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Abstract Retinitis pigmentosa (RP) is an inherited retinal disease affecting >20 million people
worldwide. Loss of daylight vision typically occurs due to the dysfunction/loss of cone
photoreceptors, the cell type that initiates our color and high-acuity vision. Currently, there is no
effective treatment for RP, other than gene therapy for a limited number of specific disease genes.
To develop a disease gene-agnostic therapy, we screened 20 genes for their ability to prolong
cone photoreceptor survival in vivo. Here, we report an adeno-associated virus vector expressing
Txnip, which prolongs the survival of cone photoreceptors and improves visual acuity in RP mouse
models. A Txnip allele, C247S, which blocks the association of Txnip with thioredoxin, provides an
even greater benefit. Additionally, the rescue effect of Txnip depends on lactate dehydrogenase b
(Ldhb) and correlates with the presence of healthier mitochondria, suggesting that Txnip saves RP
cones by enhancing their lactate catabolism.

Introduction

Retinitis pigmentosa (RP) is one of the most prevalent types of inherited retinal diseases affecting
approximately 1 in ~4,000 people (Hartong et al., 2006). In RP, the rod photoreceptors, which initi-
ate night vision, are primarily affected by the disease genes and degenerate first. The degeneration
of cones, the photoreceptors that initiate daylight, color, and high-acuity vision, then follows, which
greatly impacts the quality of life. Currently, one therapy that holds great promise for RP is gene
therapy using adeno-associated virus (AAV) (Maguire et al., 2019). This approach has proven suc-
cessful for a small number of genes affecting a few disease families (Cehajic-Kapetanovic et al.,
2020). However, due to the number and functional heterogeneity of RP disease genes (=100 genes
that primarily affect rods, https://sph.uth.edu/retnet/), gene therapy for each RP gene will be logisti-
cally and financially difficult. In addition, a considerable number of RP patients do not have an identi-
fied disease gene. A disease gene-agnostic treatment aimed at prolonging cone function/survival in
the majority of RP patients could thus benefit many more patients. Given that the disease gene is
typically not expressed in cones, and thus their death is due to non-autonomous mechanisms that
may be in common across affected families, answers to the question of why cones die may provide
an avenue to a widely applicable therapy for RP. To date, the suggested mechanisms of cone death
include oxidative damage (Komeima et al., 2006; Wellard et al., 2005; Xiong et al., 2015), inflam-
mation (Wang et al., 2020; Wang et al., 2019; Zhao et al., 2015), and a shortage of nutrients (Ait-
Ali et al., 2015; Kanow et al., 2017; Punzo et al., 2012; Punzo et al., 2009, Wang et al., 2016).
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elLife digest Retinitis pigmentosa is an inherited eye disease affecting around one in every 4,000
people. It results from genetic defects in light sensitive cells of the retina, called photoreceptor cells,
which line the back of the eye. Though vision loss can occur from birth, retinitis pigmentosa usually
involves a gradual loss of vision, sometimes leading to blindness. Rod photoreceptors, which are
responsible for vision in low light, are impacted first. The disease then affects cone photoreceptors,
the cells that detect light during the day, providing both color and sharp vision.

Around 100 mutated genes associated with retinitis pigmentosa have been identified, but only a
handful of families with one of these mutant genes have been treated with a gene therapy specific
for their mutated gene. There are currently no therapies available to treat the vast number of
people with this disease. The mutations that cause retinitis pigmentosa directly affect the rod cells
that detect dim light, leading to loss of night vision. There is also an indirect effect that causes cone
photoreceptors to stop working and die. One theory to explain this two-step disease process relates
to the fact that cone photoreceptors are very active cells, requiring a high level of energy, nutrients
and oxygen. If surrounding rod cells die, cone photoreceptors may be deprived of some essential
supplies, leading to cone cell death and daylight vision loss.

