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Abstract

NMNAT1 (nicotinamide mononucleotide adenylyltransferase 1) encodes a rate-limiting enzyme
that catalyzes the biosynthesis of NAD™ and plays a role in neuroprotection. Mutations in
NMNAT1 have been identified to cause a recessive, non-syndromic early form of blindness
genetically defined as Leber Congenital Amaurosis 9 (LCA9). One of the most common alleles
reported so far in NMNAT1 is the ¢.769G>A (E257K) missense mutation, which occurs in 70% of
all LCAQ9 cases. However, given its relatively high population frequency and the observation of
individuals with homozygous E257K variant without phenotype, the pathogenicity of this allele
has been questioned. To address this issue, we have studied the pathogenic effects of this allele by
generating a knock-in mouse model. Interestingly, no obvious morphological or functional defects
are observed in Nmnatl E257K homozygous mice up to one year old, even after light-damage.
Together with the previous clinical reports, we propose that the E257K allele is a weak
hypomorphic allele that has significantly reduced penetrance in the homozygous state. In contrast,
compound heterozygous Nmnat1£257K*~ mice exhibited photoreceptor defects which were
exacerbated upon exposure to light. Furthermore, retina specific Mmnat1 conditional knockout
mice exhibit photoreceptor degeneration before the retina has terminally differentiated. These
findings suggest that NMNATI plays an important role in photoreceptors and is likely involved in
both retinal development and maintenance of photoreceptor integrity.
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Introduction

Leber Congenital Amaurosis (LCA) is characterized by photoreceptor cell dysfunction and
cell death with functional loss of rod and cone cells at an early age of life (den Hollander et
al., 2008; Kumaran et al., 2017; Wang et al., 2009). LCA is an inherited form of retinal
dystrophy, and more than 20 causative genes had been identified. LCA9is an autosomal
recessive retinal degeneration condition caused by mutations in the NVMNATI gene,
encoding a nicotinamide adenine dinucleotide (NAD) biosynthetic enzyme, NMNAT1,
which synthesizes NAD™ from nicotinamide mononucleotide (NMN) and ATP (Falk et al.,
2012; Koenekoop et al., 2012; Sasaki et al., 2015). In patients with LCAY, 38 causative
variants have been identified in NMNATZ, and a majority of them are missense mutations
(Chiang et al., 2012; Falk et al., 2012; Keen et al., 2003; Koenekoop et al., 2012; Perrault et
al., 2012; Thompson et al., 2017). /n vitro studies evaluating the functional consequences of
human NMNAT1 variants have shown that they result in reduced NMNAT1 enzymatic
activity. Previous studies indicate that NMNAT1 plays a role in neuroprotection (Sasaki et
al., 2009a; Sasaki et al., 2009b; Williams et al., 2017). In the Golgi complex and
mitochondria, two other NMNAT paralogs function similarly to regenerate NAD™, encoded
by NMNATZ and NMNATS3, respectively (Berger et al., 2005; Hassa et al., 2006; Mori et al.,
2014; Sasaki et al., 2015). Metabolic profiling showed that NMNAT1 exhibits higher
enzymatic activity than other isozymes in mouse tissues (Mori et al., 2014). Despite similar
functions, neither paralog can compensate for the loss of NMNAT1 since Nmnat1
homozygous null mice exhibit embryonic lethality (Conforti et al., 2011).

Interestingly, of the variants identified in NMNATI-LCA9 patients, the E257K
(NM_022787: exon 5: ¢.769G>A: p.E257K) variant is the most frequently observed,
accounting for more than 70% of LCA9 cases based on previously published reports
(Chiang et al., 2012; Falk et al., 2012; Koenekoop et al., 2012; Perrault et al., 2012;
Siemiatkowska et al., 2014b; Thompson et al., 2017). However, a recent report has identified
individuals who are homozygous for the E257K variant and have no ocular phenotypes, and
one individual presented with intellectual disability (Siemiatkowska et al., 2014a). In
addition, based on the allele frequency in healthy European Americans, the Hardy-Weinberg
prediction suggests that a significantly larger portion of LCA patients than observed should
be homozygous for this variant. Therefore, it has been postulated that this variant likely has
low penetrance in the homozygous state.

To gain insights into the role of Nmnat1 function, two NmnatI mutant mice generated by a
large-scale N-ethyl-N-nitrosourea mutagenesis screen, Nmnat1V™ and Nmnat1P243G,
exhibit retinal degeneration (Greenwald et al., 2016). However, our knowledge of the
significance of the E257K NMNAT1 variant still remains limited. Functional studies, in vivo
and /n vitro, have demonstrated that the NMNATI E257K variant results in reduced
enzymatic activity based on analysis in red blood cells from LCAQ patients and in HeLa
cells overexpressing wildtype and mutant proteins (Koenekoop et al., 2012) and also altered
structural stability of NMNAT1 under stress conditions (Sasaki et al., 2015), demonstrating a
possible pathogenic effect of this variant on NMNAT1 function.
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In this study, to gain insights into the pathogenicity of the NMNATI E257K variant, we
generated a knock-in AMimnat1 mouse model by introducing the point mutation ¢.769G>A in
exon 4. Nmnat1E257K/E257K homozygous mice did not exhibit a retinal phenotype as
assessed by histology and electroretinography (ERG). In addition, we generated compound
heterozygous Nmnat15257K/~ mice by crossing AimantI*~ mice, in which exon 2 is deleted,
with Nmnat1E257K/E257K mice. Nmnat1*/~ mice are grossly normal and do not exhibit any
retinal phenotypes. However, phenotypic characterization of Nimnat1£257K/~ mouse retinas
revealed significant thinning of the photoreceptor layer beginning at 5 months of age. The
retinal degeneration phenotype is progressive and can be accelerated after exposure to strong
white light. To test whether the E257K variant affects NMNAT1 localization, we performed
immunostaining and observed no change, suggesting that this variant does not alter the
protein expression pattern in the retina. We also detected expression of activated ER stress
markers in the retina of Nmnat1£257K/~ mice after light-induced damage, suggesting that
Nmnat1£257K’~ mice are more susceptible to ER stress, which likely contributes to
photoreceptor degeneration and death.

