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ABSTRACT Nicotinamide mononucleotide adenylyltransferase (Nmnat) is a class of enzymes
with three members (Nmnat1-3). Nmnat1 is in nucleus and associated with Leber congenital
amaurosis, a form of early-onset retinal degeneration, while Nmnat2 is in cytoplasm and a
well-characterized neuroprotective factor. The differences in their biological roles in the reti-
na are unclear. We performed short hairpin RNA (shRNA)-based loss-of-function analysis of
Nmnat2 during mouse retinal development in retinal explant cultures prepared from early
(E14.5), middle (E17.5), or late (postnatal day [P]0.5) developmental stages. Nmnat2 has im-
portant roles in the survival of retinal cells in the early and middle stages of retinal develop-
ment. Retinal cell death caused by Nmnat2 knockdown could be partially rescued by supple-
mentation with NAD or nicotinamide mononucleotide (NMN). Survival of retinal cells in the
late stage of retinal development was unaffected by Nmnat2, but differentiation of Miiller
glia was controlled by Nmnat2. RNA-Seq analyses showed perturbation of gene expression
patterns by shRNAs specific for Nmnat1 or Nmnat2, but gene ontology analysis did not pro-
vide a rational explanation for the phenotype. This study showed that Nmnat2 has multiple
developmental stage-dependent roles during mouse retinal development, which were clearly
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different from those of Nmnat1, suggesting specific roles for Nmnat1 and Nmnat2.
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INTRODUCTION
Nicotinamide adenine dinucleotide (NAD) is an essential molecule
for major energy production pathways, including glycolysis, the tri-
carboxylic acid cycle, and fatty acid oxidation. NAD is a critical cosub-
strate for the NAD-dependent enzymes Sirtuins (Sirts) and poly (ADP-
ribose) polymerases (Parps) and plays roles in multiple cell signaling
pathways contributing to development, homeostasis, and aging
(Imai and Guarente, 2016; Covarrubias et al., 2021). Nicotinamide
mononucleotide adenylyltransferases (Nmnats) are essential en-
zymes in NAD synthesis pathways and catalyze the conversion of
mononucleotide (NMN) to NAD or of nicotinic acid mononucleotide
(NaMN) to nicotinic acid adenine dinucleotide (NaAD). There are
three isoforms of Nmnat, Nmnat1, Nmnat2, and Nmnat3, which were
reported to have different subcellular localizations in the nucleus, cy-
toplasm, and mitochondria, respectively (Berger et al., 2005).
Mutation of Nmnat1, the nuclear NAD synthase, has been shown
to cause Leber congenital amaurosis (LCA), which is an early-onset
retinal photoreceptor degeneration disease (den Hollander et al.,
2008), and several groups have attempted to elucidate the
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FIGURE 1: Gene expression patterns of Nmnat1, Nmnat2, and Nmnat3 during retinal development. (A) Transition of
mRNA expression of Nmnat family genes during mouse retinal development was examined using publicized RNA-Seq
data (GSE87064). The expression levels for Nmnat family genes Nmnat1, Nmnat2, and Nmnat3 were quantified as
transcripts per million (TPM). (B) Dotplot showing spatial expression patterns of Nmnat family genes (Y axis) across
retinal cell subtypes (X axis). Dot color indicates average expression level and dot diameter indicates proportion of cells
expressing each gene in each retinal cell subtype. RPE, retinal pigment epithelium; RPCs, retinal progenitor cells.

(C, D) UMAP-dimension reduction of single cell RNA-Seq of developing mouse retina (GSE113684). Cells were colored
by annotated retinal cell types as determined by marker gene expression, C) or the expression level of Nmnat2, D. Red
arrowheads in D indicate cells expressing Nmnat2 with relatively high level. (E) Expression of Nmnat1 and Nmnat2 in

retina and RPE examined by the microarray (GE01-246).

underlying mechanisms (Falk et al., 2012; Koenekoop et al., 2012).
Nmnat1VIM/VIM mice harbor a p.Val9Met mutation in Nmnat1
and show a retinal degeneration-like phenotype at 3 wk old, similar
to the retina of infants with LCA (Greenwald et al., 2016). Further-
more, we have shown that short hairpin RNA (shRNA)-mediated
suppression of Nmnat1 led to retinal progenitor cell (RPC) death in
mouse retina explant culture (Kuribayashi et al., 2018).

Nmnat2 has attracted attention as a neuroprotective factor (Zhai
et al., 2008; Ali et al., 2013; Ruan et al., 2015). Wallerian degenera-
tion, which is a process of active neural degeneration of distal axon
stumps following physiological injury, is a well-studied example of
the involvement of Nmnat2 in neuronal degeneration (Mack et al.,
2001; Gilley and Coleman, 2010; Conforti et al., 2014). This process
is known to be activated by loss of Nmnat2 and delayed by overex-
pression of Nmnat2 (Feng et al., 2010; Gilley and Coleman, 2010).
Mice lacking Nmnat2 show severe peripheral axon defects and in-
nervation defects of major organs and muscles, leading to death in
the perinatal stage (Hicks et al., 2012). Sterile alpha and TIR motif-
containing 1 (Sarm1) has emerged as a novel neuroprotective factor
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with NADase activity (Gilley et al., 2015; Essuman et al., 2017).
Furthermore, although Nmnat2 knockout is lethal, mice lacking
both Nmnat2 and Sarm1 are viable (Gilley et al., 2015). These results
suggest that Nmnat2 is essential for survival of neurons, probably
through maintenance of appropriate levels of NAD, but the roles of
Nmnat2 in retinal development and maintenance remain to be
elucidated.