To examine this theory, Xue et al. tested a new gene therapy designed to alleviate the potential
shortfall in nutrients. The experiments used three different strains of mice that had the same genetic
mutations as humans with retinitis pigmentosa. The gene therapy used a virus, called adeno-
associated virus (AAV), to deliver 20 different genes to cone cells. Each of the 20 genes tested plays
a different role in cells’ processing of nutrients to provide energy. After administering the treatment,
Xue et al. monitored the mice to see whether or not their vision was affected, and how cone cells
responded.

Only one of the 20 genes, Txnip, delivered using gene therapy, had a beneficial effect,
prolonging cone cell survival in all three mouse strains. The mice that received Txnip also retained
their ability to discern moving stripes on vision tests. Further investigations demonstrated that
activating Txnip forced the cones to start using a molecule called lactate as an energy source, which
could be more available to them than glucose, their usual fuel. These cells also had healthier
mitochondria — the compartments inside cells that produce and manage energy supplies. This dual
effect on fuel use and mitochondrial health is thought to be the basis for the extended cone survival
and function.

These experiments by Xue et al. have identified a good gene therapy candidate for treating
retinitis pigmentosa independently of which genes are causing the disease. Further research will be
required to test the safety of the gene therapy, and whether its beneficial effects translate to
humans with retinitis pigmentosa, and potentially other diseases with unhealthy photoreceptors.

In 2009, we surveyed gene expression changes that occurred during retinal degeneration in four
mouse models of RP (Punzo et al., 2009). Those data led us to suggest a model wherein cones
starve and die due to a shortage of glucose, which is typically used for energy and anabolic needs in
photoreceptors via glycolysis. Evidence of this ‘glucose shortage hypothesis’ was subsequently pro-
vided by orthogonal approaches from other groups (Ait-Ali et al., 2015, Wang et al., 2016). These
studies have inspired us to test 20 genes that might affect the uptake and/or utilization of glucose
by cones in vivo in three mouse models of RP (Figure 1—source data 1). Only one gene, Txnip, had
a beneficial effect, prolonging cone survival and visual acuity in these models. Txnip encodes an o-
arrestin family member protein with multiple functions, including binding to thioredoxin (Junn et al.,
2000; Nishiyama et al., 1999), facilitating removal of the glucose transporter 1 (GLUT1) from the
cell membrane (Wu et al., 2013), and promoting the use of non-glucose fuels (DeBalsi et al., 2014).
Because a-arrestins are structurally distinct from the visual or B-arrestins, such as ARR3, Txnip is
unlikely to bind to opsins or to participate in phototransduction (Hwang et al., 2014; Kang et al.,
2015; Puca and Brou, 2014). We tested a number of Txnip alleles and found that one allele, C247S,
which blocks the association of Txnip with thioredoxin (Patwari et al., 2006), provided the greatest
benefit. Investigation of the mechanism of Txnip rescue revealed that it required lactate dehydroge-
nase b (Ldhb), which catalyzes the conversion of lactate to pyruvate. Imaging of metabolic reporters
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Figure 1. Txnip effects on cone survival and cone-mediated vision in retinitis pigmentosa (RP) mice. (A) Representative images from postnatal day

20 (P20) and P50 rd1, P130 rd10, and P150 Rho”~ flat-mounted retinas, in which retinas were infected with adeno-associated viruses (AAVs) encoding
Txnip and H2BGFP (AAV8-RedO-Txnip, =1 x 10° vg/eye plus AAV8-RedO-H2BGFP, 2.5 x 10°® vg/eye) or control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/
eye). The outer circle was drawn to mark the outline of the retina, and the inner circle was drawn to the 2 radius of the outer circle. The small boxes in
the top four panels mark the regions shown at higher magnification in Figure 1—figure supplement 1C, demonstrating the pixels recognized as cones
by the MATLAB automated-counting program. The number at the lower-right corner in each panel is the count of cones within the %2 radius of each
image. All H2BGFP-labeled cones were counted within the central retina defined by the % radius (i.e., not just the cells from the small boxes). (B)
Quantification of H2BGFP-positive cones within the %2 radius of the retina for different groups (same as in A). Error bar: standard deviation. The number
in the round brackets ‘()" indicates the sample size, that is, the number of retinas within each group. (C) Visual acuity of rd10 and Rho™" mice transduced
with Txnip or H2BGFP alone in each eye measured using an optomotor assay. Error bar: SEM. NS: not significant; p>0.05, *p<0.05, **p<0.01,
***p<0.001, **** p< or <<0.0001. RedO: red opsin promoter; AAV: adeno-associated virus.