Furthermore, to overcome the embryonic lethality exhibited by AMmnat1 germline null mice
and investigate the role of NMNATL1 in retinal degeneration, we generated Nmnat1
conditional knock-out (Nmnat1 cKO) mice. NMNAT1 protein expression has been reported
in the mouse retina (Zhou et al., 2016), but its sub-cellular localization and function in
photoreceptors has not been examined. Since photoreceptors are the primary cell types
affected in LCA and other inherited retinal dystrophies, we focused on photoreceptor-
specific loss of Mmnat! in conditional knock-out mice. Specifically, we used Chx10-Cre
(Rowan and Cepko, 2004), Crx-Cre (Nishida et al., 2003) and Rhodopsin-iCre (Li et al.,
2005) transgenic mouse lines, which result in retinal-specific, photoreceptor-specific and
rod-specific conditional deletion, respectively. Phenotypic characterization of the retinas of
Nmnat1 cKO mice revealed rapid and progressive retinal degeneration in all three
conditional mouse lines at an early age, suggesting that Nmnat1 plays a critical role in
retinal development. These findings provide insights into the role of NMNAT1 in retinal
development and are useful for future therapeutic interventions for L CA9 patients.

1. Expression of NMNAT1 in the retina

To determine the localization of NMNAT1 in mouse retina, we used a NMNAT1 antibody to
specifically examine its expression in the wild-type mouse retina. NMNAT1 was detected in
the photoreceptor layer of the mouse retina from post-natal day 2 and is consistently
expressed throughout post-natal development and throughout adulthood (Fig. 1A).
NMNAT1 expression is also detected in the outer plexiform layer (OPL), inner plexiform
layer (IPL), and ganglion cell layer (GCL). The specificity of the NMNAT1 antibody was
confirmed by a blocking experiment (Fig. 1B). In order to determine its specific expression
pattern in photoreceptors, we used antibodies against the ciliary markers pan-Centrin
(marker of axoneme) and -y-tubulin (marker of basal body). NMNAT1 localization partially
overlaps with y-tubulin, and its expression is distal to Centrin (Fig. 1C). Furthermore,
immunostaining of NMNAT1 in cultured hTERT-RPE1 cells with induced cilia consistently
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shows that NMNAT1 localizes near the cilia basal body (Fig. 1D), suggesting that NMNAT1
is localized near the basal body of the photoreceptor.

2. Generation of Nmnatl mutant alleles

Nmnat1E257K/E257K mice harboring a point mutation in exon 4 (Fig. 2A) were generated by
BAC recombineering (described in the methods section). Mmnat1 E257K homozygous mice
were viable and fertile. We generated a AMmnat1 knockout allele by deleting exon 2 (Fig. 2 B,
C) to generate Nmnat1*~ mice. We crossed Nmnatl*/~ mice with Nmnat1E257K/E257K mice
to generate Nmnat15257K/~ mice. Although Nimnat1~~ mice are embryonic lethal as
previously reported (Conforti et al., 2011), NmnatI*~ mice are viable and fertile, and do not
exhibit any readily detectable retinal defects.

3. Characterization of Nmnatl E257K Homozygous mouse retina

To study the pathogenicity of the NMNATI E257K variant, Nmnat1 mice harboring the
E257K allele were generated by creating a point mutation, ¢c.769G>A, in exon 4. Phenotypic
characterization of the Nmnat1£257K/E257K homozygous mice showed no detectable retinal
degeneration as observed at 5 months of age (Supp. Fig. 1A). Further histological analysis in
aged Nimnat1E257K/E257K mice at 8 months also failed to reveal any retinal degeneration
phenotypes (Supp. Fig. 1). To test the retinal function in Nimnat1E257K/E257K mice, we
performed scotopic and phenotypic full-field electroretinography (ERG) in mice at 12
months of age and observed normal a-wave and b-wave responses to light (data not shown).

Light induced damage is an important factor in accelerating retinal degeneration (Bai and
Sheline, 2013). Findings from a previous study show that Nmnat1 Glu257Lys (E257K)
mutant enzyme is susceptible to heat induced stress (Sasaki et al., 2015). To examine
whether light exposure can increase retinal degeneration in Nmnat1E257K/E257K mice, we
subjected Nmnat1£257K/E257K mice to strong white light for 4 hours. Histological
examination of mice 2 weeks after exposure to light damage showed that the retinal
morphology is unaffected in Nmnat1E257K/E257K mice at 5 months of age (Supp. Fig. 1B).