We performed shRNA-based loss-of-function analysis of Nmnat2
using mouse retinal explants harvested from multiple developmen-
tal stages, revealing that Nmnat2 contributes to retinal cell survival
and differentiation in a developmental stage-specific manner.

RESULTS

Nmnat2 is uniquely expressed in retinal subtypes during
retinal development

We showed previously that the level of Nmnat2 expression was rela-
tively stable in the retina from fetal to adult mouse stage (Kuribayashi
et al., 2018). Public RNA-Seq data (GSE87064) and our previous
RNA-Seq results (GSE71462; unpublished data) for developing
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mouse retinas showed that the expression level of Nmnat2 was
highest among Nmnat family genes in the whole retina during
mouse retinal development (Figure 1A). The major population of
retinal subtypes of embryonic retinas is RPC, suggesting high and
constant expression levels of Nmnat2 in RPC. We previously per-
formed RNA-Seq analysis of retinal CD73-positive (CD73+) rod pho-
toreceptor and CD73-negative (CD73-) other cells and showed that
Nmnat2 is expressed in CD73- cells, but only negligible values were
observed with CD73+ cells (Kuribayashi et al., 2018). A public
scRNA-Seq dataset (GSE118614) for the developing mouse retina
also showed low expression of NmnaZ2 in rod photoreceptors (Figure
1, B-D); these data consistently suggested that Nmnat1 and very
low Nmnat2 are expressed in rod photoreceptor lineage. In the
scRNA-Seq results, the expression of Nmnat1 was low but was de-
tected in a variety of retinal cell types, including RPCs, neurogenic
cells, photoreceptor precursors, cone photoreceptors, and Miiller
glia (Figure 1B), while Nmnat2 was nearly predominantly expressed
in retinal ganglion cells (RGCs), amacrine cells, and horizontal cells
(Figure 1, B-D). In the scRNA-Seq data, RPCs showed only negligi-
ble expression of Nmnat2, which is in contrast to the data of Figure
1A, and we do not have a rational explanation for this inconsistency.
Interestingly, retinal pigment epithelium (RPE) showed the highest
expression of Nmnat2 among retinal cell types, while rod photore-
ceptors, bipolar cells, and RPC did not show such high level of
Nmnat2 expression (Figure 1, B-D). However, previous microarray
data showed comparable or rather lower expression levels of
Nmnat2 in RPE than in retina in adult mouse (Figure 1E), suggesting
that expression patterns in each subtype of retinal cells are still not
conclusive.

Nmnat2 is essential for RPC survival at both early and
middle developmental stages
The retinal subtypes develop in a chronologically defined order
from the RPCs (Young, 1985; Cepko et al., 1996; Figure 2A). Early-
born retinal cell types such as RGCs, amacrine cells, horizontal cells,
and cone photoreceptors are differentiated from embryonic RPCs,
but late-born cell types such as bipolar cells, rod photoreceptors,
and Miiller glia are largely generated in postnatal stages (Figure 2A).
To examine the roles of Nmnat2 during the transition of retinal de-
velopment, we performed shRNA-mediated loss-of-function analy-
sis of Nmnat2 using retinas isolated from mice at three different
stages of development (embryonic days [E] 14.5 and 17.5 and post-
natal day [P] 0.5). In all cases, cell death and cell proliferation were
verified using short-term (3 d) cultured explants, and cell differentia-
tion was evaluated using long-term (10- or 14-d) cultured explants of
the retinas at E17.5 and P0.5, as shown schematically in Figure 2A.
We first confirmed that shNmnat2 expression plasmids were ef-
fective in suppressing Nmnat2 transcript expression in NIH3T3 cells
(Figure 2B). To assess off-target effect of shNmnat2 on other Nmnat
family genes, we confirmed that target sequences of shNmnat2 ex-
pression plasmids were not homologous to other Nmnat family
genes, Nmnat1 and Nmnat3, by BLAST search. We also examined
the expression of NmnatT and Nmnat3 in NIH3T3 cells transfected
with shNmnat2 expression plasmids. Although we could not detect
the expression of Nmnat3 because of its low level, the expression of
Nmant1 was not affected by shNmnat2 (Figure 2C). Then we coelec-
troporated pUé-shNmnat2 or -scramble and pCAG-EGFP into reti-
nas isolated from E14.5 mouse embryos, and the explanted retinas
were harvested on day 3. In the following section, data obtained by
expression of shNmnat2-1st (target sequence is shown in Materials
and Methods) are shown as representative data, but we obtained
essentially the same results with expression of shNmnat2-2nd (target
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sequence is shown in Materials and Methods) in the retina (unpub-
lished data). The number of active caspase-3 (act-Casp3)-positive
apoptotic cells was significantly increased in the retinas into which
shNmnat2 had been introduced, compared with the controls (Figure
2, D and G). On the other hand, the number of Kié7-positive prolif-
erating cells was decreased (Figure 2, E and H). The number of
BRN3B-positive RGCs was comparable between the two samples
(Figure 2, F and I). However, it is notable that the efficiency of trans-
fection into RGC lineage cells was very low, probably because RGCs
start to differentiate earlier than the timing of electroporation.
Therefore, it is suggested that depletion of NMNAT2 in the RGC
lineage does not affect their differentiation.

