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In brief

Recently, the prolyl hydroxylase (PHD)
antagonists daprodustat and roxadustat
have been approved for anemia
treatment. Nolan, Cui et al. demonstrate
that genetically ablating this target, PHD,
and shifting retinal metabolism rescues
retinal degeneration. Reprogramming
glycolysis offers a gene-agnostic
approach to addressing genetic
heterogeneity in retinitis pigmentosa.
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CRISPR editing of anti-anemia drug target
rescues independent preclinical models
of retinitis pigmentosa
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SUMMARY

Retinitis pigmentosa (RP) is one of the most common forms of hereditary neurodegeneration. It is caused by
one or more of at least 3,100 mutations in over 80 genes that are primarily expressed in rod photoreceptors. In
RP, the primary rod-death phase is followed by cone death, regardless of the underlying gene mutation that
drove the initial rod degeneration. Dampening the oxidation of glycolytic end products in rod mitochondria
enhances cone survival in divergent etiological disease models independent of the underlying rod-specific
gene mutations. Therapeutic editing of the prolyl hydroxylase domain-containing protein gene (PHD2, also
known as Egin1) in rod photoreceptors led to the sustained survival of both diseased rods and cones in
both preclinical autosomal-recessive and dominant RP models. Adeno-associated virus-mediated
CRISPR-based therapeutic reprogramming of the aerobic glycolysis node may serve as a gene-agnostic

treatment for patients with various forms of RP.

INTRODUCTION

Retinitis pigmentosa (RP) is a group of inherited retinal dystro-
phies that affects up to 1 in 4,000 people worldwide." RP
causes an initial phase of rod photoreceptor loss, followed by
secondary loss of cone photoreceptor cells.”® Individuals
with RP experience symptoms such as night blindness, tunnel
vision, and total blindness.* Together, these vision changes
severely impact patients by limiting their ability to conduct ac-
tivities required for daily living independently. Patients with de-
generating photoreceptors, including those with RP, currently
have limited therapeutic options. Although defects in over 80
genes are linked to RP, currently only patients with a recessive
mutation in RPE65 can opt for precision gene supplementation
therapy.® '°

Genome surgery that uses CRISPR can precisely repair or
replace both dominant and recessive gene mutations, thus offer-
ing the best possibility of a lifelong cure. However, CRISPR, in its
original, mutation-specific form of homology-directed repair, has
a significant limitation: the therapeutic components (the guide
RNA [gRNA] and repair template) must be individually custom-
designed, engineered, tested, and approved by the US Food
and Drug Administration (FDA) for each specific mutation."
CRISPR repair of each specific mutation that causes a Mende-
lian disorder would thus be time consuming and prohibitively
expensive. To address this, we are developing an alternative
therapeutic strategy that targets energy metabolism, a biochem-
ical pathway required for homeostasis that potentially can influ-
ence multiple types of photoreceptor degenerative disorders,
including RP and age-related macular degeneration (AMD).5'2
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Aerobic glycolytic dysregulation: A common therapeutic
target pathway

The pathways that link genetic mutations to rod and cone photo-
receptor death are only partly understood. Our current knowl-
edge indicates that rods and the retinal pigment epithelium
(RPE) are metabolically coupled'® and that most dystrophic ret-
inas exhibit metabolic dysregulation.®' In healthy retinas, rods
take up glucose from the RPE and convert it to pyruvate and
lactate, even in the presence of oxygen, a phenomenon termed
aerobic glycolysis or the Warburg effect.’*'® This lactate is then
supplied to the RPE, where it can suppress consumption of
glucose by the RPE.?° In contrast, in rod-primary dystrophies,
the lactate concentration decreases as rod cells die, prompting
the RPE to use glucose from the choriocapillaris as an energy
source. When the RPE consumes too much glucose, cone pho-
toreceptors are starved for fuel.”' > These findings led us to pro-
pose that photoreceptor death from RP-induced metabolic
imbalance could be addressed by boosting aerobic glycolysis
in dystrophic photoreceptors rather than trying to repair each
specific type of mutation.?*?® Contrary to other approaches
currently being tested in the clinic, our therapeutic design will in-
crease the rod photoreceptor’s metabolic capabilities from a
diminished, degenerative state to a more normal, healthy profile.
Therapeutic reprogramming approaches such as rod-derived
cone viability factor (RACVF) supplementation have paved the
way for our understanding of the importance of glucose import
into cones, and our therapeutic strategy similarly aims to modu-
late the glycolytic capacity of the retina.”®

Candidate therapeutic targets: The prolyl hydroxylase-
von Hippel-Lindau-hypoxia-inducible factor aerobic axis
The potential impact of boosting aerobic glycolysis to promote
photoreceptor survival has been demonstrated by ablating in-
hibitors of aerobic glycolysis, including TSC1 and SIRT6.*"*®
The prolyl hydroxylase (PHD)-von Hippel-Lindau (VHL)-hypox-
ia-inducible factor (HIF) axis has also been suggested as a
potentially effective target for boosting aerobic glycolysis in
many forms of RP.?°" Under normoxia, PHD and VHL nega-
tively regulate HIF,*> a master aerobic glycolysis regulator, via
ubiquitination. Previous studies have shown that high HIF levels
are protective in disease states, including in the Pde65™"° model
of RP*® and after light damage,*° but are damaging in the wild-
type retina.®* PHD has three isoenzymes. PHD2 is the most
abundantly expressed in most cell types and tissues, including
the neuroretina.®® PHD2 limits HIF-1a levels more effectively
than PHD1 and PHD3. Additionally, PHDZ2 is the isoform that is
most sensitive to O, concentration.>®

Cell-specific ablation of the PHD-VHL axis may be a potential
treatment strategy relevant to several photoreceptor disorders
and may be a safer alternative to the pharmacological, orally
administered PHD antagonist FG-4592. Because our ablation
strategy specifically targets photoreceptors,®” we expect it to
have an improved safety profile in RP compared to the systemic
oral administration of the PHD inhibitor FG-4592, boosting HIF
levels in a cell-autonomous manner.

The rod-specific glycolysis enhancement via PHD-HIF reprog-
ramming proposed in this study is not precision medicine, as it
does not represent a mutation-specific treatment.?*4*° Howev-
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er, this report shows that glycolytic reprogramming may be an
efficacious, gene-agnostic therapeutic approach to rescue func-
tion and cell survival in RP. An imbalance between glycolysis to
lactate versus complete oxidation of glucose to CO, can
contribute to various forms of RP.'>“? As such, our goal is to
enhance a metabolic pathway that can generally delay cell death
even when caused by a diverse array of underlying mutations.
This strategy could offer a therapy for diverse types of photore-
ceptor degeneration. Previous efforts to reprogram retina meta-
bolism to treat patients regardless of the causative mutation in
RP include RACVF/RACVFL (full-length RACVF) enhancement
to increase glucose import into cone photoreceptors and
mTORC1 (mammalian target of rapamycin complex 1) enhance-
ment to increase glucose uptake, retention, and utilization by
photoreceptors, Sirtuin6 inhibition to modulate histone deacety-
lase and constitutively boosting rod glycolysis, and transforming
growth factor-f1 modulation to enhance microglial metabolism
in the neuroretina.*?®?7412 Our strategy is fundamentally
different. It aims to increase glycolytic flux in rods and cones
via key steps and to slow the pace of mitochondrial oxidation.
We hypothesize that the inhibition of PHD will increase photore-
ceptor glycolysis, decrease oxidative activity in mitochondria,
slow the rate of deterioration, and prolong residual photore-
ceptor morphology and function.