Nmnat1E257K/~ mice exhibit retinal dysfunction and degeneration—To determine
whether photoreceptor function is altered in Nimnat1£257K/~ mice, we performed ERG on
dark-adapted Nmnat15257K/~ mice at different ages under scotopic conditions (Fig. 3 A, B).
Starting at 5 months of age, a reduction in the amplitudes of rod-generated a-waves is
observed in Nmnat1£257K/~ mice and this decline becomes more pronounced with increased
age at 12 months of age. Consistently, histological analysis shows evident retinal
degeneration in the outer nuclear layer (ONL) at 5 months, and by 12 months,
approximately 40% of the photoreceptor cells are degenerated (Fig. 4 A, B), indicating that
photoreceptor degeneration is progressive. Additionally, we examined the expression of
NMNAT1 in Nmnat15257K/~ retina by immunostaining which showed no significant
alteration in NMNAT1 localization or level (Supp. Fig. 2). Immunostaining for rhodopsin (a
marker for rod cells) and PNA (a marker for cone cells) showed loss of both rod and cone
photoreceptor outer segments of aged Nmnat1£257K/~ mice (Fig. 4C, D) at 12 months,
demonstrating that both rod and cone photoreceptors are affected.
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4. Light-induced damage triggers ER stress and rapid photoreceptor degeneration in
Nmnat1E257K/- mice

To examine whether light exposure can increase retinal degeneration in Nimnat1£257K/~
mice, we subjected Nmnat152°7K/~ mice, along with control littermates, to strong white light
for 4h. Histological examination reveals marked photoreceptor degeneration two weeks after
light exposure of Nmnat1£257K/~ mice at 8 weeks of age (Fig. 5C), consistently throughout
the retina (Fig. 5D). ERG results show noticeable reduction in scotopic a-wave (rod cells)
and b-wave (bipolar cells) responses in light-damaged Nimnat1£257K/~ mouse retinas (Fig. 5
A, B), consistent with changes in histology and retinal morphometry.

Furthermore, since Nimnat1£257K/~ mice showed retinal degeneration upon light-induced
damage, we examined whether Nmnat1£257K/~ mice exhibited ER stress under these
conditions. Immunostaining with markers of ER stress showed positive staining for BIP and
Caspase-12 at one, two, and four days (Supp. Fig. 3-5) after light exposure. CHOP positive
signals were observed in Nimnat1£257K/~ retinas examined both two days and four days after
light exposure (Supp. Fig. 4-5); Caspase 12 staining (Fig. 6 A, B) and TUNEL positive
signals (Fig. 6 C) were observed in retinal sections of Nmnat1£257K/~ mice both 7 and 14
days after light exposure.

5. Generation of Nmnatl conditional knockout alleles

Since Nmnat1 null mice are embryonic lethal, this presents a limitation in further
understanding the function of NMNAT1 in retinal disease pathogenesis. Therefore, we
generated conditional knockout alleles using the Cre/loxP recombination system to delete
Nmnat1 specifically in the eye. To generate an AMmnat1 floxed allele, mice carrying the
Nmnat1tmla (EUCOMM) Wisi g|lele were crossed to Rosa-FLPe mice to remove the reporter
tagged insertion, and two /oxPsites flanking exon 2 were introduced into the targeted locus
(Fig. 2B, C). Nmnat170X/flox homozygous mice are viable, fertile and lack gross
morphological defects. Using Nmnat10X/flox and Nmnat1*'~ mice in specific Cre
backgrounds, we generated Nmnati- Chx10-Cre-cKO (affecting all retina cells), Nmnat1-
Crx-Cre-cKO (affecting only photoreceptor cells) and NimnatI-iCre-cKO (affecting only rod
photoreceptors) mice.

6. Conditional loss of Nmnatl causes early onset retinal degeneration

Most Patients with bi-allelic Nmnat1 variants have severe, early onset vision loss presented
as LCA. To examine if retina-specific conditional deletion of Nmnat1 recapitulates the
phenotypes observed in LCA patients, we used ChxZ0-Cre mice expressing Cre recombinase
in retinal progenitor cells to produce pan-retinal deletion. Histological analysis at post-natal
day 2, 9, and 15 (P2, P9, P15) shows that Nmnati-Chx10-Cre-cKO mice exhibit retinal
degeneration marked by reduced thickness of inner nuclear and outer nuclear layers
compared to littermate control mice at P9 (Fig. 7B), and a drastic reduction of retinal
thickness is observed by P15 (Fig. 7C). No morphological changes were observed in the P2
retina of Nmnat1-Chx10-Cre-cKO mice (Fig. 7A).

NMNAT1 is expressed in the retina in various cell types, including photoreceptors and cells
of the OPL, IPL and GCL(Zhou et al., 2016) (Fig. 1). Since photoreceptors are highly
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metabolically active cells with high energy demands to regulate and sustain their function,
and NMNAT1 regulates NAD* biosynthesis, we hypothesized that selective depletion of
NMNAT1 in photoreceptors is sufficient to cause retinal dysfunction. We generated Nmnat1
conditional knockout mice in photoreceptors by crossing Nmnat1*'~; Crx-Cre mice to
Nmnat10X/flox mice. Crx-driven Cre is detectable in photoreceptors as early as E11.5,
allowing the deletion to occur early during development. Immunostaining of NMNAT1 in
Nmnat1-Crx-Cre-cKO and control retina at P15 confirmed that NMNAT1 expression is
strongly reduced throughout the Nmnat1-Crx-Cre-cKO retina as expected (Fig. 8B). RHO is
undetectable due to significantly shortened outer segments (Fig. 8B). We performed
histological analysis of the Nmnat1-Crx-Cre-cKO mouse retinas at several post-natal stages,
including P3, P6, P15 and P28 (Fig. 8A). Although the histology appeared normal at P6 and
only retinal lamination defects were observed in Nmnat1-Crx-Cre-cKO mice, progressive
thinning of the outer nuclear layer, a hallmark of retinal degeneration, and reduced overall
retinal thickness was apparent by P15. Furthermore, by P28, most photoreceptor cells are
degenerated in Nmnat1-Crx-Cre-cKO mice as the outer nuclear layer is essentially absent in
the retina (Fig. 8A).