We then performed electroporation as described above using
retinas isolated at E17.5. The results indicated that expression of
shNmnat2 was associated with an increase in act-Casp3-positive
cells and a decrease in Ki67-positive cells (Figure 3, A-D). Taken
together, these observations suggest that Nmnat2 is essential for
survival and proliferation of RPCs in the embryonic retina.

Nmnat2 plays an important role in retinal cell differentiation
in the middle developmental stage

We next examined differentiation using explants cultured for 14 d
after electroporation. Due to apoptosis, the total number of EGFP-
positive cells in the retinas electroporated with shNmnat2 was
much lower than in the controls. In addition, the subretinal distribu-
tion of EGFP-positive cells was also altered by shNmnat2 expres-
sion; most of the EGFP-positive cells disappeared from the inner
nuclear layer (INL), and remaining EGFP-positive cells were local-
ized in the outer nuclear layer (ONL; Figure 3E; Supplemental
Figure 1A). Immunostaining with anti-cell type specific marker anti-
bodies showed that PNR-positive rod photoreceptors were slightly
decreased in the retinas expressing shNmnat2 (Figure 3, F and G).
Although the numbers of glutamine synthetase (GS)-positive
Midiller glia were comparable, apico-basal processes of Miller glia
were disrupted and the subretinal localization of Miiller glia cell
bodies was severely perturbed in the retinas expressing shNmnat2
(Figure 3, F and G). Morphology of GFP-negative GS-positive
Miiller glia cells were also perturbed, suggesting noncell autono-
mous effects of depletion of Nmnat2 in Miiller glia. The number of
CHX10-positive bipolar cells was comparable between the two
samples, but ectopic bipolar cells in ONL were observed in
shNmnat2 expressing retinal explants (Figure 3, F and G). It is pos-
sible that the abnormal Miiller glia morphology affected proper
localization of bipolar cells. The numbers of Calbindin-D28k-posi-
tive horizontal cells and amacrine subsets were not changed (Figure
3, F and G), while the number of TFAP2-A-positive pan-amacrine
cells was increased in the retinas expressing shNmnat2 compared
with the controls (Figure 3, F and G).

These results indicate that Nmnat2 knockdown led to retinal pro-
genitor cell death at early and middle stages of retinal develop-
ment, accompanied by a decrease in rod photoreceptor cells, ab-
normal Miiller glial morphology, perturbed bipolar cell localization,
and an increase in amacrine cells.

Nmnat2 had no effect on cell survival in the later
developmental stage, but was required for proper cell
differentiation in the retina

We then introduced shNmnat2 into the retinas isolated from mice
at PO.5, as described above, which were then cultured for 3 or 10 d.
Immunostaining with anti-act-Casp3 antibody showed a small but
comparable number of apoptotic cells in the shNmnat2-expressing
explants compared with scramble-expressing controls at 3 d in
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The roles of Nmnat2 during early stages of mouse retinal development. (A) Schematic representation of
retinal cell differentiation and experimental paradigms. Color bars indicate period of differentiation of each retinal cell
type during mouse development. Plasmids encoding shNmnat2 or scramble sequences were transfected into the
mouse retinas at early (E14.5), middle (E17.5), or late (P0.5) stages of mouse development, depending on the purpose
of the experiment. Short-term culture of the explant retina was used to evaluate cell death and cell proliferation.
Long-term culture of the retina was used to assess cell differentiation. RGC, retinal ganglion cell. (B, C) The suppressive
effect of shNmnat2 on Nmnat2 expression, B, and Nmnat1 expression, C, was evaluated by gPCR. Scramble- or
shNmnat2-expressing plasmids and EGFP-expressing plasmids were transfected together into NIH3T3 cells. After 2 d
of culture, EGFP-positive cells were collected and Nmnat2 and Nmnat 1 expression was assessed by RT-qPCR. Gene
expression levels were corrected by Gapdh expression. (D-I) Retinas isolated from mouse embryos at E14.5 were
transfected with scramble sequences or shNmnat2 encoding plasmids and EGFP expressing plasmids and harvested
after 3 d of culture. Frozen sections were immunostained with anti-active-Caspase 3 (act-Casp3), D, anti-Ki67, E, or
anti-BRN3B and anti-GFP, F antibody. White arrows in F indicate GFP and BRN3B double positive cells. Nuclei were
visualized by staining with DAPI. Populations of active-Caspase 3+ GFP+ cells (G), Ki67+ GFP+ cells (H) and BRN3B+
GFP+ cells (I) in total EGFP+ cells are shown. NBL, neuroblastic layer; GCL, ganglion cell layer. The means and standard
deviations were calculated using three independent samples. Scale bar = 50 pm.
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The roles of Nmnat2 during middle stages of mouse retinal development. Retinas isolated from mouse
embryos at E17.5 were transfected with scramble sequences- or shNmnat2-encoding plasmids and EGFP expressing
plasmids and harvested after 3, A-D, or 14, E-G, days of culture. (A-D) Frozen sections were immunostained with anti-act-
Casp3, A, and anti-Ki67, B, antibody. Nuclei were visualized by staining with DAPI. Population (%) of active-Caspase 3+
GFP+ cells, C, and Ki67+ GFP+ cells, D, in total EGFP+ cells are shown. (E) Frozen sections were immunostained with
anti-GFP antibody, and subretinal distribution of EGFP+ cells is counted. The values are means of three independent
samples with standard deviations. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (F, G) Retinal
subtypes were costained with anti-EGFP- and anti-cell type specific marker antibodies, G. The numbers of each cell
specific marker+ cells per 100 pm section was compared between scramble-expressing retinas and shNmnat2-expressing
retinas, F. The means and standard deviations were calculated using three independent samples. Scale bar = 50 pm.
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The roles of Nmnat2 during late stages of mouse retinal development. Mouse
retinas at P0.5 were transfected with scramble sequences or shNmnat2-encoding plasmids and
EGFP-expressing plasmids and harvested after 3, A, B, or 10, C-E, days of culture. (A) Frozen
sections were immunostained with anti-active-Caspase 3 antibody and anti-EGFP antibody.

