). This observation further supports the suggestion that the
p-G178R mutation impairs autocatalytic processing, causing the
least stable precursor protein to partition to an unfolded/de-
graded state, with consequent effects on the enzymatic func-
tion (Fig. 5C).

The role of asparaginase in retinal tissue is unknown.
However, the absence of normal B-aspartyl peptidases may
have detrimental consequences in cells. Formation of isoaspar-
tyl peptide bonds is one of the most common sources of non-
enzymatic protein damage under physiological conditions,
causing decrease/loss of a protein’s biological function, alter-
ation of the susceptibility of proteins to proteolytic degradation,
and aggregation (27). Accumulation of isoaspartyl peptides in
the retina and brain has been reported in aging and neuropa-
thology (28-34). The function of p-aspartyl peptidases, including
hASRGL1 is the degradation of isoaspartyl peptides (35). Having
sub-functional ASRGL1 due to the p.G178R mutation is likely to
result in the improper clearance of isoaspartyl-containing pep-
tides/proteins that may contribute to unfolded protein response
or proteasomal overload, which have been implicated in IRD
(36-38).

Our studies on the expression and localization of ASRGL1 re-
vealed high levels of expression of this gene in the photorecep-
tor layer and sustained high levels of its expression in the retina
at older ages suggesting a key role for ASRGL1 in maintaining
retinal tissue. The impairment in autocatalytic processing of
hASRGL1 leading to the formation of high molecular weight pro-
tein aggregates or aggresomes due to the homozygous
¢.532G > A (p.G178R) mutation in the retina may lead to degen-
eration of photoreceptors, which show high levels of expression
of this gene. Alternatively, lack of functional ASRGL1 and accu-
mulation of isoaspartyl peptides might contribute to the retinal
degeneration observed in patients with the ASRGL1 mutation.
Expression of ASRGL1 was observed in non-ocular tissue includ-
ing the brain and heart tissue of mice. However, no non-ocular
abnormalities were observed in patients with the homozygous
€.532G > A ASRGL1 mutation suggesting a possible compensa-
tion of the loss of functional ASRGL1 in those tissue. The role of
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hASRGL1 in general and its significance in retinal tissue in par-
ticular are not known and understanding the molecular mecha-
nism underlying retinal degeneration due to the c.532G>A
mutation in this gene will open avenues to gain better insight
into the molecular pathology of retinal degenerations.

Methods

Ethics statement

All studies were carried out in accordance with the declaration
of Helsinki and with the approval of the institutional review
boards of University of California San Diego, La Jolla, CA, Johns
Hopkins University, Baltimore, MD and the National Center of
Excellence in Molecular Biology, Lahore, Pakistan. Written in-
formed consent was obtained from all participating subjects.
Blood samples were collected from thirteen members of a fam-
ily (PKRD104) from the Punjab province of Pakistan (Fig. 1A).

Clinical studies

Complete ophthalmic examination including measurement of
visual acuity, electroretinography (ERG), fundus photography,
visual field and color vision test were performed as described
earlier (39). Photopic responses were measured at 0 dB while the
30 Hz flicker responses were recorded at 0dB to a background il-
lumination of 17-34cd/m? using LKC Technologies, Inc.
(Gaithersburg, MD).

Genome-wide scan and linkage analysis

Applied Biosystems MD-10 linkage mapping panels (Applied
Biosystems, Foster City, CA) were used to complete a genome-
wide scan for family PKRD104. Multiplex PCR was completed as
described previously in (40). PCR products were mixed with a
loading cocktail containing HD-400 size standards (Applied
Biosystems) and resolved in an Applied Biosystems 3100 DNA
Analyzer. Genotypes were assigned using the Gene Mapper soft-
ware from Applied Biosystems. Linkage analysis was performed
with alleles of PKRD104 obtained through the genome-wide
scan using the FASTLINK version of MLINK from the LINKAGE
Program Package (41,42). Maximum LOD scores were calculated
using ILINK from the LINKAGE Program Package.