We further dissected the effect of NMNAT1 in photoreceptors by selectively ablating it only
in rod cells. We generated Nmnat1-Rhodopsin-iCre-cKO (Nmnatl-iCre-cKO) mice by
crossing Nmnat1*'~; iCre mice to Nmnat10X/flox mice, As expected, NmnatI-iCre-cKO
mice exhibited substantial loss of NMNAT1 in rod photoreceptors and fewer NMNAT1-
positive cells remained compared to the expression levels in Nmnat10X'# controls (Supp.
Fig. 6B). At P7, no differences are observed in the thickness of the ONL between control
and NmnatliCre-cKOretinas. At P28, the ONL of Nmnat1-iCre-cKO mice retina was
markedly reduced compared to littermate control mice, indicating that most rods are lost
(Supp. Fig. 6A). We also performed immunostaining with a rod outer segment marker,
Rhodopsin, and show that no rod outer segments are detectable in Nmnat1-iCre-CKO retinas
by P15 (Supp. Fig. 6B). Our data suggests that loss of Aimnat1 in rod photoreceptors alone is
sufficient to cause retinal degeneration in mice, although less severe than the phenotype of
Nmnat1-Chx10-Cre-Cko or Nmnat1-Crx-Cre-cKO mice. Cumulatively, our findings provide
strong evidence to support the essential involvement of a NAD™ biosynthetic enzyme,
NMNAT1, in the development and survival of photoreceptors and visual function.

Discussion

NMNATI encodes a rate-limiting enzyme that generates NAD* from nicotinic acid
mononucleotide (NaMN) and nicotinamide mononucleotide (NMN) (Berger et al., 2005),
and is involved in nuclear NAD* homeostasis. Although NMNATZ is ubiquitously expressed
in humans, mutations in NMNAT1 have been identified to cause a non-syndromic early form
of blindness genetically defined as LCA9in which both rod and cone photoreceptors are
degenerated. In this report, we studied the pathogenic effects of the E257K variant, which
occurs in 70% of all LCA9 cases, using a knock-in mouse model. Characterization of the
mouse retina morphology and function revealed an absence of rapid photoreceptor cell
degeneration in Nmnat1 E257K homozygous mice in 129 SVEv/C57BL6 mixed background.
Even upon light-induced damage, Nmnat1£257K/E257K mice did not exhibit any detectable
retinal degeneration in adulthood. Together, these data show that the lack of retinal
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phenotype observed in Nmnat1£257K/E257K mice is consistent with individuals harboring the
E257K allele in the homozygous state, suggesting that the E257K variant alone is not
sufficient to cause rapid retinal degeneration. However, compound heterozygous
Nmnat1£257K/~ mice, genotypically similar to L CA9 patients with compound heterozygous
NMNAT1 mutations, exhibited characteristic morphological and functional photoreceptor
defects as measured by electrophysiology, which were exacerbated upon exposure to light
damage. Thus, our data indicates that Mimnat1£257K/~ mice are more susceptible to light-
induced damage.

Based on the observations in NMNAT1-LCAQ9 patients, together with findings from both
Nmnat1 mutant mouse models described in this study, one possibility is that the severity of
the retinal pathology depends on the level of reduction in NMNAT1 enzymatic activity. For
instance, the E257K homozygous individuals exhibiting no retinal phenotype
(Siemiatkowska et al., 2014a) could be explained by the fact that the NMNAT1 enzymatic
activity is not sufficiently affected to trigger retinal degeneration. /n vitro studies have
demonstrated that the ATP catalytic activity of the E257K mutation on NMNATL1 is
comparable with wild type, while the NMN activity is only moderately reduced (Sasaki et
al., 2015). This is also consistent with the findings obtained from Nmnat1 E257K
homozygous mutant mice which also exhibit no retinal phenotypes. Thus, our findings
strengthen the previously reported claim that the E257K variant is not fully penetrant.
However, combining the E257K allele with a loss of function allele means that the
enzymatic activity is severely reduced to levels (i.e. less than 50%) that result in LCA9 in
patients, as in the case reported by us and other previously (Chiang et al., 2012; Falk et al.,
2012; Keen et al., 2003; Koenekoop et al., 2012; Perrault et al., 2012; Thompson et al.,
2017). This is consistent with the findings obtained from compound heterozygous
Nmnat15257K’~ mice, which also exhibit retinal degeneration. Furthermore, other small
nucleotide variants (SNVs), that could alter expression levels of NMNATL1 /n cisor in trans
with the E257K mutation could explain why some NMNAT1 E257K homozygotes have
disease whereas others do not. This possibility has also been suggested previously
(Siemiatkowska et al., 2014a), and our current findings from the NmnatZ mouse models
provide further validity to its basis.

Interestingly, the phenotypes observed in compound heterozygous Nmnat1E257K/~ mice is
relatively mild compared to the LCA pathology presented in patients. This may be attributed
to cross-species differences and/or the modification from the genetic background of the mice
strain. To further understand the mechanisms involved in photoreceptor degeneration
observed in Nmnat16257K~ mice, we exposed Nmnat1£257K/~ mice to strong light, which
has been shown to accelerate photoreceptor cell death (Bai and Sheline, 2013). Upon
prolonged exposure to light, the retinal degeneration phenotype in Nmnat1£2°7K/~ mice
significantly worsened, and triggered activation of the ER stress response pathway. These
findings provide evidence supporting the role of NMNAT1 in protecting post-mitotic
photoreceptor cells against stress induced-instability in the retina. Previous studies have
shown that NAD* plays a protective role in photoreceptor survival in Zn2*-mediated light
induced conditions in mice, resulting in retinal degeneration (Bai and Sheline, 2013). When
NMNAT?1 function is impaired in the Nmnat1£257K/~ mouse retinas, the decrease in NAD*
likely results in an increased susceptibility to light, contributing to the retinal degeneration
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observed, which is enhanced under light-stress conditions. These findings demonstrate that
the presumed inhibition of NAD™ biosynthesis resulting from Aimnat1 mutations in mice
affects ER stress pathways, causing visual impairment and ultimate photoreceptor death.