(B) Proportions of active-Caspase 3+ EGFP+ cells in total EGFP+ cells. (C) Frozen sections were
immunostained with anti-EGFP antibody, and subretinal distributions of EGFP+ cells were
compared. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

(D, E) Retinal subtypes were costained with anti-EGFP and anti-cell specific marker antibodies,
D. The number of cell specific marker+ cells per 100-um section was calculated, E. In B, C, and E,
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culture (Figure 4, A and B). However, with
longer culture (10 d), the total number of
EGFP-positive cells was decreased in the
shNmnat2-expressing retinas, especially in
the ONL (Figure 4C; Supplemental Figure
1B). Furthermore, most of the EGFP-posi-
tive cells in the INL of shNmnat2-express-
ing retinas had apico-basal processes
(Figure 4D). We found a comparable num-
ber of PNR-positive rod photoreceptors be-
tween shNmnat2-expressing samples and
scramble-expressing controls (Figure 4, D
and E). However, the numbers of GS-posi-
tive Miller glia and CHX10-positive bipolar
cells were slightly decreased and the num-
ber of TFAP2A-positive amacrine cells was
increased in the shNmnat2-expressing ex-
plants (Figure 4, D and E).

By stepwise loss-of-function analyses of
Nmnat2 from early to late retinal develop-
ment, we found differential roles of Nmnat2
during transition of retinal development.

Nmnat2 suppression did not affect
whole-cell NAD level and
posttranslational modification

We examined whether suppression of
Nmnat2 expression affected cellular NAD
level. The plasmids were transfected into
the retinas at E17.5, and whole-cell NAD
level was measured after 3 d in culture. We
did not observe significant differences in
NAD levels between shNmnat2-express-
ing and control explants (Supplemental
Figure 2).

Sirts and Parps are enzymes that require
NAD for their activities (Finnin et al., 2001;
Kim et al., 2004). As Sirts and Parps are acet-
yltransferases and poly(ADP-ribose) poly-
merases, respectively, lysine acetylation,
histone acetylation, and poly(ADP-ribosyl)
ation (PARylation) levels were examined.
Retinal cells at E17.5 were transfected, and
explants cultured for 2 d were examined by
Western blotting. We found that no obvious
changes in PARylation, lysine acetylation, or
histone H3 and histone H4 acetylation levels
between shNmnat2 and scramble groups
(Supplemental Figure 3, A-E).

Administration of NAD rescued
apoptosis in the retina transfected
with shNmnat2 expression plasmid
Although perturbation of NAD level by
shNmnat2 was not detected, we sus-
pected that modulation of the subcellular
localization of NAD by shNmnat2 may

the means and standard deviations were
calculated using three independent samples.
Scale bar =50 pm in A and D.

Molecular Biology of the Cell



Pixel instensity

shNmnat2
C D 45
shNmnat2 shNmnat2 + 40 =
Scramble shNmnat2 + NAD + NMN woas b L
DAPI ) DAPI ) DAPI ) DAPI ) T 30t **
GFP act-Casp3 GEP act-Casp3 GFP act-Casp3 GFP act-Casp3 & o -
O] [ L
aoL | o0 | *FT
2 =1
% 15 t 25
o 10
s 5
0

E shNmnat2
+ NAD

Scramble shNmnat2

NG
P
N
o’ shNmnat2

shNmnat2 F €0
+ NMN 50

DAPI
GFP

) DAPI )
Ki67 GFP Ki67

DAPI
GFP

acL |

Ki67 Ki67

DAPI

GFP 0 5 |

30

20

Ki67+ GFP+ / GFP+

10

0
¢ oS
&’ shNmnat2

Evaluation of apoptosis and cell proliferation in shNmnat2-expressing retinas supplemented with NAD or
NMN. Retinas isolated from mouse embryos at E17.5 were transfected with scramble sequences or shNmnat2 encoding
plasmids and EGFP expressing plasmids. NAD or NMN was present as final concentration at 500 yM in the culture
media. (A) Brightfield images of flat-mount explant retinas taken from ONL side at day 3 are shown. (B) Black dots,
which represent cell death, in panel A were quantified using pixel intensity. Quantified values of the retinas expressing
scramble or shNmnat2 with or without NAD or NMN supplementation are shown. (C-F) After 3 d of culture, the explant
retinas were harvested. Frozen sections were immunostained with anti-act-Casp3-, C, or anti-Kié7-, E, antibodies.
Proportions (%) of act-Cas3+ EGFP+ cells, D, and Ki67+ EGFP+ cells, F, in total EGFP+ cells are shown. Scale bar =

500 pm, A, and 50 pm, C, and E.

participate in the observed phenotype. To examine the roles of
NAD, we cultured explants expressing shNmnat2 or scramble
control plasmids in the presence or absence of NAD or NMN.
Bright field microscopy showed black dots in the center of the
cultured retina, corresponding to dead cells, in the shNmnat2
samples (Figure 5, A and B). Quantitated pixel intensity of the
black dots showed their attenuation by administration of NAD or
NMN (Figure 5, A and B). Immunohistochemical analysis con-
firmed that the number of act-Casp3-positive apoptotic cells in-
duced by shNmnat2 expression was decreased by exogenous
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NMN or NAD (Figure 5, B and D). Similarly, the decrease in the
number of Ki67-positive cells by shNmnat2 was also recovered by
NAD or NMN (Figure 5, C and E).