Genetic analysis

Exomes of two affected and one unaffected (IV: 2, IV: 7, IV: 8) in-
dividuals were captured using the Agilent V5 + UTRs probe cap-
ture kit (Fig. 1). Read mapping and variant calling were carried
out using BWA and GATK (43). Variants were filtered using
exomeSuite as described earlier in (9). Segregation analysis and
screening of ethnicity-matched controls was performed by
Sanger’s di-deoxynucleotide sequencing (44). Mutation analysis
of the Bestrophin-1 gene was carried out as described earlier
in (45).

Expression of ASRGL1 transcript

Ocular tissues were dissected from 2-months-old wt C57BL/6
mice. Isolation of RNA, reverse transcription reaction and calcu-
lation of ASRGL1 expression relative to the housekeeping gene
GAPDH was performed as described earlier in (46).
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Immunolocalization in the mouse retina

Immunohistochemistry was performed on cryosections of eyes
from 2-months-old wt C57BL/6 mice as described earlier in
(47). Rabbit anti-ASRGL1 antibodies (1:100) (ProteinTech Cat-
11400-1-AP) and AlexaFluor 488-conjugated donkey anti-rabbit
secondary antibody (1:2000) (Invitrogen, Carlsbad, CA, USA)
were utilized for staining. Images were captured using Nikon
confocal microscope system (A1R+ STORM, Nikon; Melville, NY,
USA).

Generation of constructs for bacterial expression

The G178R-ASRGL1 (mut-ASRGL1) and the G178R-(cp)ASRGL1
constructs were generated by overlap extension PCR using a
plasmid containing the human wt ASRGL1 (wt-ASRGL1) and the
circularly permuted human wt (cp)ASRGL1 respectively (wt-
PASRGL1 and wt-p(cp)ASRGL1 were codon optimized for
bacterial expression (20)). The following primers were used for
amplification: T7 Forward-5-TAATACGACTCACTATAGGG-3,
T7 Reverse-5'-TGCTAGTTATTGCTCAGCG-3' and mut-ASRGL1
Forward-5'-GGCGCTGTCGCCCTGGACTGCAAGCGCAATGTGGCG
TATGCGACC-3/, mut-ASRGL1  Reverse-5-GGTCGCATACGC
CACATTGGCTTGCAGTCCAGGGCGACAGCGCC-3'. The resulting
DNA products were cloned into pET28a (Novagen, Billerica MA,
USA) vector. The recombinant plasmids, wt-pASRGL1, wt-
p(cp)ASRGL1, G178R-pASRGL1 and G178R-p(cp)ASRGL1 were
sequenced and then transformed into E. coli BL21 (DE3) electro-
competent cells for protein expression.

Expression in E. coli and purification

Transformed E. coli BL21 (DE3) cells were cultured overnight and
the harvested cells were lysed by passing through a French
pressure cell. The cell debris was separated by centrifugation at
24 000 g for 20 min and the resulting supernatants containing
wt-ASRGL1, G178R-ASRGL1 or G178R-(cp)ASRGL1 proteins were
further purified as previously described in (20,21).

In vitro processing of wt-ASRGL1 and G178R-ASRGL1

To evaluate the autocatalytic processing of wt-ASRGL1 and
G178R-ASRGL1, aliquots of an equivalent mass of total purified
proteins were incubated at 37°C and at various times, samples
were withdrawn and analyzed via SDS-PAGE on a 4-20% precast
Tri-Glycine gel (NuSep Ltd.) run under reducing conditions and
stained with Coomassie Blue (20). To quantitatively assess in-
tramolecular processing over time, gel band intensities were
measured using a densitometry-imaging program.

Kinetic analysis of G178R-(cp)ASRGL1

Reactions of G178R-(cp)ASRGL1 (0.5-1 uM total enzyme) with L-
AHA (concentrations from 0 to 5x Ky were carried out at 25°C
in 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid), 100 mM NacCl, pH 7.4, and the formation of hydroxyl-
amine product was determined by measuring the absorbance at
705 nm as previously reported in (21).