Furthermore, analysis of NMNAT1 localization in the mouse retina shows its expression in
the photoreceptor layer as early as P2 and is continuously expressed throughout postnatal
development. Consistent with previously findings (Greenwald et al., 2016), we have shown
that NMNAT?1 deficiency affects both rod and cone cells functionally in Nmnat1 mutant
mice (Fig. 4C and D, Fig. 5B). This suggests that NMNAT1 is likely expressed in both
photoreceptor cell types. Specifically, in the photoreceptor layer, it partially co-localizes
with -y-tubulin, a marker for the basal body, and is distal to Centrin, a marker for the
axoneme. These findings show that NMNAT1 localizes to the cilia basal body in
photoreceptor cells in the mouse retina. Based on this localization pattern, an alternative
possibility is that NMNAT1 has novel, unidentified roles in the photoreceptor connecting
cilium. Structural and functional defects in the connecting cilium have been associated with
a spectrum of ciliopathies, including LCA and RP (Eblimit et al., 2015; Rachel et al., 2012;
Soens et al., 2016; Xu et al., 2016). Additionally, we and others have shown that NMNAT1
is also expressed in the OPL, IPL and GCL of the mouse retina (Zhou et al., 2016). In
RGC-5 cells, NMNAT1 is localized in both the nuclei and cytoplasm of ganglion cells where
it plays essential roles in protecting RGCs from high glucose-induced injury, serving as a
neuroprotective agent. Further evidence of this protective role is shown in a mouse model of
glaucomatous neurodegeneration, where viral based gene therapy (AAV2-Nmnatl) alleviates
the axon and soma loss as well as ganglion cell function (Williams et al., 2017).
Furthermore, the OPL and IPL form a dense network of synapses and fibrils, respectively,
between photoreceptor cells, horizontal cells, etc., where NMNAT1 is detected; however, the
precise expression of NMNAT1 in these cell types remains unexplored and warrants further
investigation. Therefore, our findings provide a strong foundation for future studies to
further investigate the function of NMNATL in the retina.

NMNATI encodes a rate-limiting enzyme that generates NAD™ from nicotinic acid
mononucleotide (NaMN) and nicotinamide mononucleotide (NMN). NAD* synthesis can
also occur using other pathways, such as tryptophan-driven synthesis and from nicotinamide
riboside (NR) (Imai and Guarente, 2014; Imai and Yoshino, 2013). NAD™ is an essential
coenzyme involved in several metabolic processes and is required for energy production.
Since photoreceptors are highly metabolically active cells that require high levels of ATP
production to function properly (Fu and Yau, 2007; Yau and Hardie, 2009), we hypothesized
that depletion of NMmnat1 in photoreceptors may result in retinal degeneration. In this study,
we probed the function of Nmnat1 specifically in the mouse retina by generating conditional
loss-of-function alleles and deleting them in a tissue- and cell type-specific manner in the
eye. All Nmnat1 cKO mice (driven by Chx10-Cre, Crx-Cre, and Rhodopsin-iCre) exhibit
severe, rapid and progressive retinal degeneration and blindness. Importantly, most
photoreceptors in the Nmnatl Chx10-Cre cKO retina are lost before the retina has terminally
differentiated, which suggests that Nmnat1 is likely to be functionally important during the
retinal developmental stages as well as in maintaining photoreceptor integrity post-
developmentally. Interestingly, in patients, although NMNATI mutations are present
ubiquitously in all cell types, their disease manifestation is uniquely restricted to the retina
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(Chiang et al., 2012; Falk et al., 2012; Koenekoop et al., 2012), where their rod and cone cell
functions are severely impaired. In our Mmnat conditional deletion mouse models, we
provide strong evidence that ablation of Mmnat function in the retina results in
photoreceptor degeneration and cell death.

Taken together, our current findings provide evidence that the E257K NMNAT1 allele has
significantly low penetrance, though it contributes to retinal degeneration phenotypes
observed both in LCA9 patients and AMmnatI mutant mice when present in the compound
heterozygous state with a homozygous loss of function allele. Additionally, there is a
likelihood of other SNVs that are present in LCA9 patients that could alter expression levels
of NMNAT1 in concert with the E257K mutation, that could result in variable disease
phenotypes. Clinically, this finding is of relevance since it helps us better evaluate the
molecular diagnosis of LCA9 patients with the E257K variant. Furthermore, we show that
loss of NMNAT1 in specifically in the eye causes severe early-onset retinal degeneration
prior to terminal differentiation of photoreceptor cells, implicating its importance in
photoceptor development and survival. Interestingly, we found that NMNAT1 expression is
restricted to the basal body of the photoreceptor connecting cilium. Although it is well
known that NMNAT1 is an enzyme that functions in synthesizing NAD+ and plays a role in
neuroprotection (Sasaki et al., 2009a; Sasaki et al., 2009b; Williams et al., 2017), it is
possible that it may have additional unknown functions in the connecting cilium which
contribute to the severe retinal pathologies shown in this study. Functional analysis of
NMNAT1 in the photoreceptor connecting cilium may provide insights into its specific role
in retinal development. Additionally, NMmnat1 conditional knock-out mice may serve as a
useful tool for further gene-therapy based studies to test therapeutic interventions, which can
ultimately benefit in development of treatments for LCA9 patients.