Bulk RNA-Seq showed differentially expressed genes in the
retinas transfected with shNmnat2 expressing plasmids

We then examined comprehensive transcriptional changes down-
stream of Nmnat2. As the phenotype associated with the expression
of shNmnat2 was completely different from that with expression of
shNmnat1 in the previous work (Kuribayashi et al., 2018), we
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FIGURE 6: Similarities and differences between genes regulated by Nmnat1 and Nmnat2. The retinas at P0.5 were
cotransfected with pUé-shNmnat1, -shNmnat2, -scramble, pCAG-Nmnat1, -Nmnat2, or pCAG empty vector with
pCAG-EGFP and cultured for 3 d. EGFP+-positive cells were purified and used for RNA-Seq. (A) Pearson'’s correlation
coefficient of comprehensive gene expression among scramble (Scr)-, shNmnat1 (shNm1)-, and shNmnat2 (shNm2)-
expressing retinas or among control (Ctrl) and Nmnat1 (Nm1)- and Nmnat2 (Nm2)-expressing retinas. Correlation
coefficients were calculated using TPM values. (B) Upset plot shows common DEGs among shNmnat1-, shNmnat2-,
Nmnat1-, and Nmnat2-expressing retinas. UP indicates up-regulated genes compared with the control, and DW
indicates down-regulated genes. (C) GSEA plots were used to evaluate the enrichment of gene sets for neural retina
development and apoptosis in shNmnat1- and shNmnat2-expressing retinas.

performed RNA-Seq analysis of shNmnat1- or shNmnat2-express-
ing retinas. At the same time, we also prepared samples overex-
pressing Nmnat1 or Nmnat2. The retinas isolated from mice at P0.5
were cotransfected with pUé-shNmnat1 (Kuribayashi et al., 2018),
-shNmnat2, -scramble, pCAG-Nmnat1, pCAG-Nmnat2, or pCAG
empty vectors (control for overexpression) with pCAG-EGFP, and
after 3 d of culture, EGFP-positive cells were purified by cell sorting
and used for RNA-Seq analysis. As described in Materials and
Methods, two samples for scramble- and shNmnat2-, three samples
for shNmnat-, Nmnat1-, Nmnat2-, and control CAG-expressing reti-
nas were used for further detailed analyses (Figure 6A). We com-
pared up-regulated (UP) and down-regulated (DW) genes, and the
total number of genes in each category and the number of common
genes in multiple samples are shown (Figure 6B). Large numbers of
genes were found in shNmnat1-UP vs. shNmnat2-UP and shNmnat1-
DW and shNmnat2-DW (Figure 6B). Similarly, more than 30 genes
were commonly up-regulated in the Nmnat1- and Nmnat2-express-
ing retinas (Figure 6B). GSEA analysis showed a significant decrease
in expression of the neural retina development gene set in
shNmnat1-expressing retinas, while shNmnat2 did not affect ex-
pression of these genes (Figure 6C). Enrichment of the apoptotic
gene set was not significantly different in comparisons between
scramble versus shNmnat1- or shNmnat2-expressing retinas (Figure
6C), suggesting that specific apoptosis-related gene(s) may play piv-
otal roles in sustaining survival of the retina by Nmnat1 or Nmnat2.

DISCUSSION

We performed loss-of-function analysis of Nmnat2 in the mouse
retina at early, middle, and late developmental stages, and found
that Nmnat2 is essential for the survival of retinal cells in the early
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and middle periods of development. However, retinal cell differen-
tiation, but not survival, was perturbed at the late developmental
stage. Our data indicate that the roles of Nmnat2 change during
retinal development. In addition, the effects of shNmnat2 were dif-
ferent from those observed previously with the expression of
shNmnat1 (Kuribayashi et al., 2018), strongly suggesting that
Nmnat1 and Nmnat2 play distinct roles in retinal development.
shNmnat1 and shNmnat2 led to apoptosis in different subpopula-
tions of cells in the retina. In addition, we found no alterations in the
expression of Fas and Noxa by shNmnat2 expression (unpublished
data), both of which were strongly induced by shNmnat1 in the ret-
ina (Kuribayashi et al., 2018), suggesting that the mechanisms of
maintaining retinal cell survival by NMNAT1 and NMNAT2 were
different.

We reported previously that global expression levels of Nmnat1
and Nmnat2 differed during retinal development (Kuribayashi et al.,
2018), and that analysis of public scRNA-Seq data (Clark et al., 2019)
provided more details regarding their differential expression pat-
terns in retinal cell subtypes. Therefore, the differences in pheno-
types associated with shNmnat1 and shNmnat2 expression may be
at least partly explained by the different expression patterns of the
two enzymes. Although the expression of Nmnat2 is low in rod pho-
toreceptors and bipolar cells, we observed decreased numbers of
these cell types in shNmnat2-expressing retina. Take our observa-
tion of strong apoptosis and reduced proliferation of RPC into con-
sideration, we surmise that the commitment of RPC to the photore-
ceptor and bipolar cells may be hampered. As another possibility,
we cannot exclude that there is no specificity of the effects of
Nmnat2 depletion to a certain retinal cell lineage, since photore-
ceptor and bipolar cells are late-born subtypes, and it is possible
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that these cell types are more susceptible to the Nmnat2 depletion
under this experimental condition. As an alternative explanation,
low expression level can be more susceptible to Nmnat2 silencing.