RESULTS

Pharmacological inhibition of PHD targets the PHD-VHL-
HIF axis, elevates aerobic glycolysis, and prolongs
photoreceptor survival

Recent findings suggest that enhancing aerobic glycolysis in rod
photoreceptors can improve their resilience to stress.**”? We
tested this hypothesis by targeting the PHD-VHL-HIF axis. We
administered doses of the PHD inhibitor, FG-4592, by oral
gavage to a mouse model for RP that has a PDE6 deficiency
(Pde6gM6209/H620) and degenerates on a timeline similar to that
of the Pde68'° model. We delivered doses every other day
from postnatal day 5 (P5), boosting aerobic glycolysis in rods
and cones. Following our administration of the systemic PHD in-
hibitor, steady-state levels of some glycolytic intermediates in
retinas harvested from FG-4592-treated mice were significantly
higher than in retinas from control mice (Figure 1A). Tricarboxylic
acid (TCA) cycle intermediates were not significantly different
between experimental and control groups (Figure 1A). Histolog-
ical analysis at age P35 of treated and control eyes showed an
increased thickness of the outer nuclear layer (ONL) in the
Pde6gH6202/H620Q Rp model treated with 20 mg/kg FG-4592
compared to control untreated mice (Figures 1B and 1C). At
4 weeks of age, phototransduction was evaluated by electroret-
inography (ERG). Photopic and mixed b-wave responses were
significantly enhanced in treated mice compared with untreated
controls (Figures 1D and 1E). Rod b-wave responses remained
unchanged.

Preclinical model development and tamoxifen-induced
ablation of PHD1, PHD2, and PHD3

We then evaluated the effects of PHD inhibition on photoreceptor
resilience by eliminating expression in the retina of all three PHD
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isoenzymes. We probed the ability of this cell-specific ablation
to rescue degeneration in Pde6g020Y/H620Q. pyep, CreERT2/+
mice, a well-established preclinical model of arRP.*
Pde6620/H620Q- pre gy CreERT2+  mice  carry a rod-photore-
ceptor-specific tamoxifen-inducible Cre driver (Pde6yCeERT2/+) 43
Pde6gH620/H620Q pjg 6, CreERT2/+ gnimals were intercrossed with
the conditional PHD1" 273" mouse line to generate our experi-
mental mouse line. Tamoxifen treatment blocks expression of
PHD2, PHD1, and PHD3 (also known as Egin1, Egin2, and Egin3,
respectively), which encode all of the PHD isoenzymes.
PHD™'~;Pde6yCeERT2/+,pgepgH620/HE20Q  mice served as the
experimental group and were given an intraperitoneal injection of
tamoxifen for three consecutive days (P9, P10, and P11) following
the completion of retinal cell differentiation.*>** Control
PHD"pde6yCeERT2/+pregaHE20/HE20Q mjce received a sham in-
jection of 10% ethanol (w/w) in sunflower oil at the same age as
treated groups.”®*®

To demonstrate that PHD1, PHD2, and PHD3 were ablated
following tamoxifen treatment, we isolated genomic DNA from
mouse retinas and analyzed the PHD genes (Egin1, Egin2,
Egin3) with PCR. Genomic PCR revealed a 481-bp truncated
band in addition to the 900-bp parental fragments in the treated
retinas (Figure S1A). The 900-bp parental product is less intense
because, in addition to rods, the whole retina contains cones, bi-
polar cells, and so forth, in which the Pde6y°EF"2 driver was
inactive. Primers for genomic PCR are presented in Table S1.
Control retinas in the treated group presented only the non-trun-
cated wild-type fragment (900 bp). Genomic PCR blots were
shown to validate PHD2 and three deletions (Figures S1B
and S1C).

Upregulation of aerobic glycolysis in PHD1,2,3-deficient
retinas

Because of the critical role of PHD1, PHD2, and PHDS3 in regu-
lating aerobic glycolysis, extracts from retinas deficient in
PHD1, PHD2, and PHD3 were collected, and the transcripts of
downstream glycolytic genes regulated by the PHD-VHL-HIF aer-
obic axis were quantified via gPCR. mRNA expression was quan-
tified to assess changes between PHD1,2,3~/~;Pde6g620%/H620Q
and PHD1,2,3/0F/1oxP: pgpgH620Q/H620Q ot 3 \yeeks of age, prior to
the onset of ONL loss. Quantification of mRNA transcript levels
from samples collected from the retinas of experimental and con-
trol mice revealed that Glut1, Glut3, Pfk, Hk2, and Pdk1 increased
in the PHD1,2,3~/~;Pde63620%/H620Q mice compared with con-
trols (Figure 2A). PHD1,2,3 'oF/1oxP- prgggH620@/H620Q qegenerate
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age-matched mice served as a control. B-Actin served as a
loading control. Immunoblots were treated with antibodies
against downstream targets to PHD1, PHD2, and PHD3, and sub-
sequent analysis of glycolytic regulators in experimental and con-
trol retinal extracts revealed higher protein levels of hypoxia-
inducible factors (HIF2A), glucose transporters (GLUT1), and
hexokinase (HK2) in experimental mice (Figure 2B). Increased
aerobic glycolytic shifts were consistent with the expected
result of PHD suppression. These data were quantified and
magnitudes of protein expression compared (Figure 2C).
Efficient, near-complete rod-specific Pde6y°*EF™2-mediated
downregulation of PHD expression via HIF levels and subsequent
aerobic glycolytic shifts were observed (Figure 2C). PHD levels
were difficult to assay from tissue, likely due to their rapid degra-
dation in vivo; however, genomic deletion was confirmed
previously.*®

Analysis of downstream glycolytic metabolites following
PHD1,2,3 ablation

Our gPCR data and immunoblots from tamoxifen-treated
versus untreated Pde6/620%/H620Q mice suggested that loss
of PHD expression could influence glycolytic flux. We
measured this metabolic flux through glycolysis and the TCA
cycle to clarify the influence of PHD on retinal metabolism.
We isolated retinas and incubated them with [U-'3C]glucose
for 30 s or 90 s. We extracted and derivatized metabolites
before using gas chromatography-mass spectrometry (GC-
MS) to quantify incorporation of carbons from ['°C]glucose
into glycolytic and TCA-cycle intermediates (Figure 3). We
found more rapid labeling and higher accumulation of glyco-
lytic intermediates all the way through pyruvate in PHD-defi-
cient Pde6gHe20H620Q retings (dashed lines in Figure 3)
compared to control Pde6"620H620Q ratings (solid lines in
Figure 3). The most substantial effect is diminished flux into
and through the TCA cycle, suggesting that elevated pyruvate
dehydrogenase (PDH) kinase (PDK1) expression (Figures 2A
and S2) may inhibit oxidation of pyruvate to acetyl-coenzyme
A (CoA). Surprisingly, the overall rates of glucose depletion
from the medium and lactate release into the medium are un-
affected. Pentose phosphate pathway activity was probed and
did not indicate an increase in PHD-deficient retinas (Fig-
ure S3), while PDH inactivation remains to be further explored
for its impact on energy production and availability in
the dystrophic photoreceptor population. These data directly
support the accumulation of MS3-labeled pyruvate and

Figure 1. PHD inhibitor enhances photoreceptor survival and preserves retinal function by increasing retina glycolysis

Pde6gH620/H620Q mjice were fed the PHD inhibitor, FG-4592, at one dose every 2 days from P5.