The kinetics of G178R-(cp)ASRGL1 (0.5-1 uM total enzyme)
with B-Asp-Phe methyl ester (concentrations from 0 to 5x Ky)
were performed at 37°C in 50 mM HEPES, 100 mM NacCl, pH 7.4,
and the formation of L-aspartic acid was determined following
o-phthalaldehyde-derivatization and HPLC analysis as previ-
ously reported in (20). The observed rates were fit to the

Michaelis-Menten equation using the program Kaleidagraph
(Synergy).

Generation of constructs for mammalian cell transient
transfections

The image clone containing full-length human ASRGL1 (hASRGL1)
cDNA (Clone: MGC: 29455; IMAGE: 3937243) was purchased from
ATCC (American Type Culture Collection, Manassas, VA). The se-
quence of the clone was verified using 5-GTAGTGGTCCAC
GGCGGCGGAGCCGGTCCCATCTCCAAGGATCG-3' forward primer
and 5'-GCGTAGGCTACATTCCTTTTGCAGTCCAAGGC-3' reverse
primer. The point mutation (p.G178R) was introduced by site di-
rected mutagenesis using primers 5-GCCTTGGACTGC
AAAAGGAATGTAGCCTACGC-3' and 5- GCGTAGGCTACATT
CCTTTTGCAGTCCAAGGC-3'. The PCR product was purified using
the Zymoclean Gel DNA Recovery Kit (Zymogen Research, Irvine,
CA, USA) and ligated using Gibson Assembly Cloning kit (New
England BioLabs Inc, MA, USA). Subsequently, the wt-ASRGL1 and
G178R-ASRGL1 constructs were generated in pDEST40 vector us-
ing Multisite gateway Cloning Kit (Life Technologies, Carlsbad,
CA, USA). Each construct contained two inserts of hASRGL1. The
first copy of hASRGL1 was tagged with poly-histidine at the
N-terminus and the second copy of hASRGL1 was tagged with
cMyc tag at the C-terminus.

Subcellular localization and expression of the wt and
mutant (G178R) ASRGL1

Cos-7 cells and 293-A cells were transfected with recombinant
PpDEST-expression vectors containing wt/wt or mut/mut inserts
using Neon Transfection System (Life Technologies, Carlsbad, CA,
USA) as described earlier in (24). After 24h of transfection, cells
were collected for further analysis. Immunofluorescence analysis
of transfected cells was carried out as described earlier in (24).
Rabbit-anti-cMyc antibody (1:200) (Sigma Aldrich, St Louis, MO,
USA), mouse-anti-Vimentin antibodies (1:200) (Sigma Aldrich, St
Louis, MO, USA) donkey-anti-mouse Alexa-Fluor-555 (1:3000)
(Invitrogen, Carlsbad, CA, USA) and donkey anti-rabbit secondary
antibody (1:2000) (Invitrogen, Carlsbad, CA, USA) were used for
immunostaining. Images were captured using Nikon confocal mi-
croscope system (A1R STORM, Melville, NY, USA). The intracellu-
lar localization of wt-ASRGL1 and G178R-ASRGL1 proteins was
compared relative to the cytoskeletal marker vimentin.

Quantitation of asparaginase activity

Asparaginase enzymatic activity of the wt and mutant ASRGL1
was measured in the whole cell lysates of 2 x 10° post-trans-
fected cells (transfected with the wt and mutant ASRGL1 con-
structs respectively) using Asparaginase Activity Assay Kit
(ab107922, Abcam, Cambridge, MA, USA).