Figure 1 continued on next page
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The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Adeno-associated virus 8 vectors used in this study.
Figure supplement 1. Additional figures for effects of metabolic genes on cone survival.
Figure supplement 2. Additional figures for Txnip effects on cone survival.

demonstrated an enhanced intracellular ATP:ADP ratio when the retina was placed in lactate
medium. Moreover, by several measures, mitochondria appeared to be healthier as a result of Txnip
addition, but this improvement was not sufficient for cone rescue.

The above observations led to a model wherein Txnip shifts cones from their normal reliance on
glucose to enhanced utilization of lactate, as well as marked improvement in mitochondrial structure
and function. Analysis of the rescue activity of several additional genes predicted to affect glycolysis
provided support for this model. Finally, as our goal is to rescue cones that suffer not only from met-
abolic challenges, but also from inflammation and oxidative damage, we tested Txnip in combination
with anti-inflammatory and anti-oxidative damage genes, and found additive benefits for cones.
These treatments may benefit cones not only in RP, but also in other ocular diseases where similar
environmental stresses are present, such as in age-related macular degeneration (AMD).

Results

Txnip prolongs RP cone survival and visual acuity
We delivered genes that might address a glucose shortage and/or mismanagement of metabolism
in a potentially glucose-limited environment. To this end, 12 AAV vectors were constructed to test
genes singly or in combination for an initial screen (Figure 1—figure supplement 1E). Subsequently,
an additional set of AAV vectors were made based upon the initial screen results, as well as other
rationales, to total 20 genes tested in all (Figure 1—source data 1). Most of these vectors carried
genes to augment the utilization of glucose, such as hexokinases, phosphofructokinase, and pyru-
vate kinase. Each AAV vector used a cone-specific promoter, which was previously found to be non-
toxic at the doses used in this study (Xiong et al., 2019). An initial screen was carried out in rd1
mice, which harbor a null allele in the rod-specific gene, Pdeéb. This strain has a rapid loss of rods,
followed by cone death. The vectors were subretinally injected into the eyes of neonatal rd1 mice, in
combination with a vector using the human red opsin (RedO) promoter, to express a histone 2B-GFP
fusion protein (AAV-RedO-H2BGFP). The H2BGFP provides a very bright cone-specific nuclear label-
ing, enabling automated quantification. As a control, eyes were injected with AAV-RedO-H2BGFP
alone. Rd1 cones begin to die at =postnatal day 20 (P20) after almost all rods have died (Figure 17—
figure supplement 1A, Figure 1—figure supplement 2A). The number of rd1 cones was quantified
by counting the H2BGFP+ cells using a custom-made MATLAB program (Figure 1A, Figure 1—fig-
ure supplement 1C). Because ~11,000 rd1 cones were counted in the central %2 radius of retina
before their death at P20 (Figure 1—figure supplement 1E), we estimated ~20% H2BGFP labeling
efficiency using data for wildtype mice for comparison (i.e., ~50,000 cones within %2 radius of wild-
type retina) (Jeon et al., 1998), with this injection dose. Only cones within the central %2 radius
region of the retina were counted since RP cones in the periphery die much later (Hartong et al.,
2006; Punzo et al., 2009). Among the vectors with individual or combinations of genes, only Txnip
preserved rd1 cones at P50 (Figure 1A, B, Figure 1—figure supplement 1E). The effects were likely
on cone survival as it did not change the number of cones at P20 prior to their death, but did pro-
vide survival benefit by ~P30 (Figure 1A, B, Figure 1—figure supplement 2A-C). The level of Txnip
rescue in P50 rd1 cones was comparable to that seen using AAV with a cytomegalovirus (CMV) pro-
moter to express a transcription factor, Nrf2, that regulates anti-oxidation pathways and reduces
inflammation, as we found previously (Xiong et al., 2015; Figure 1—figure supplement 1E). One
combination led to a reduction in cone survival, that of Hk1 plus Pfkm (Figure 1—figure supplement
1E).