(A) Metabolites were extracted from the retinas of mice at P23. '*C-labeled glycolytic intermediates increased in retinas from mice in the treatment group
compared to those in the control group. Minimal effects were detected in TCA-cycle intermediates and mitochondrial oxidation metabolites, shown here as
treated vs. control. Error bars indicate SEM. *p < 0.05, **p < 0.01; n = 5-6 per group.

(B) H&E staining was performed to analyze retinas from the Pde68"62°/H62°Q moyse model at P35, with a representative section comparing the treatment group
and control group at 500 pm from the optic nerve head. The green bar indicates the outer nuclear layer (ONL). Scale bar, 25 pm.

(C) Spider plot analysis of ONL thickness. Error bars indicate SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n = 6 per group.

(D) Pde6H620Q/H620Q mice were subjected to three types of serial ERG recordings—scotopic (rod-specific), maximal (rod and cone), and photopic (cone-
specific) —at P28. Single tracings of the three-step ERG are shown. Blue represents the ERG tracing from a mouse with FG4592, while the gray tracing is from

sham-fed control.

(E) Analysis of the amplitude of b wave as shown in (D). Each dot or diamond represents the average ERG amplitude of both eyes per mouse. Error bars indicate

SEM. *p < 0.05; n = 6 per group.

4 Cell Reports Medicine 5, 101459, April 16, 2024



Cell Reports Medicine

Fold Change
Fold Change

Hiftfa  Hif2a
2.0 2.5n
— ook
—_— 2.04
ﬂg};'.f)l “29,
s S 1.5
51.04 S
] = 1 0d
o5 &
: 0.5
0.0d 0.04

Aldoa  Pgk1 Eno1 Pkm1 Pkm2
B Phd +- Phd 7

HIFIA g 120 kDa
HF2A SR 120 kDa
GLUTL 50 kDa

2 B 102 kpa
LDHA 36 kDa
BACTIN P waie. )\,

¢? CellPress

OPEN ACCESS

Fold Change
Fold Change

Hk1 Hk2 Pfkp Pfkm Pkl
4
o = Control
5 = = Phd*
(=2} [0} 3
= o
AR =
(@) £ 2d
kel (&)
205 3
L L
0.
Ldha Ldhb Pdk1
5-
= Control
ok
= Phd* —

Normalized Protein Expression

HK2

HIF1a HIF2a GLUT1 LDHA

Figure 2. PHD deficiency up-regulates key regulators of glycolytic metabolism in photoreceptors
Experimental (PHD~/~;Pde6g H620/H520Q: e, CreERT24y and control (PHD™/FL;Pde6 s H620/H620Q: phigg CreERT2/+) mice were treated with tamoxifen or sham

solution, respectively, for three consecutive days (P8, P9, and P10). Mice were sacrificed at postnatal 3 weeks, and retinas were collected and snap-frozen in

liquid nitrogen until further processing.

(A) mRNA expression of Hif1a and Hif2a and the downstream glycolytic targets (Glut1, Glut2, Glut3, Glut5, Hk1, Hk2, Pfkp, Pfkm, Pfkl, Aldoa, Pgk1, Eno1, Pkm1, 2,
Ldha, Ldhb, and Pdk1) were quantified to assess changes before and after PHD was ablated. B-Actin was used as the internal control. Error bars indicate SEM. *p

< 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; n = 4-5 per group.

(B) Representative immunoblots of glycolytic metabolism enzymes and regulators in the retinas of treated and untreated mice at P21 (before the onset of
degeneration) to detect HIF1A, HIF2A, GLUT1, HK2, and LDHA protein levels. B-Actin was used as a loading control. Membrane was stripped and reprobed for all

targets.

(C) Quantitative analysis of protein levels shown in (B). Error bars indicate SEM. *p < 0.05, **p < 0.01; n = 3 per group.

corresponding depletion of M2 citrate seen in Figure 3. Overall
levels of recoverin were probed as a proxy for rod survival in
our metabolic tracing experiments and indicated that the dif-
ferences observed were not due to overall rod preservation
differences; critical for making statements about the altered
cell metabolism as a direct result of our reprogramming seen
in Figures 3 and S3 (Figure S4).

Tamoxifen-induced ablation of PHD2 enhances
photoreceptor survival

After validating tamoxifen-induced excision of PHD1, PHD2, and
PHD3 and confirming that parts of glycolytic flux are enhanced,
we analyzed neurological function by ERG. At 3 weeks post
treatment, experimental mice responded with significantly larger
b-wave amplitudes than control mice (Figures 4A-4C).

Cell Reports Medicine 5, 101459, April 16, 2024 5
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Representative traces are shown in Figure S5A. Histological
analysis revealed that the ONL in experimental mice is signifi-
cantly thicker than in control mice at 500 um from the optic nerve
head (Figure 4D). Comprehensive spider plots indicated that the
rescue effect was strongest near the optic nerve head but was
preserved throughout almost the entirety of the retina at both 4
and 6 weeks of age (Figures 4E and 4F). Fluorescent flat-mount
staining of cone photoreceptors in the retinas of experimental
and control mice revealed more significant numbers and a
greater density of cone cells labeled with anti-peanut agglutinin
antibodies in experimental mice retina than in controls
(Figures 4G and 4H). No safety concerns such as neovasculari-
zation were detected in any of our Pde6g620@/H620Q yetings lack-
ing PHD1, PHD2, or PHD3 up to 1 year of age. Fluorescein angi-
ography images from 1-year-old, subretinally transduced (at an
age of 1 month) RHO®?"°""* mice demonstrate no patterns of
neovascularization and support the lack of safety concerns
held by our group (Figure S6).

Therapeutic genome editing of PHD2 in mouse and
human cells

Using a dual-gRNA-guided CRISPR-Cas9 system, exon 1 of
PHD2 was ablated in mouse Neuro-2a cells (N2A) and human
HEK293 cells (Figure 5A). The overwhelming majority of resultant
quantified edits were indels that were not divisible by 3, thereby
causing a frameshift-mediated premature stop codon, ultimately
truncating the gene expression (Figures 5B and 5C), where un-
successful edits are indicated with an asterisk. Cells transfected
with experimental gRNAs directed by CRISPR-Cas9 excision
had markedly lower PHD2 protein expression than cells trans-
fected with control PX459:scramble gRNAs (Figures 5D and
5E). The results indicated successful PHD2 ablation and associ-
ated increased HIF levels as anticipated, compared to a non-
transfected wild-type control (Figure 5E). Bands were quantified
in Imaged and on comparison showed a ~1.7-fold increase in the
treated cells compared to non-edited control cells. Subsequent
quantification of mMRNA levels revealed that the cells transfected
with experimental gRNAs also had higher levels of LDHA, PDK1,
GLUT1, and GLUT 3, indicating that PHD2 ablation may
contribute to an increase in glycolysis (Figure 5F).