Generation and maintenance of Zebrafish cultures

Zebrafish (Danio rerio) embryos acquired by natural spawning
were maintained at 28.5°C on a 14-h light/10-h dark cycle in 1x
E3 media. Embryos were grown in 10 cm dishes in 1x E3 media
supplemented with 0.6 pM methylene blue (Fisher Scientific). The
developmental stage was determined by days post fertilization
(dpf) as well as by morphological criteria. The laboratory-reared
Tuebingen Long-fin strain of zebrafish was used and the studies
were carried out on zebrafish embryos from 0 to 6 dpf.
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Zebrafish histology and immunohistochemistry

Histological analysis was performed using standard protocols.
Briefly, zebrafish (6 dpf) were fixed in 4% paraformaldehyde/PBS
and frozen sections were prepared as described earlier in (48).
Immunohistochemistry was performed on 8-10 pm cryosec-
tions using 4C12 (1:150) (gift from Dr James Fadool), Zprl mouse
monoclonal antibody (1:150) (ZIRC, OR, USA), anti-green opsin
(1:500), anti-blue opsin (1:250), anti-UV opsin (1:1000) (gift from
Dr David Hyde), Alexa Fluor 488 chicken anti-mouse IgG (H+1L)
and Alexa Fluor 594 chicken anti-rabbit IgG (Life Technologies,
Carlsbad, CA, USA). Images were captured with an Axiolmager
Zeiss microscope (Zeiss, Thornwood, NY, USA).

Knockdown of Asrgll in zebrafish

MO oligonucleotides were synthesized by Gene Tools (Gene
Tools, Philomath, OR). Antisense MO oligonucleotides were de-
signed to target the translation initiation site of zebrafish
Asrgll, 5'- CACCACCACCGGCAGCATATCTGTC -3, the splice
junction between introns 4-5 and exon-5 of Asrgll, 5-TTCC
CCTGGAACACACAAATGAAGA-3, zebrafish p53, 5-GCGCCATTG
CTTTGCAAGAATTG -3’ to suppress apoptotic effects induced by
some MOs and a standard negative control MO, 5'-
CCTCTTACCTCAGTTACAATTTATA-3' (control-MO), were used
(22). The MOs were solubilized in water and diluted from 0.5 to
3.5 pg with 0.1% phenol red dye for microinjections into em-
bryos. The MOs were heat solubilized by incubating at 65°C for
15min in order to enable their complete solubulization before
diluting them for injections. The MO oligomers (0.5-3.5 pg) were
injected alone or by co-injection with p53 MOs into 1 to 2-cell
stage embryos as previously described in (22). The efficacy of
MO injections was evaluated by semi-quantitative RT-PCR using
RNA extracted from injected embryos at 1 dpf and using primer
sets to amplify Asrgll transcript Asrgllstartsite MO Fwd, 5'-
GAAAGAGGCAGCCAGGACTG-3' and Asrglistartsite_MO Rev, 5'-
CAATGCATCCATCTCTACCTC-3'; Asrgll splice-site_ MO Fwd, 5'-
GGAAGTGCCCGAGGAGTCATT-3" and Asrgll splice-site_MO Rev
5'- CTTCTCCGTGGCCTGTGGG-3'.

Overexpression of hASRGL1 in zebrafish

The recombinant wt-hASRGL1 and G178R -hASRGL1 clones were
used to generate the full-length mRNA with the mMESSAGE
mMMACHINE T7 kit (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. The mRNA was analyzed for size
and quality using a Bioanalyzer RNA nano Chip (Agilent, Santa
Clara, CA, USA). Each embryo was injected with a specific dose
of mRNA (ranging from 1 to 200 pg) of wt-hASRGL1 or G178R-
hASRGL1I mRNA and/or phenol red dye. A dosage curve (1-200
pg) was generated to standardize the concentration of mRNA to
be injected into zebrafish embryos to study their eye phenotype.

Measurement of the eye axial length of Zebrafish
morphants

Zebrafish (6 dpf) were anesthetized with 0.05% Tricaine-S and
the eye size was measured by imaging at a fixed magnification
from a dorsal perspective with a Leica DFC425C camera at-
tached to a Leica MZ8 stereo microscope and using Metamorph
Basic software (Leica Microsystems Inc., IL, USA). The axial
length of each eye from the dorsal view was traced using the
Region Measurements function. Nearly 100 pairs of zebrafish
eyes were measured for each experiment.
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Supplementary Material is available at HMG online.
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