It is also possible that different cell types have different NAD re-
quirements, which may represent the complexity of the effects of
NAD synthesis and consumption on cellular homeostasis. In the ma-
ture retina, Nmnat2 was found to have stronger expression in hori-
zontal cells, amacrine cells, and RGCs, but we observed no changes
in the distribution or number of BRN3B-positive RGCs by shNmnat2
expression. The reason that might explain this is that most of RGCs
had been differentiated at the stages we used for electroporation,
and therefore the transfection efficiency of shNmnat2 to the RGCs
was very low. The number of TFAP2A-positive amacrine cells was
increased, but these amacrine cells were mostly GFP-negative, sug-
gesting that differentiation of RPCs transfected with shNmnat2 ex-
pression plasmids into amacrine cells might be prevented by cell
death, and that noncell autonomous effects of Nmnat2 may partici-
pate in this phenomenon. Although the expression level of Nmnat2
in Mller glia was very low, its differentiation was severely perturbed
by shNmnat2, also suggesting possibilities of noncell autonomous
effects of shNmnat2 or even that a low level of NMNAT2 plays piv-
otal roles in Miiller glial differentiation. The expression level of
Nmnat1 was relatively high in Miller glia, suggesting that excess
NMNAT1 activity affected the development of Miiller glia. Further-
more, we observed perturbed localization of CHX10 positive bipo-
lar cells, and it is plausible that structural abnormalities in Miiller glia
may hamper proper cellular localization of bipolar cells.

Previous reports describing adipogenesis showed that, during
adipogenesis, nuclear NAD levels drop concomitantly with rapid in-
duction of NMNAT2, and increased NMNAT?2 limits the availability
of nuclear NMN, leading to reduced NMNAT1 enzyme activity (Ryu
et al., 2018; Majeed et al., 2021). Similarly, it is possible that a re-
duced NMNAT?2 level leads to increased NMNAT1 enzyme activity
by inflow of excess NMN from the cytoplasm to the nucleus.

To examine this issue, we performed a comprehensive analysis of
the expression patterns of genes that were overexpressed in the
retina expressing full-length Nmnat1 or Nmnat2 in addition to
shNmnat1 or shNmnat2. These analyses showed that large numbers
of genes were commonly up- or down-regulated in the presence of
shNmnat1 or shNmnat2, refuting the possibility of reciprocal
NMNAT1 and NMNAT2 enzyme activities by the balance of their
expression levels.

Neither Nmnat1 nor Nmnat3 can compensate for the loss of
Nmnat2 in Blad mutant mice (Hicks et al., 2012), directly indicating
their unique roles. Specific roles for Nmnat2 and Nmnat1 in the cen-
tral nervous system have been well documented in diseases, with
roles for NMNAT2 in axonal nerve damage (Coleman and Freeman,
2010) and Nmant1 in photoreceptor maintenance (Falk et al., 2012;
Koenekoop et al., 2012). The roles of their different subcellular local-
izations (Berger et al., 2005; Lau et al., 2009) in biological functions
were not clearly demonstrated, partly because the transport of NAD
and related molecules among subcellular compartments remained
poorly understood. Nmnat3 was reported to be localized in mito-
chondria (Berger et al., 2005), but Nmnat3 transcript expression
level in the retina was extremely low (Kuribayashi et al., 2018). Iden-
tification of SLC25A51 as a mammalian mitochondrial NAD trans-
porter (Davila et al., 2018; Luongo et al., 2020) suggested compen-
satory supply of NAD from the cytoplasm to the mitochondria.
Furthermore, mice lacking Nmnat3 survived and exhibited no overt
changes in mitochondrial NAD level (Hikosaka et al., 2014). There-
fore, SLC25A51 provided important insights explaining the sharing
of the NAD pool, at least between the cytoplasm and mitochondria.
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A nuclear NAD transporter has not been identified, but our results
strongly suggest that the NAD pool was also shared with the nu-
cleus, as we found that exogenous NMN, which is converted to
NAD by NMNAT1, rescued cells from the apoptosis induced by
shNmnat2.

In contrast to the result showing the expression of large num-
ber of genes were positively or negatively regulated by Nmnat2,
both intracellular NAD level and posttranslational modification
were not changed in the retina expressing shNmnat2 compared
with the control. Nmnat1, Nmnat2, and Nmnat3 were reported to
show differences in subcellular localization (Berger et al., 2005),
but whether these enzymes regulated NAD levels in such segre-
gated territories of cells was unclear, as transporters of NAD and
its metabolites among subcellular components were not well doc-
umented (Cambronne et al., 2016). Connexin 43 was reported to
be a NAD transporter in the plasma membrane (Bruzzone et al.,
2001a,b). In fact, we observed that addition of exogenous NAD
rescued the retinal phenotype induced by expression of shRNA
specific for Nmnat1 (shNmnat1), suggesting that NAD can be
transported into the intracellular space and probably enters the
nucleus (Kuribayashi et al., 2018). In addition, we observed that
exogenous NAD also rescued shNmnat2 induced cell apoptosis in
this work. As it is unclear whether the level of NAD in subcellular
compartments is sufficient to avoid the sharing or scrambling of
NAD among NAD users in different compartments, it is possible
that balance of Nmnat family member expression levels perturb
the intracellular dynamics of NAD levels (Ryu et al., 2018) without
showing perturbation of global NAD level of whole cell level.
Similarly, no global changes in histone acetylation levels were
observed, but the possibility remains that changes in specific re-
gions may have occurred. Furthermore, Nmnat2 is reported to act
not only as an NAD synthase but also as a molecular chaperone
involving neuronal protection via regulation of protein folding and
aggregation. It is possible that Nmnat2 suppression may have an
effect on downstream gene expression through its function as a
molecular chaperone.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Animals