Therapeutic genome editing of PHD2 in arRP and adRP
preclinical models

Following the confirmation of the therapeutic PHD2 editing in hu-
man cells, wild-type C57BL/6J mice were transduced subreti-
nally with dual gRNA adeno-associated virus (AAV) vectors tar-
geting rod photoreceptors to validate the transduction
efficiency of AAV8 delivery. We dissociated whole retinas and
used fluorescence-activated cell sorting to identify AAV-trans-
duced rod photoreceptors, utilizing CD73" markers as a proxy
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for this cell type. Approximately 35% of cells positive for
CD73*, a rod-specific cell-surface marker, also were positive
for GFP, indicating that they had been transduced by
AAV8:hGRK1-GFP (Figures 6A-6C). Few other CD73-negative
GFP-positive cells were present, confirming that this AAV8 had
driven expression specifically in rod photoreceptors. GFP*/
CD73" cells were absent in control-injected mice. The specificity
of this AAV8 vector has been confirmed.*® Similar pathway mod-
ulation has been achieved previously, demonstrating how meta-
bolic shifts could be tolerable and safe in treated individuals.*
After confirming the specificity and efficiency of our AAVS8 in
transducing rod photoreceptors, the next step in developing
this therapeutic approach was to evaluate efficacy in the
Pde63"62° /pde63°2*° arRP model. This model harbors Cas9
expressed in photoreceptors and degenerates on a timeline
akin to that of homozygous Pde6§620@/H620Q mice Importantly,
Pde63°#9* photoreceptors have no detectable deleterious ef-
fects on their own (Figure S7). We used ERG at 8 weeks of age
to quantify photoresponses from Pde6§6209/H620Q mjice trans-
duced with our therapeutic PHD2 editing vector, AAV8:U6-
gRNAs_PHD2 at 2 weeks of age. Co-injection of AAV8:hGRK1-
GFP revealed that the subretinal transduction area covered
~25% of the retina. Contralateral eyes served as non-injected
controls (Figure 7A). ERG tracings showed that the therapeutic
PHD?2 editing vector enhanced photoreceptor function (Fig-
ure 7B). These traces were analyzed for maximal rod and cone
responses, a metric routinely used as a hallmark of retinal func-
tion, which revealed that magnitudes of a and b waves from the
injected eyes generated significantly larger ERG responses than
the control non-injected contralateral eyes (Figure 7C). Eight-
week-old wild-type responses can be perused in Figure S5B,
which helps better appreciate the discrepancy between the
treated and control groups. The histology preservation effect re-
mains to be further characterized in this mouse model.
Following the increased functional preservation from thera-
peutic PHD2 editing in an arRP preclinical model, we applied
the AAV therapeutic PHD2 editing vector to an alternative degen-
eration model. We then used an approach identical to the one
first used for the arRP model (Pde68 deficiency), this time as a
treatment for an adRP model caused by a rhodopsin mutation,
RhoC7710R/+ 37:46 \We performed subretinal injections of
AAV8:U6-gRNAs_PHD?2 into 4-week-old Rho®""F* mice and
observed a similar ventral area of AAV transduction (Figure 7D),
readily identifiable by co-injection with a GFP cassette contain-
ing AAV, similarly to our approach in the previous model, ERG
analyses showed that photoresponse amplitudes from rods in
treated eyes were significantly improved compared to non-in-
jected control eyes at 6 months (representative recordings are
shown in Figure 7E). ERG responses were quantified, averaged,
and compared, revealing a statistically significant rescue of

Figure 3. Loss of PHD enhances glycolysis and diminishes mitochondrial oxidation in PDE6-deficient retinas

Eyes from control PHD™" and PHD '~ (homozygous for Pde63620%/620%) mice were dissected at P21 before retinal degeneration. Retinas were isolated under
ambient illumination, incubated with 5 mM [U-"C]glucose, and harvested at 30-s and 90-s time points. Metabolites were extracted with 80% methanol, de-
rivatized, and quantified by GC-MS. Flux of carbons from [U-'3C]glucose through glycolysis is faster in the PHD-deficient retinas, and TCA-cycle activity is slower
than controls. The bar graphs in the upper-right section show that the average rates over 40 min at which glucose is consumed and at which lactate is exported
are not significantly different between experimental and control retinas. Axis units are indicated in the center field, with the y axis representing picomoles or
micrograms of protein and the x axis representing time (seconds). Error bars indicate SEM. *p < 0.05, **p < 0.01; n = 6-9 per group.
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function (Figure 7F). Lastly, histology showed increased struc-
tural preservation in our AAV8-transduced peripheral retina
compared to the non-injected contralateral retina, suggesting
that the rescue effect extended to retinal function and survival
(Figures 7G and 7H). Interestingly, the preservation effect
seemed to spread to the central retina (500 um from optic nerve
head) as seen in Figure 7G, even though the area of GFP seen in
Figure 7D is further away from the central retinal region. This is
likely accountable to a fluctuation in the area of viral transduction
and some degree of variability in this platform. These findings
demonstrate that PHD2 ablation can rescue degeneration
caused by two distinct types of genetic deficiency, an essential
factor for a truly gene-agnostic therapy.

DISCUSSION

Barring a single gene-specific therapy for RPE65-related RP,
there are no curative treatments for hereditary retinal degenera-
tions.”” This report explores CRISPR therapeutic editing to
reprogram aerobic glycolysis intrinsic to photoreceptors and
make them more robust to stress. Such therapeutic intervention
has the potential to be effective against retinal disorders caused
by a diverse array of strain or genetic deficiencies.

Metabolomic reprogramming to favor glycolysis over mito-
chondrial oxidation can confer two critical advantages over cur-
rent mutation-specific CRISPR-based homology-directed
repair. First, because it may be used to treat diseases and disor-
ders caused by more than one mutation or gene, a strategy
focused on glycolytic reprogramming could dramatically lower
treatment costs. Second, cell-specific therapeutic editing may
treat both dividing and non-dividing cells, as the metabolic
pathway of interest is shared among all cell types.®'*®

Both pharmacological inhibition with FG-4592 (Figure 1) and
genetic ablation (Figures 2, 3, and 4) of PHD1, PHD2, and
PHD3 (Egin2, Egin1, and EgIn3) increase the ratio of glycolytic
to mitochondrial activity and preserve rod and cone survival
and function in the Pde6g20/H620Q oy RP model. Interestingly,
the disconnect seen between functional and morphological
data in the pharmacological inhibition experiment in Figure 1 is
almost erased in the loxP-Cre mouse model seen in Figure 4.
When using a cell-specific therapy, we are more able to preserve
the metabolism of a young healthy retina in all cell types. This al-
lows more cells that verge on the boundary of death to survive
and convey a thicker ONL and stronger ERG response. Systemic

¢ CellP’ress
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PHD antagonist administration is commonly associated with
blurred vision, swelling of the eyelids, face, lips, and hands, joint
pain, stiffness of feet, chest tightness, headache, nausea, hyper-
tension, hyperkalemia, slow or fast heartbeat, stomach pain, cof-
fee-ground emesis, black or tarry stools, hoarseness, and diffi-
culty swallowing.

The genetic ablation strategy offered in this article more spe-
cifically targets photoreceptors and likely will provide a safer
and more effective treatment effect when further refined. Cell-
specific therapeutic editing of PHD could be relevant for treating
several metabolic disorders and provide a safe, efficacious ther-
apy to address a dire unmet clinical need. The therapeutic edit-
ing gRNAs we tested in this study can be used in clinical trials for
the RP subgroup of secondary cone-degenerative diseases
caused by primary rod dysfunction. Therapeutic editing of PHD
also may provide a safer alternative to the pharmacological orally
administered PHD antagonist, FG-4592 (Evrenzo), which is
currently approved to treat anemia in the European Union.*°
The PHD inhibitor FG-4592 was approved in 2020 by the Euro-
pean Medicines Agency®°° and the Pharmaceuticals and Medical
Devices Agency in Japan for the treatment of anemia,®' and dap-
rodustat (Jesduvroq) was approved by the FDA in 2023 for the
once-daily treatment of anemia,® substantiating the notion
that inhibition of PHD is not only a practical but also a safe ther-
apeutic approach.