Methods and Materials

Generation of Nmnatl mutant mice

To generate Nimnat1 mutant mice, C57BL/6NTac- Nmnat1imia (EUCOMM)WIsi embryonic
stem cells (strain ID EM:04346, purchased from EUCOMM Mutant mice), were
microinjected into C57BL6 blastocysts to generate chimeras. Male chimeras were bred to
C57BL/6J females to test for germline transmission of the Nimnat1imia (FUCOMM)WESI g||gle,
They were also bred to FLPeR mice (Gt (ROSA) 26SorML(FLPDYM ohtained from Jackson
Labs) to remove the FRT flanked lacZ/neomycin sequence and generate a Nmnat17°X allele.
Nmnat1™°X mice were crossed to Hprt-Cre (129S1/Sv-Hpri™m1 (Cre)Mnnj; jackson Labs) to
generate the Nmnatl™~ allele. To generate the ¢.769G>A point mutation, we used a two-
step method requiring a counter selection marker (sensitivity to sucrose with SacB). Briefly,
we first used recombineering technology to introduce a Cat-SacB cassette into the Nmnat1-
BAC DNA which is cloned in the P[acman] vector. We then constructed a DNA fragment
containing a point mutation in exon 4 (c.769G>A) along with a Neo cassette to replace the
Cat-SacB cassette in the Nmnat1-BAC. AB 2.2 embryonic stem cells (Mouse ES Cell Core
Facility at Baylor College of Medicine) derived from the 129 SvEv strain were
electroporated with linearized targeting vector. DNA from embryonic stem cell lines was
digested and analyzed by Southern blot using 5° and 3" probes (flanking the recombination
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arms and not included in the targeting vector) and genomic PCR. Targeted cell lines were
selected and microinjected into the C57BL6 blastocysts to generate chimeras. One chimera
underwent germline transmission. To genotype subsequent F2 and F3 generations of c.
769G>A mice, we used a genomic PCR assay with a set of primers from the targeted region.
The primers for the point mutation are: Nmnat1-PL451-reco-R 5’-
TAGGCCAGTGCTCTACCAACT-3" and 1LoxpcheckF 5’-
ATCGCATTGTCTGAGTAGGTGTC-3".

Homozygous Nmnat10X females were bred with Aimnat170¥~ mice expressing different
Cre recombinases to generate NMmnat conditional knockout mice. Crx-Cre (Tg (Crx-Cre/
ERT2)1Tfur), Chx10-Cre (Tg (Chx10-EGFP/Cre-ALPP) 2Clc/J) mice were obtained from
Jackson Labs. /iCre mice were a gift from Dr. Ching-Kang (Jason) Chen. To genotype
subsequent F2 and F3 generations of mice, we used a genomic PCR assay with a set of
primers from the targeted region. These primers are: a (5-
TCATGTAGGGAACTCAGAGCTGGT-3), b (5'-TTTCCCACGTATCCACTTCC-3'), ¢
(5’"-GCCATCACGAGATTTCGATT-3") and d (5"-TTGCCACCAAGAACTCACAC-3’) and
e (5'-TGAAAGAGGCAAGGGCTTAG).

Immunocytochemistry

hTERT-RPEL cells were cultured as previously described (Gorden et al., 2008). To induce
ciliogenesis, cells were seeded on coverslips and serum starved for 48 hrs to detect
endogenous Nmnatl expression. Ciliated cells were fixed in 2% PFA for 20 min, treated
with 1% Triton X-100 in PBS for 5 min, and blocked in 2% bovine serum albumin (BSA)\in
PBS for 30 minutes. Fixed cells were stained for 1 hr with the corresponding primary
antibodies: rabbit-Nmnat1 polyclonal antibody (1:1000, Abcam ab45652), mouse
monoclonal a-acetylated tubulin (1:1000, Sigma-Aldrich). Coverslips were then washed in
PBS and stained for 45 min with secondary antibodies (anti-mouse Alexa Fluor 488, and
anti-rabbit Cy3, 1:500, /nvitrogen/Molecular Probes). Coverslips were washed again with
PBS and briefly with mQ water before mounting in Vectashield (Vector Laboratories,
Burlingame, CA, USA). Samples for immunocytochemistry were analyzed on a Zeiss Axio
Imager ZI fluorescence microscope (Zeiss), equipped with a 63x objective oil lens. Optical
sections were generated through structured processed using Axiovision 4.3 (Zeiss), Adobe
Photoshop CS4, and FIJI software.

Electroretinographic Analysis

Prior to ERG testing, mice were allowed to dark-adapt overnight. Under dim red
illumination, mice were anesthetized with an intraperitoneal injection of ketamine (70 mg/
kg), xylazine (14 mg/kg), and acepromazine (1.2 mg/kg). A single drop of 0.5%
proparacaine was applied to each eye for corneal anesthesia and drops of 1% tropicamide
and 2.5% phenylephrine were used to dilate the pupils. Mice were placed on a heating pad
maintained at 39 °C inside a Ganzfeld dome. Platinum electrodes mounted on
micromanipulators were positioned on each cornea and a small amount of 2.5%
methylcellulose was applied to each eye. Platinum subdermal needle electrodes were
inserted into the tail and forehead to serve as ground and reference, respectively. Signals
were bandpass filtered from 0.1 — 1,000 Hz and digitally sampled at 10 kHz. Flashes in the
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30 kHz scotopic range were generated by a pair of cyan Luxeon K2 LEDs (Apeak = 505 nm,
AN1/2 = 30 nm; Phillips Lumileds, San Jose, CA) wired in series. Square pulses of 0.5 ms
duration and varying currents were driven through the LEDs to create flashes of different
intensities. Bright flashes were generated with 1500 W xenon flash bulbs (Novatron, Dallas,
TX). At the lowest intensity, 25 responses were averaged with a delay of 4 seconds between
each flash. As flash intensity increased, fewer responses were averaged with a longer delay
between flashes. For analysis of ERG waveforms, the a-wave was measured from baseline to
the trough of the initial negative deflection (unfiltered) and the b-wave was measured from
the a-wave trough to the peak of the subsequent positive deflection (low-pass filtered, fc =
60 Hz).