All animal experiments were approved by the Animal Care Com-
mittee of the Institute of Medical Science, and Graduate School
of Medicine, the University of Tokyo, and conducted in accor-
dance with the ARVO (Association for Research in Vision and
Ophthalmology) statement on the use of animals in ophthalmic
and vision research. Institute of Cancer Research (ICR) mice were
obtained from Japan SLC. Embryonic day (E) 0.5 was defined as
the date a vaginal plug was observed for all embryonic mouse
tissues analyzed. Eight-week-old mice were defined as “adult
mice.”

Construction of shRNA and full length Nmnats expressing
plasmids

For the construction of shRNA expressing plasmids, the target
sequences were determined by siDirect (http://sidirect2.rmai.jp).
Target sequences were as shown below: Scramble: 5-aaggtatc-
gcaattaatggacgc-3’, shNmnat2_1st: 5-aagttctagtctccagtttcagg-3/,
shNmnat2_2nd: 5’-aagactaagtcctgataatctat-3". shRNA expressing
plasmids were constructed as described previously (Satoh et al.,
2009). Scramble sequences were used for control plasmids
(pU6-Scramble). shRNA-expressing plasmids were prepared using
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at least two different target sequences (pU6-shNmnat2_1st and
pU6-shNmnat2_2nd) and we observed essentially the same results
between first and second shRNA-expressing plasmids. Target
sequences and construction of shRNA expressing plasmids target-
ing Nmnat1 were shown in our previous study (Kuribayashi et al.,
2018). Representative data using shRNA first are shown in the
figures. For the construction of overexpressing plasmids of Nmnat1
and Nmnat2, full-length Nmnat1 and Nmnat2 cDNA were synthe-
sized from total RNA purified from mouse retinas by RT-qPCR. The
PCR products were subcloned into pGEM-T Easy vector (Promega,
USA). Then Nmnat1 and Nmnat2 were inserted into pCAG-KS by
using Xhol and Notl sites.

RNA extraction, cDNA synthesis, and quantitative
polymerase chain reaction

Total RNA was purified from mouse retinas using Sepasol RNA |
Super G (Nacalai Tesque, Japan), and cDNA was synthesized using
ReverTra Ace gPCR RT Master Mix (Toyobo, Japan). A quantitative
polymerase chain reaction (qPCR) was performed by the SYBR
Green-based method with the Roche Light Cycler 96 (Roche Diag-
nostics, Japan). Gapdh was used as an internal control, and primer
sequences were as previously reported (Kuribayashi et al., 2018).
To examine the knockdown efficiency of shRNA-expressing plas-
mids, a total of 100 pg of plasmids containing 80 pg of pU6-
shNmnat2 or pUé6-Scramble and 20 pg of enhanced green fluores-
cent protein (EGFP)-expressing plasmids (pCAG-EGFP) were
electroporated into NIH3T3 cells with electroporator CUY-21
(Nepa Gene, Japan). After 1-2 d, NIH3T3 cells were treated with
trypsin and filtered, and EGFP-positive cells were collected by a
cell sorter, FACS Aria SORP (BD Biosciences, USA). Total RNA was
purified from the sorted cells, and cDNA was synthesized. Knock-
down efficiency of shNmnat2 was examined by qPCR using primer
for Nmnat2. Effects of shNmnat2 for the expression of Nmnat1
and Nmnat3 were also examined by RT-gPCR using primers for
Nmant1 or Nmnat3.

Electroporation and retinal explant culture and
measurement of NAD level

In vitro electroporation and retinal explant culture were performed
as described previously (Tabata et al., 2004; lida et al., 2011). A total
of 100 pg of plasmids consisting 80 pg of pU6-shNmnat2 or -Scram-
ble and 20 ug of pCAG-EGFP was used for the electroporation.
NAD (Tokyo Chemical Industry, Japan) or NMN (Tokyo Chemical
Industry, Japan) was added into the culture media at 500 pM (final
concentration) for the rescue experiment. NAD content in mice ex-
plant retinas was measured using AmpliteTM Fluorimetric NAD/
NADH Ratio Assay Kit (AAT Bioquest, USA) according to the manu-
facturer's instructions. The values of NAD content were divided by
the area of explant retinas for normalization.

Immunohistochemistry

Immunohistochemistry of frozen sections was done as described
previously (Tabata et al., 2004; lida et al., 2011). Primary antibodies
used were mouse monoclonal antibodies against Ki67 (BD Biosci-
ence, USA), NR2E3 (photoreceptor-specific nuclear receptor; PNR,
PPMX, USA), TFAP2A (DSHB, USA), glutamine synthetase (GS)
(Merck, Germany), rabbit polyclonal antibodies against active Cas-
pase 3 (Promega, USA), sheep polyclonal antibody against CHX10
(Exalha Biologicals, USA), calbindin D-28K (Merck, Germany), goat
polyclonal antibody against BRN3B (Santa Cruz, USA) and chick
polyclonal antibody against GFP (Clontech, USA). Secondary anti-
bodies used were Alexa Fluor 488 or Alexa Fluor 594 conjugated
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appropriate secondary antibodies (Life Technologies, USA). Photos
were taken under observation using a Zeiss Axio Imager M1 and
Axio Imager M2 (Carl Zeiss, Germany).