In contrast to the pharmacological approach, our gene-edit-
ing strategy enhances the ratio of glycolysis to mitochondrial
oxidation, specifically in rods. This reprogrammed rod meta-
bolism conveys a survival advantage against the background
of Pde63 degeneration, as indicated by our ERG functional
and morphological outcomes. Rods rescued by enhancing aer-
obic glycolysis still have their original phototransduction defi-
ciency, so they cannot be entirely functional. However, their
preservation contributes to non-cell-autologous preservation
of cone photoreceptors. Aerobic glycolysis can retard progres-
sion in the arRP Pde6"20/H620Q nhraclinical model and pre-
serve cone function for the mouse equivalent of ten human
years.?® Therapeutic PHD2 editing increases the concentra-
tions of glycolytic intermediates and diminishes flux through
the TCA cycle.

We chose to focus on PHD2 because we found that ablating
PHD2 alone is as effective as a combined knockout of all three
PHD isoforms. PHD2 also is the most abundantly expressed iso-
form in rods. Other isoforms are expressed more strongly in

Figure 4. Upregulation of glycolysis through ablation of PHD enhances cone survival in a preclinical Pde6gH52°H620Q Rp model

PHD deficiency improves rod and cone survival in the Pde68H82°H620Q mutant background. Experimental (PHD ~/~;Pde6gH620Q/H620Q pig g CreERT2/4+) gng
control (PHD™FL;Pde6gH620@/H620Q: pyeg CreERT2/+) mice were treated with tamoxifen or sham solution for three consecutive days (P9, P10, and P11).

(A-C) Analysis of amplitudes of electroretinogram tracings comparing experimental and control mice. Mice were subjected to three types of serial ERG re-
cordings: scotopic rod (A), maximal rod and cone (B), and photopic cone (C) at 6, 8, and 10 weeks postnatally. Experimental mice with precise PHD1,2,3 ablation
in rod photoreceptors are shown in red, while the signal from control mice is in gray. The average ERG amplitude of both eyes per mouse was used for analysis.
Error bars indicate SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; n = 5-6 in each group per time point.

(D) Representative H&E-stained central retinal sections from experimental and control mice at 4 and 6 weeks at a distance of 500 um from the optic nerve head.
Yellow bars indicate ONL thickness. Scale bars, 25 um.

(E) Spider plot analysis of ONL thickness at 4 weeks. Error bars indicate SEM. *p < 0.05, *p < 0.01, **p < 0.001; n = 6 per group.

(F) Spider plot analysis of ONL thickness at 6 weeks. Error bars indicate SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n = 6 per group.

(G) Peanut agglutinin (PNA) staining of cones in 12-week-old PHD"" control and PHD~/~ (deficient) mice. The inset shows representative central retinal cones.
(H) Bar chart of cone cell counts, quantified by percent area of the total area measured in both groups in (G). Error bars indicate SEM. **p < 0.01; n = 3 in each
group.
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Figure 5. Ablation of PHD2 with gRNAs is sufficient for Hif1a augmentation and target engagement in vitro

(A) Schematic summary of the outcomes produced by gRNA therapeutic deletion. The gRNAs used target exon 1 in human PHD2 sequence.

(B and C) Ninety-five percent of non-homologous end-joining insertions and deletions (indels) resulted in a frameshift mutation in both mouse N2A (B) and human
HEK293 (C) cells. Indels that are indivisible by 3 represent a successful insertion of a frameshift-mediated stop codon, truncating gene function. Unsuccessful
edits are indicated with an asterisk and account for approximately 5% of the cases in both N2A (B) and HEK293 (C) cells.

(D) Immunoblotting was performed, and the level of PHD2 from mouse N2A cells with control (PX459) or plasmids containing gRNAs targeting PHD2 was

determined. B-Actin was used as a loading control.

(E) Immunoblot was performed, and the level of PHD2 from human HEK293 cells with control (PX459) or plasmids containing gRNAs targeting PHD2 was
quantified. B-Actin was used as a loading control. After transfection with scramble gRNAs or gRNAs targeting PHD2, HEK293 cells were cultured in standard
media. Immunoblots revealed lower levels of PHD2 after gRNA therapeutic gene deletion of PHD2 compared to scramble gRNA controls.

(F) Increased expression of LDHA, PDK1, GLUT1, and GLUTS3 (glycolytic markers of the Warburg effect) after ablation of PHD2 in normoxic conditions. Control
transduced with plasmids containing scramble gRNAs. Error bars indicate SEM. **p < 0.01, **p < 0.001; n = 3 in each group.

other organs, such as the testes. Accumulated glycolytic inter-
mediates enhance rod and cone survival in our preclinical arRP
model (Figures 4 and 7). Remarkably, therapeutic PHD2 editing
also can rescue rod degeneration and maintain cone viability in
an adRP model with a completely different underlying mutation
(Figure 7), further substantiating the notion of our gene-agnostic
medicine approach to treating various forms of RP. Interestingly,
most of the effect of PHD modulation on HIF levels is at post-
transcriptional proteolysis. PHD hydroxylates HIF and directs
the physical protein toward proteasomal degradation. When
we reprogram PHD, this has a limited effect on HIF transcription,
as expected (Figure 2A), yet results in accumulation of glycolytic
intermediates and less mitochondrial activity, likely accounting

10 Cell Reports Medicine 5, 101459, April 16, 2024

for the preservation of visual function and histology seen in this
study.

Enhanced HIF is protective in diseased states but damaging in
wild-type retinas. Elevated HIF causes relatively slow degenera-
tion of photoreceptors on a wild-type background,®*** but it re-
tards the degeneration that occurs in a preclinical RP model
(Pde63H620@/H620Q)20 o in 3 model for light-induced retinop-
athy.®® It is essential to note that while the rescue effects in pre-
clinical models may be on the time span of weeks to months, this
translates to clinically significant preservation of equivalent hu-
man vision.?®

Overall, our glycolytic reprogramming can significantly
enhance neural function and phototransduction function in
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Figure 6. Approximately 35% of CD73* rod photoreceptors were transduced by AAV8::hGRK1-GFP

(A-C) Mouse retinas receiving a subretinal injection (A-C) of AAV8:hGRK7-GFP for 1 month were dissociated, labeled with the rod photoreceptor marker anti-
CD78, and analyzed by flow cytometry. BL6 wild-type mice were used here as a control. (A) Representative results in control mice with no injection and (B and C)
in two injected mice. The GFP*/CD73* cells are gated with the visible blue square and labeled as “P3”; the GFP~/CD73" cells were gated with the red square and

labeled as “P4.” x axis, CD73; y axis, GFP.

divergent models of retinal degeneration via CRISPR therapeutic
editing. We showed that rod-specific aerobic glycolysis
enhancement via PHD-HIF reprogramming is an effective thera-
peutic editing approach that does not induce toxicity in both
recessive and dominant preclinical mouse models of RP. Our
study suggests that the balance between glycolytic and mito-
chondrial oxidation of glucose may influence photoreceptor
death in patients with either recessive or dominant forms of
RP.5'2 Our findings also suggest that metabolomic reprogram-
ming could be a gene-agnostic therapy that can be applied to
preserve cone function in heterogeneous forms of RP (Figures 4
and 7) as well as in AMD-affected photoreceptors and
other neurodegenerative disorders, including Alzheimer’s
disease.”’*® We explored constitutive Cas9 expression
(Figures 7A-7C) as well as AAV delivery (Figures 7D-7H) in this
article, and interestingly found a similar level of response be-
tween the two approaches in two divergent models of retinal
degeneration. Importantly, in CRISPR-Cas9-based therapies in
humans, the Cas9 enzyme will likely need to be co-delivered
via a second AAV, as seen in the RHOC"%F/+ treatment in
Figures 7D-7H.