Immunohistochemistry

Eyes were enucleated from mutant and wild-type mice as previously described (Agrawal et
al., 2017; Eblimit et al., 2018). For evaluation of Nmnat1 localization in photoreceptor cells
of wild-type, unfixed mouse eyes were harvested and frozen in OCT. 10-14 um cryosections
were cut and treated with 0.1% Triton X100 in PBS for 10 minutes and subsequently
blocked in 5% normal goat serum in PBS (blocking buffer) for 30 minutes. Cryosections
were then incubated overnight at 4°C with corresponding primary antibodies and followed
by incubation of secondary antibodies at room temperature for 1 hr in blocking buffer.
Modified Davidson’s Fixative was used to fix eyes overnight for paraffin embedding. Seven
micrometer eye sections were cut (Microtome, Leica). Slides were deparaffinized and
antigen retrieval was performed as described previously (Agrawal et al., 2017; Arno et al.,
2016). Slides were washed in PBS, incubated for 1 hr at room temperature in hybridization
buffer (10% normal goat serum, 0.1% Triton X-100, PBS), then incubated overnight in
primary antibody diluted in hybridization buffer. Slides were then washed in PBS, incubated
with secondary antibody diluted in hybridization buffer at room temperature for 2 hr, washed
in PBS, mounted with anti-fade medium (Prolong; Invitrogen) to reduce bleaching, and
cover-slipped.

For NMNAT1 blocking experiments, 5 ul of anti-rabbit NMNAT1 antibody was mixed with
5 ul of blocking peptide (Abcam) and incubated in 500ul of hybridization buffer at 4°C
overnight followed by immunostaining as described above. Dilutions and sources of
antibodies were as follows: rabbit-Nmnat1 polyclonal antibody (1:100, Abcam ab45652),
mouse ‘y-tubulin antibody (1:200, Sigma), mouse anti-pan Centrin (Millipore, 20H-5,
1:1000), mouse anti-rhodopsin (B6-30N) (1:200, a generous gift from W. Clay Smith), Cy3
anti-rabbit (1:500, Jackson Immunochemicals), secondary antibodies were conjugated with
Alexa fluor 488 (1:500, Molecular Probes), and DAPI staining reagent (dilution 1:8000).
Fluorescent images were captured with a Zeiss LSM 510 confocal microscope and
processed with Image J and Adobe Photoshop software. Images were processed using
Axiovision 4.3 (Zeiss) and Adobe Photoshop CS4.

Light damage studies

Light damage (LD) studies were carried out as previously published (Wenzel et al., 2000)
but with some modifications. Specifically, mice were dark-adapted for 48 h, and LD was
induced after pupil dilation with 0.1% atropine (Sigma) by exposure to 10,000 lux diffuse
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white fluorescent light (150 watt spiral lamp, Commercial Electric) (lights on at 11:00 a.m.)
for 4 hours. Mice were then reared in a normal light-dark cycle until being sacrificed for
histology.

Measurements of Outer Nuclear Layer (ONL) Thickness

Mouse eyes were dissected, embedded in paraffin, and sectioned along the vertical meridian.
The thickness of the outer nuclear layer (ONL) was measured at 18 positions equally spaced
along the retina (9 positions each in the superior and inferior hemispheres) in retinal tissue
from at least 3 biological replicates. For each position, three measurements were taken and
the average value of these three measurements was calculated. Measurements were made
using a camera lucida connected to a light microscope, a WACOM graphics tablet
(WACOM, Vancouver, WA), and AxioVision LE Rel. 4.1 software (Zeiss, Goettingen,
Germany). Before each measurement session, the setup was calibrated using a stage
micrometer (Klarmann Rulings, Litchfield, NH).

Detection of Apoptotic Cells in the Retina

Apoptotic cell death was detected by the terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL) assay according to the manufacturer’s manual
(Roche, In Situ Cell Death Detection it, 11684795910, Roche Diagnostics, Indianapolis, IN).
Paraffin embedded retinal sections were used for the TUNEL assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

The manuscript describes detailed characterization of the most common NMNAT1
variant, E257K, associated with LCA9, using a knock-in mouse model for the first time,
and delineation of the cell type specific function of NMNATL1 in the retina using
conditional knock-out mice.
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Figure 1. NMNAT1 localizes to the basal body of mouse photoreceptors
(A) NMNAT1 expression in wild-type frozen sections is detected in the photoreceptor cell

layer beginning at P2 and continues throughout adult stages (NMNAT1 shown in green;
propidium iodine (PI) shown in red indicating nuclear staining). (B) Cryosections of WT
retina treated with a NMNAT1 blocking peptide in combination with NMNAT1 antibody
shows lack of NMNAT1 staining, confirming the specificity of the NMNAT1 antibody. (C)
Cryosections of WT retina co-stained with anti-NMNAT1, pan-Centrin (an axoneme marker)
and -y-tubulin (a marker of the basal body) antibodies. Inserts: high magnification images
show NMNAT1 positive signals near the basal body of the photoreceptor. (D) Co-staining of
ciliated hTERT-RPEZ1 cultured cells with NMNAT1 and acetylated a-tubulin (an axoneme
marker) shows NMNAT1 positive signal near the basal body. Scale bar: A-B: 20um; C:
10um; D: 2um. RPE= retinal pigment epithelium, ONL= outer nuclear layer, INL= inner
nuclear layer, IPL= inner plexiform layer, GCL= ganglion cell layer, OS= outer segment,
IS= inner segment, CC= connecting cilium.
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Figure 2. Generation of Nmnatl conditional knockout alleles
(A) Schematic of a point mutation introduced in exon 4 of Nmnat1 to generate the