Western blot

Western blot was performed as described previously (Kuribayashi
et al., 2018). Briefly, mouse retinas were electroporated, and after
3 d of culture, total proteins were extracted. Total proteins (10 pg) in
each sample were used for Western blot. Primary antibodies used
were mouse monoclonal antibodies against poly ADP ribose (Merck,
Germany), acetylated lysine (Merck, Germany), acetylated histone
h3 (Merck, Germany), acetylated histone h4 (Merck, Germany) and
actin (Merck, Germany), and horseradish peroxidase-linked second-
ary antibodies (GE Healthcare, USA) were used as secondary
antibodies. The chemiluminescent signals were detected with an
Amersham Imager 600 (Fuji Film and Cytiva, Japan).

Bulk RNA-Seq of explant retinas transfected with scramble-
or shNmnat2-encoding plasmids

Retinas isolated from mice at PO.5 were transfected with either pUé-
Scramble, pUé6-shNmnat1, pUé-shNmnat2, control CAG vectors
(PCAG empty vectors), PCAG-Nmnat1, or pCAG-Nmnat2 together
with pCAG-EGFP. After the retinas were cultured for 3 d as explants,
EGFP-expressing cells were collected by a FACS Aria SORP cell
sorter (BD Biosciences, USA) as described by Shinoe et al. (2010).
Total RNAs were extracted from the cells using Sepasol RNA | Super
G (Nacalai Tesque, Japan) and quantified by an Agilent 2100 Bio-
analyzer (Agilent Technologies, USA). cDNA was synthesized using
1 ng of total RNA and amplified by PCR by a SMART-Seq v4 Ultra
Low Input RNA Kit for Sequencing (Takara, Japan) according to the
manufacturer’s instructions. The RNA-Seq libraries were prepared
using the amplified cDNA and Nextera XT DNA Sample Preparation
Kit (Illumina, USA). Single-read sequencing (36 bp) was conducted
by a HiSeq3000 sequencer (lllumina, USA).

Analysis of bulk RNA-Seq dataset

Sequenced reads were mapped to the mouse transcriptome
(GENCODE GRCm38.p6) with salmon v0.11.3.27. Salmon output
was converted using wasabi v0.327 and loaded into sleuth
v0.30.028 for further downstream analysis, including calculation of
transcripts per million (TPM). We prepared three independent sam-
ples for each condition, and using Pearson’s correlation coefficient
as an indicator, samples with large errors among the samples with
the same condition were excluded, and finally two samples for the
scramble- and shNmnat2-, three samples for shNmnat1-, Nmnat1-,
Nmnat2-, and control CAG-expressing retinas were used for further
detailed analyses. Salmon output was also converted using tximeta
v1.8.5 and loaded into DESeqg2 v1.30.1 for identification of differ-
entially expressed genes (DEGs). Gene set enrichment analysis
(GSEA) was performed to generate enrichment plots for selected
gene sets using the R package fgsea. DESeq2 output was pro-
cessed on neural retina development gene set and apoptosis gene
set using the R package fgsea. Gene ontology (GO) term enrich-
ment analysis was performed using the Database for Annotations,
Visualization and Integrated Discovery (DAVID). Data visualization
was performed using R packages, ggplot2, EnhancedVolcano and
UpSetR.

Re-analysis of publicized single cell RNA-Seq data

Reanalysis of the single-cell RNA-Seq (scRNA-Seq) dataset from
GSE118614 was performed by the R package Seurat v4.0.4 (Stuart
et al, 2019; Hao et al., 2021). Count matrix, cellular phenotype
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data, and feature data downloaded at https://github.com/gofflab/
developing_mouse_retina_ scRNASeq were loaded into Seurat to
generate a gene count matrix (Clark et al., 2019). Nonretinal cell
types were removed based on the cellular phenotype data, and
then damaged cells and doublet cells were also removed by quality
control of Seurat. Cells showing >600 genes, >2000 count of RNA
reads, and <10% expression of mitochondrial genes were used for
downstream analysis. We visualized cell clusters using the uniform
manifold approximation and projection (UMAP) dimensionality
reduction.

Quantitative analysis of dead cell regions in retinal explants

Brightfield images of flat-mount explant retinas transfected with
scramble- or shNmnat2-expressing plasmids at E17.5 were taken at
day 3. Retinal regions transfected with the plasmids were defined by
EGFP fluorescence, and the average of pixel intensity of the trans-
fected region of the retinas was quantified by ImageJ v1.53i to esti-
mate the impact of shNmnat2 and the administration of NAD or
NMN on the cell death. The values are means and standard devia-
tions calculated by using three independent samples.

Statistical analysis

All graphs are means with SD that were calculated from at least
three independent samples. The p-values were calculated by two-
tailed Student’s t test (Figure 2, G-I, Figures 3 and 4) or one-way
ANOVA followed by Tukey’s multiple comparison test (Figure 2, B
and C, and Figure 5); *p < 0.05, **p < 0.01.

Data availability

The GEO accession number of the RNA-Seq dataset generated for
this study is GSE197192. The GEO accession numbers of public da-
tasets used for secondary analysis of bulk RNA-Seq are GSE71462
(Ueno et al., 2016) and GSE87064 (Aldiri et al., 2017), and that of
scRNA-Seq is GSE118614 (Clark et al., 2019).
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