While the glycolytic end products pyruvate and lactate do not
increase to the degree that we expected, the levels of several
key glycolytic intermediaries increase, and overall metabolic
flux through the TCA cycle decreases. PDH kinase is a meta-
bolic regulatory enzyme whose expression is enhanced signif-
icantly by HIF stabilization in this study. PDH kinase inhibits
mitochondrial flux by phosphorylating and inhibiting PDH, pre-
venting pyruvate’s entry into the mitochondrial TCA cycle as
acetyl-CoA. Diminished flux of metabolites through mitochon-
dria, caused by enhanced PDK (Figures 2A, 5F,and S2), could
be as influential as enhanced glycolysis because it can diminish
formation of reactive oxygen species produced by electron
transport activity. Pentose phosphate pathway activity appears
to be unaffected by our reprogramming (Figure S3), while over-
all levels of rods appear to be on par between treatment and
control groups at the time of experiment (Figure S4). This is
an important observation, as it indicates any differences be-

tween the treatment and control group are due to inherent
changes in intracellular metabolism rather than the number of
photoreceptors present in the analyzed sample. Investigating
alternative pathways such as lipid metabolism and reactive ox-
ygen species generation and management will be essential to
understanding the fundamental cause of retinal degeneration
and the mechanism of action of our therapeutic intervention
in upcoming studies.

Limitations of the study

While this study is immensely informative on how metabolic re-
programming approaches may help mitigate some aspects of
retinal degeneration associated with conditions such as RP,
some limitations remain. First, the various mouse lines and
therapeutic interventions administered and evaluated at multi-
ple time points could be extrapolated to better understand
the timing of the studied metabolic processes and how they
contribute, or not, to the progression of retinal degeneration.
Additionally, more targets associated with various metabolic
pathways (both direct and indirect) could be evaluated via
spatial genomics to understand better their respective contri-
bution to the degenerative process and its rescue. This would
allow a more comprehensive, targeted metabolomics analysis.
The number of rod cells could have been attempted to be
counted, both from a flat-mount or cross-sectional view, to
gain a better understanding of how the directly targeted cell
population responds to our therapeutic intervention. A more
thorough evaluation of the effect of our gRNA system is in or-
der. We are planning to complete this as we continue to study
this therapeutic intervention and its impact on the prevention of
the progression of retinal degeneration. Comprehensive histol-
ogy from the Pde66209/H620Q model evaluated in Figure 7
should be reviewed to see the direct impact of our AAV-deliv-
ered therapeutic intervention on histology preservation. While
this study deals with two of the more prevalent causative mu-
tations in RP, reviewing the rescue effect on a third animal
model, harboring a mutation in an independent gene, would
be interesting.
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Figure 7. AAV8:U6-gRNAs_PHD2 CRISPR-Cas9 therapy improves photoreceptor function and structure in Pde63"62°/Cas9 arRpP and
Rho®""%"* adRP mouse models

Experiments were conducted using Pde662°%Cas9 arRP (A-C) and Rho®'"%""* adRP (D-H) mouse models.

(A) Injection with a single dual-vector, AAV8:U6-gRNAs_PHD2;hGRK1-GFP, allowed marking of ventral subretinal transduction sites. Cas9 expression was
transgenic in this line.

(legend continued on next page)

12 Cell Reports Medicine 5, 101459, April 16, 2024



Cell Reports Medicine

In addition, this study deals mainly with mouse biology, and it
remains to be explored how well this therapy could be trans-
lated into humans. Some examples of studies that could be
pursued include functional and histological preservation assays
in larger animal models that more closely mimic the human
retina, such as pig or non-human primate. Lastly, the effect
of sex on the results seen in our animal models should be
further probed to evaluate the response in relation to this
variable.
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(B) Representative global electroretinography (ERG) traces of AAV-treated right eyes (red) and untreated left fellow eyes (black) from the experimental groups.
There were improvements in the scotopic ERG b-wave, mixed rod-cone ERG a- and b-wave, and photopic ERG b-wave recordings (1V) from the AAV2/8(Y733F)-
gRNA transduced eyes compared with uninjected fellow eyes at 8 weeks of age. The subretinal injection was performed on one eye of each mouse at P14. ERG
was performed 8 weeks post injection.

(C) Gray bars represent untreated fellow eyes, red bars represent vector-transduced eyes, and black dots represent each mouse after virus treatment. AAV8-
transduced and uninjected fellow eyes were compared at each time point. Error bars indicate SEM. *p < 0.05, **p < 0.01; n = 4 for all groups.

(D) Co-injection of two vectors AAV8:U6-gRNAs_PHD2;hGRK1-GFP and AAV8:hGRK1-Cas9 allowed marking of subretinal transduction sites in dominant
RhoC"79%/+ at 1 month post injection.

(E) Representative global ERG traces of AAV-treated right eyes (red) and untreated left fellow eyes (black) from the experimental groups. Subretinal injection was
performed on one eye of each mouse at P28. There were statistically significant improvements in the scotopic ERG b-wave, mixed rod-cone ERG a- and b-wave,
and photopic ERG b-wave recordings (1V) from the AAV2/8(Y733F)-gRNA transduced eyes compared with the uninjected fellow eyes at 5 months of age. Gray
bars represent untreated fellow eyes, and red bars represent vector-injected eyes (black dots represent each mouse after virus treatment).

(F) AAV8-transduced and uninjected fellow eyes were compared at each time point. Error bars indicate SEM. **p < 0.01, **p <0.001; n = 4 for all groups.
(G) H&E-stained retinal sections taken from peripheral Rho®"%"+ retina transduced ventrally with AAV8:U6-gRNAs_PHD?2 in the right eye. Yellow bar denotes
ONL thickness. Scale bar (black, top left), 25 um.

(H) Quantification of ONL thickness in Rho®""%"* mice injected with the dual AAV8 compared to the non-injected fellow eye as seen in (G). Error bars indicate
SEM. *p < 0.05; n = 4 in each group.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HIF1a Novus Biologicals Cat no. NB100-105 Lot no. BS; RRID:AB_10001154
HIF2a Novus Biologicals Cat no. NB100-122 Lot no. CO-2; RRID:AB_350059
GLUTH Abcam Cat no. ab40084 Lot no. GR3213392-4; RRID:AB_2190927
HK2 Cell Signaling Cat no. C2867S Lot no. 5; RRID:AB_2232946
LDHA Cell Signaling Cat no. C2012S Lot no. 2; RRID:AB_2137173
B-Actin Cell Signaling Cat no. C3700S Lot no. 18; RRID:AB_2242334
PHD2/EGLN1 Novus Biologicals Cat no. NB100-137 Lot no. A4; RRID:AB_10003054
Bacterial and virus strains

AAV8-Y733F.GRK1.eGFP.U6. Penn Vector Core Lot no. V7471S

SG168.U6.SG166

AAV8-Y733F.GRK1.NLS-Cas9-NLS.synPA Penn Vector Core Lot no. V74718

Chemicals, peptides, and recombinant proteins

Roxadustat MedChemExpress Cat no. HY-13426

Tamoxifen Sigma-Aldrich Cat no. T5648

D-Glucose (U-'2 Ce, 99%) Cambridge Isotope Laboratories, Inc. Cat no. CLM-1396-PK

D-Glucose (U-"2 Cs, 99.9%) Cambridge Isotope Laboratories, Inc. Cat no. CLM-4819-PK

Experimental models: Cell lines

HEK293 Cells ATCC Cat no. CRL-1573; RRID:CVCL_0045

N2A Cells ATCC Cat no. CCL-131; RRID:CVCL_0470

Experimental models: Organisms/strains

Mouse: Egln2'™2Fong gintm2Fong
EglnsthFong/J

Jackson Laboratory

Cat no.