Nmnat1E257K mutant allele. (B) Generation of Nmnat1 floxed alleles; green triangles
indicate the FRT sites flanking the neo cassette, and orange triangles indicate the loxP sites
flanking exon 2 (C) PCR performed using 3 primer pairs: c/e, a/b, a/e, flanking the target
regions of interest used for genotyping along with legend (right) indicating the appropriate

genotypes for lanes 1-7 on the gel (left).
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Figure 3. Nmnat1E257K/~ mice exhibit photoreceptor dysfunction
Electroretinogram recordings performed on Nmnat1£257KI~ mutant mice and Nmnat1£257K1+

or Nmnat1*~ littermate control mice at 1 month, 5 months, and 12 months of age averaged
from n =5 per group per genotype. (A) A significant reduction in the a-wave amplitude was
detected in 5-month-old and 12-month-old Nmnat1£257K~ mutant mice (shown in red)
compared to the a-wave amplitude of age-matched control littermates (shown in blue). (B)
ERG responses (n= 5) of the b-wave show no marked decrease in amplitude in
Nmnat1£257K~ mutant mice compared to Nmnat1£257KI* or Nmnat1*/~ littermate control
mice at 1 month, 5 months, and 12 months of age.
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Figure 4. Nmnat1E257K/~ retinas show progressive photoreceptor degeneration
(A) Nmnat1£257K/~ mutant mice exhibit mild photoreceptor degeneration at 5 months of

age, which is progressive and more severe by 12 months (B) in comparison to Nmnatl WT
mice. (C) Immunostaining with Rhodopsin (Rho) antibody (shown in red) shows thinning of
the outer segment (OS) in Nmnat1£257K/~ mutant mice compared to Aimnatl WT mice. (D)
PNA staining shows attenuated cones in Nmnat16257K/= retina compared to Nmnatl WT
retina. Scale bar: 20 pm.
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Figure 5. Light induced damage triggers rapid degeneration of photoreceptors of Nmnat1E257K/=

mutant mice

(A, B) Scotopic and photopic ERG were recorded to evaluate the before and after effects of
light damage (LD) on Nimnat1£257KI= mutant mice compared to control age-matched
littermates (n = 5 per genotype). (C, D) H&E staining and retinal morphometry show
marked photoreceptor degeneration in 10 weeks-old mutant mice after light exposure at 8
weeks of age compared to controls. RPE= retinal pigment epithelium, ONL= outer nuclear
layer, INL= inner nuclear layer, OPL= outer plexiform layer, IPL= inner plexiform layer,
GCL= ganglion cell layer, OS= outer segment, IS= inner segment.
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Figure 6. Light damage induces cell death in Nmnat1E257K/~ retinas at 7 and 14 days after light
exposure
Cryosections of 8 weeks-old Nimnat1E257K/ retinas stained for Caspase-12, a marker of ER

stress, after light exposure (A, B). Caspase-12 is not detected in the ONL of Nimnat1*/~
retinas while strong staining is observed in the ONL of Nmnat1£257K/= retinas at 7 days (A)
and 14 days (B) after light exposure. A subset of positive signals is marked by arrowheads.
(C) TUNEL-positive cells (green) are detected mostly in the INL and ONL of paraffin
embedded Nmnat1E257K~ retinas at 14 days after light exposure (right), while no signal is
observed in control retina after light exposure (left). Scale bar: 20 um. DAPI (blue) was used
to counterstain nuclei in Panels A and B. Propidium lodide (PI) was used to counterstain
nuclei in Panel C. ONL= outer nuclear layer, INL= inner nuclear layer, GCL= ganglion cell
layer.
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Figure 7. Nmnat1F1%/~: Chx10-Cre conditional knockout mice exhibit rapid photoreceptor
degeneration

(A) Conditional deletion of AMmnat1 in the entire retina using Chx10-Cre did not show any
readily detectable phenotype at P2 compared to control Nmnat10* mice by H&E staining.
(B) At P9, severe reduction in the thickness of the ONL is observed in Nmnatl cKO mice
compared to control Nmnat10%* mice. (C) At P15, severe thinning of the ONL and overall
retina is observed in Nmnat cKO mice compared to control Amnat1™o%* mice. Scale bar:
20 um. RPE= retinal pigment epithelium, ONL= outer nuclear layer, INL= inner nuclear
layer, GCL= ganglion cell layer.
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Figure 8. Conditional ablation of Nmnatl in photoreceptors using Crx-Cre causes rapid retinal
degeneration

(A) H&E staining on Nmnatl Crx-Cre cKO (Nmnat1F'o%~: Crx-Cre) mice reveals defects in
lamination at P6 and strong loss of retinal tissue by P15. At P28, there is a significant
reduction in the overall thickness of the retina as well as the photoreceptor ONL layer in
Nmnat1F10%/=: Crx-Cre mutant retina compared to Nmnat1F/o%* control retina. (B)
Rhodopsin (red) staining shows complete loss of outer segments in Nimnat1F0¥~: Crx-Cre
retina at P15, consistent with strong loss of NMNAT1 immunoreactivity (green). In
comparison, the expression of Rho in the OS and NMNAT1 in control Nmnat17/0%* retina
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appears to be normal as expected. Scale bar: 20 um. RPE= retinal pigment epithelium,
ONL= outer nuclear layer, INL= inner nuclear layer, GCL= ganglion cell layer.
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