028097; RRID:IMSR_JAX:028097

Mouse: Pde6yCreERT? Tsang Laboratory N/A
Mouse: Rho®"70R/+ Tsang Laboratory N/A
Mouse: Pde6gH620a/+620Q EMMA Cat no. EM:01292; RRID:IMSR_EM:01292
Oligonucleotides
PCR Primers See Table S1 for all PCR Primers N/A
used in this manuscript.
qPCR Primers See Table S1 for gPCR Primers N/A
used in this manuscript.
Software and algorithms
Excel 2016 Microsoft N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and or reagents should be directed to and will be fulfilled by the lead contact, Stephen

H. Tsang (sht2@columbia.edu).

Materials availability

Plasmids generated in this study have been included in Table S2, provided as a separate excel file as requested. All unique/stable

reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. Any non-publicly available datasets can be obtained
through the lead contact upon request. This paper does not report original code. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Preclinical models

Pde63H620@/H620Q. pogg CreERT2/+ ig 4 well-established preclinical model of arRP;**%%4:56 RhoC77%"/* is a well-established preclinical
model of adRP.%"® Pde6y"*ERT2* mice were generated at Jonas Children’s Vision Care laboratory®®** PHD1,2,3 mouse model
PHD1,2,3 ™" mice [Egin2"™2F°"9 Egin1'™2Fong Egin3i™2Fong) j were obtained from Jackson Laboratory (stock no. 028097). The result-
ing progeny were bred with PHD1",2"3" mice. We used Pde68620%H620Q and Pde6y R T2 mice rederived using previously pub-
lished methods.?® Pde63620@/H620Q and Pde6y *ERT2 |ines were crossed to yield experimental lines in this research study.

All mice were housed in the Edward S. Harkness Eye Institute at Columbia University Irving Medical Center Facility under a 12-h
light and 12-h dark cycle.*>”**® When applicable, mice were euthanized following the Columbia University IACUC guidelines and us-
ing methods reported in previous studies.**”°® Mice were used in accordance with the Statement for the Use of Animals in
Ophthalmic and Vision Research of the Association for Research in Vision and Ophthalmology and the Policy on the Use of Animals
in Neuroscience Research of the Society for Neuroscience.

METHOD DETAILS

PHD inhibitor

5mg FG-4592 (M.C.E.; HY-13426) was dissolved in 100 uL DMSO (Sigma-Aldrich; 67-68-5) at 42°C to generate a stock solution and
subsequently mixed at a ratio of 1:9 in Sunflower oil (Sigma-Aldrich; 8001-21-6). 20 mg/kg BW of FG-4592 was administered via oral
gavage to the Pde68H620/H620Q mayse model as treatment group. The same volume of DMSO was mixed 1:9 with sunflower oil and
fed to the retinal degenerating mice for the control group.

Histology

Experimental and control retinae were harvested from euthanized mice to observe retinal morphology, and retinae were stained with
H&E as previously described.***>**°® The H&E-stained samples were used to quantify the thickness of the retinal ONL. ONL layers
are labeled with a yellow or green bar in figures within this manuscript.

Electroretinography
ERG tests were administered to both eyes of all mice using previously described methods.**®°° ERG testing was performed 6-, 8-,
and 10-week post-injection. Mice were dark-adapted for 12 h prior to anesthetization with 0.1 mL/10 g B.W. of 1 mL of 100 mg/mL
ketamine and 0.1 mL of 20 mg/mL xylazine in 8.9 mL PBS, which was injected i.p., as previously described.” During anesthetization,
mice were placed on heating pads to maintain their body temperature at 37°C. Mouse eyes were dilated with one drop per eye of
Tropicamide Ophthalmic Solution (1%; Akorn). Electrodes were placed on the corneas, and Gonak Hypromellose Ophthalmic
Demulcent Solution (2.5%; Akorn) was applied to the eyes to prevent corneal scarring.

ERG recordings were simultaneously for both eyes. As previously described, pulses of 0.00130 cd/m? and 3 cd/m? (White-6500K)
were employed.**%#4:56.50 This allowed the specific testing of rod and cone functionality so that the individual and combined function
could be analyzed.

Fluorescein angiography (FA)

FA was conducted at 1-year post subretinal AAV transduction of dual gRNA and Cas9 plasmids. Mice were anesthetized with
0.1 mL/10 g B.W. of 1 mL of 100 mg/mL ketamine and 0.1 mL of 20 mg/mL xylazine in 8.9 mL PBS, injected i.p. Following anesthesia,
Tropicamide Opthlamic Solution (1%; Akorn) was used to dilate pupils. After proper dilation, 100 uL of Fluorescein Sodium (25%; Akorn)
was injected i.p. and a Heidelberg Spectralis machine was used to capture angiographic images in the infrared and FA channels.

Tamoxifen injection and DNA recombination assay

Tamoxifen (Sigma-Aldrich; T5648) was injected intraperitoneally (i.p.) 3 times at a concentration of 100 ug/g B.W. as the treatment
group, as established in our previous study.**® For the control group, a sham injection was administered with 10% Ethanol (w/w) in
sunflower oil (Sigma-Aldrich; S5007) using the methods in Koch et al. and Zhang et al.*****°° Mice were injected at P7 and tested 4-,
6-, 8-, 10-, and 12-week post-injection.

To assay for recombination, DNA was extracted from the whole retina by using a DNeasy Blood & Tissue Kit (Qiagen, #69506). PCR
was performed as previously described.*® Primers that target Egin1, Egin2, and Egin3 segments of DNA are listed in Table S1. The
protein was extracted from the whole retina to assay for successful recombination. Immunoblots were performed as previously
described”® to compare the protein levels of PHD1, PHD2, and PHD3 between treatment and control groups.

Mouse retinae collection

Retinae were harvested from mice at P21-P23 and snap-frozen in liquid nitrogen before being stored at —80°C for further processing;
DNA, RNA, protein, or mass spectrometry.
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RNA extraction and qRT-PCR

Total RNA was extracted from retinae or cell lines using an RNeasy mini kit (QIAGEN, #74104) and was reverse transcribed using
SuperScript |l First-Strand Synthesis SuperMix (ThermoFisher, 18080-400). The reactions were run as previously described.*® Tran-
script levels of each target gene were determined by SYBR Green-based gPCR (BIO-RAD, 1725271) and were standardized to
B-Actin.

Immunoblotting of retinal lysates

At postnatal week 3 (P21) before the onset of ONL loss, retinae were harvested and prepared for immunoblot using previously
described experimental procedures.* The protein lysate was resuspended, and the supernatant was collected and subject to
SDS-polyacrylamide gel electrophoresis using 4-15% BIO-RAD TGX pre-cast gels (#4561083). The proteins were transferred to
nitrocellulose membranes for western blotting analysis. Whole-cell proteins were normalized to B-Actin (Cell Signaling, #3700). Mem-
brane was stripped and re-probed for all targets (singular membrane). Immunoblotting signals were visualized by an iBright FL 1500
Imaging System (ThermoFisher Scientific). Whole blot images have been included where available as a separate supplemental file.

Metabolomics

To validate the specificity and, thus, the safety of our PHD-targeting strategy, flux and steady-state metabolite levels were quantified
using stable isotope-resolved metabolomics coupled with mass spectrometry.

Steady-state levels of metabolites

Eyes were collected from 2-month-old experimental and control mice (i.e., before the onset of degeneration), and retinae were har-
vested and processed as previously described.**°

Metabolic flux

To confirm the metabolic efficacy of glycolysis following the loss of PHD, we have quantified metabolic flux levels in PHD-deficient
(PHD™'—; Pde6yCeERT2/*: PgeH620Q/H6200Q) and control (PHD™Y™-; Pde6yCeERT2/+: Pde6sH620/HE20Q) retinae using stable isotope-
resolved metabolomics coupled with gas-chromatography/mass spectrometry (GC-MS), as in our previous Sirt6 studies.*?° Both
in vivo and ex vivo samples were analyzed to reveal how the loss of PHD affected glycolysis, mitochondrial activity, and other poten-
tially relevant metabolic pathways. Raw metabolomics analysis data can be seen in Table S3.

Protocol A)

Quantify rates at which PHD-deficient and control retinae consume glucose medium and release lactate

Retinae were isolated and placed in a Krebs-Ringer Bicarbonate buffer (K.R.B.) supplemented with 5 mM glucose. Every 10 min, an
aliquot of media was collected and subsequently analyzed for glucose and other metabolite levels with a simple glucose oxidase
assay. Figure 3 shows an example, comparing rates of glucose consumption by retinae versus eyecups wherein the neuroretina
has been removed (primarily RPE tissue being analyzed).

Protocol B)

Quantify flux of carbons from universally labeled (U-)"3C-glucose into glycolytic and tricarboxylic acid (TCA) cycle
intermediates in PHD-deficient vs. control retinae

Retinae were isolated, incubated with 5 mM U-"3C-glucose, and harvested at 30 s, 90 s, 20 min, and 40 min to analyze glucose con-
sumption and lactate production. Metabolites were extracted with 80% methanol, derivatized for gas chromatography-MS, and
quantified as previously described.*?® Figure 3 shows an example of the quantification of flux into pyruvate, citrate, and lactate.
Our computational analysis quantified various parameters of isotope enrichment in downstream metabolites including flux of '3C
from [U-"3C] glucose into intermediates of glycolysis and the citric acid cycle and [U-'3C] glucose into the pentose phosphate
pathway.

Gene-ablation analysis

Human HEK293 and mouse N2A cells were transfected with the plasmid harboring the gRNAs targeting Egin1 or scrambled gRNAs
unspecific to any segment of DNA. Genomic DNA from human HEK293 cells and mouse tails was extracted using the DNeasy Blood &
Tissue Kit (Qiagen, 69506). DNA was extracted from Human HEK293 and mouse N2A cells after three days of selection, and PCR was
performed to validate the gRNA-targeting specificity. gRNA sequences are included in Table S1. Plasmid sequences are included in
Table S2.

Genomic DNA from retinae for subsequent gene-editing analyses was extracted using TRIzol reagent (Thermo Fisher Scientific,
15596018). Genomic PCR was performed using Phusion DNA polymerase (Thermo Fisher Scientific, F549S). Primers for detecting
CRISPR-mediated editing in cultured human cells and degenerative mice are listed in Table S1. For deep sequencing, 436- to 267-bp
PCR amplicons of sgA + sgB-treated HEK293 cells and AAV-treated mouse retinae were generated using primers with partial lllumina
adapter sequences (hREGLN1-F-EZ + hEGLN1-R-EZ for HEK293, and mEGLN1-F-EZ + mEGLN1-R-EZ for mouse retinae (Table S1)
and purified using the QIAquick PCR Purification Kit (Qiagen, 28106). Samples were sequenced using an lllumina-based Amplicon-
EZ service offered by Genewiz. Between 70,000 and 100,000 next-generation sequencing reads for each sample were generated on
2 x 250 bp paired-end reads. Cas-analyzer software was used to analyze the next-generation sequencing data.®' The SigmaPlot 14
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software package was used to represent our data graphically. All cell lines were validated for chromosome stability and the lack of
mycoplasma contamination.

Therapeutic genome editing of PHD2 in mouse and human cells

Using a dual gRNA, exon 1 of Egin1 was ablated in mouse Neuro-2a cells (N2A) and human HEK293 cells. Immunoblots confirmed
downregulation of PHD2 (Figures 5D and 5E). Cells transfected with experimental gRNAs directed by CRISPR-Cas9 excision had
higher levels of HIF1A expression than cells transfected with control PX459: scramble gRNAs in normoxic conditions. Quantification
of mRNA levels was then performed.

Cone densities

Whole eyes were processed for cryosection and subsequent staining, mounting, and imaging. Whole retinas were dissected and flat-
mounted, as previously described.®”**%® Cone numbers were averaged, assessed, and compared.** Regions of the central retina
were sampled as this is the region most susceptible to degeneration.

Adeno-associated viral vectors

Two sgRNAs, termed here as sgA and sgB (Table S1), together with a GRK7 promoter-driven GFP cassette, were cloned into the
pZac2.1 vector (Penn Vector Core PL-C-PV0100, University of Pennsylvania) to form a dual AAV8:U6-gRNAs_PHD2; hGRK1 GFP
construct. For the control vector, the two sgRNA-expressing cassettes of the U6-gRNAs_PHD2 were replaced with the scrambled
sequences, sgC and sgD, which are not homologous to the human or mouse genome. For our AAV-Cas9 construct, a human codon-
optimized pyogenes Cas9(SpCas9) was cloned into pZac2.1 between the hGrk1 (sCMV) promoter and the synthetic poly(A)
sequence. Injection of AAV8:hGRK1-GFP (first virus) allowed the clear marking of ventral subretinal transduction sites. These vectors
were then packaged into an AAV8 capsid with a Y733F modification by the Penn Vector Core, University of Pennsylvania. All plasmid
sequences are included in Table S2.

Subretinal injection

2- to 4-week-old mice were anesthetized via i.p. injection with 10 mg/mL ketamine and 1 mg/mL xylazine in PBS at a dosage of
0.1 mL/10 g B.W. Subretinal injections were performed using a surgical microscope (Zeiss). An incision was made through the cornea
from the posterior portion of the right eye using a 31-gauge needle. A pre-pulled glass micropipette (FIVEphoton Biochemicals,
M.G.M. 1D) connected to a 1 mL syringe (B.D., 309623) by the tubing of a butterfly infusion set was inserted through the corneal
incision and pushed through the choroid and retinal pigment epithelial cell layer. Each eye received 1.5 uL of dual AAV mixture
(5 x 10'2 vg/ml of each virus) or PBS. In each group, 1/10 volume of AAV8-CMV::H2B-EGFP (5 x 10'2 vg/ml) was co-injected to
ensure successful delivery.

Study approval
All animal studies were conducted according to the Institutional Animal Care and Use Committee Protocol Number AABU2668 at
Columbia University Irving Medical Center.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

All statistical tests utilized a standardized two-sample t-test with equal variance assumptions, where appropriate. An exception is
when a contralateral eye is a control, wherein a paired t-test was implemented instead. All error bars are S.E.M. unless explicitly de-
noted otherwise. All ERG results are averaged, with each mouse representing n = 1. The exception is in the case of the contralateral
eye serving as a control, wherein the paired t-test is implemented, and each eye is taken as n = 1. All RNA and Protein analysis con-
siders a single retinal extract as n = 1. Metabolomic analysis was performed in Microsoft Excel 2016. All statistical data were analyzed
in PRISM GraphPad comprehensive statistical analysis software. No methods were used to determine whether the data met extra-
neous assumptions of the particular statistical approach, outside of normal requirements of a particular test.
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