Our initial screen used the RedO promoter to drive Txnip expression. To evaluate a different
cone-specific promoter, Txnip also was tested using a newly described cone-specific promoter, Syn-
PVI (Jittner et al., 2019). This promoter also led to prolonged cone survival (Figure 1—figure
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Figure 2. Test of Txnip alleles on cone survival. (A) Representative P50 rd1 flat-mounted retinas after PO infection with one of five different Txnip alleles
(AAV8-RedO-Txnip wildtype (WT)/.C247S/.5308A/.C2475.5308A/.C247S.LL351 and 352AA, =1 x 107 vg/eye, plus AAV8-RedO-H2BGFP, 2.5 x 108 vg/
eye), or control eyes infected with AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye alone. (B) Quantification of H2BGFP-positive cones within the ¥ radius of P50
rd1 retinas transduced with WT Txnip, Txnip alleles, and control (same as in A). The number in the round brackets '()' indicates the sample size, that is,
the number of retinas within each group. Error bar: standard deviation. Txnip.CS.SA: Txnip.C247S.S308A; Txnip.CS.LLAA: Txnip.C247S.LL351 and
352AA. NS: not significant, p>0.05, *p<0.05, **p<0.01, ***p<0.001, **** p< or <<0.0001. RedO: red opsin promoter; AAV: adeno-associated virus.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Additional figures for effects of Txnip alleles on cone survival.
Figure supplement 2. SIc2a1/GLUT1 shRNA in vitro screening.

supplement 1E). To explore whether Txnip gene therapy is effective beyond rd1, it was tested in
rd10 mice, which carry a missense Pdeéb mutation, and in Rho”" mice, which carry a null allele in a
rod-specific gene, rhodopsin. Cone survival was evaluated after the majority of central cones had
died, with different ages for different strains, based upon our previous work (Punzo et al., 2009,
Wang et al., 2019; Xiong et al., 2015). Both rd10 and Rho”™ mice showed improved cone survival
(Figure 1A, B). The rescue effect did not persist long term, however, as by P240 in the Rho”" strain
it was not significant (Figure 1—figure supplement 2D). To determine if Txnip-transduced mice sus-
tained greater visual performance than control RP mice, an optomotor assay was used to measure
maximal visual threshold for spatial frequency (i.e., visual acuity) (Prusky et al., 2004). Under condi-
tions that simulated daylight, Txnip-transduced eyes showed enhanced visual acuity compared to
the control contralateral eyes in rd10 and Rho”" mice (Figure 1C). The rd1 strain degenerates so
quickly that it could not be evaluated in this assay. To determine if there was an improvement in
overall cone phototransduction, summed across all cones, electroretinography (ERG) was carried
out. No effect was observed in rd10 mice transduced with Txnip (Figure 1—figure supplement 2E).
Txnip also was evaluated for effects on cones in wildtype (WT) mice using peanut agglutinin (PNA)
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staining, which stains the cone-specific extracellular matrix and reflects cone health. No effect was
seen on PNA staining (Figure 1—figure supplement 1D). In addition, retinas from both WT and P21
rd1 mice were stained using anti-ARR3, which stains the entire cone. At P31, the approximate num-
ber and morphology of Txnip-transduced cones in WT retinas was similar to uninfected WT retinas
(Figure 1—figure supplement 2A). At P21 and P30, immunohistochemistry (IHC) for ARR3 in rd1
retinas did not show an obvious rescue of cone outer segments by Txnip (Figure 1—figure supple-
ment 2A).

Evaluation of Txnip alleles for cone survival

Previous studies of Txnip provided a number of alleles that could potentially lead to a more effective
cone rescue by Txnip and/or provide some insight into which of the Txnip functions are required for
enhancing cone survival. A C247S mutation has been shown to block Txnip’s inhibitory interaction
with thioredoxin (Patwari et al., 2009; Patwari et al., 2006), which is an important component of a
cell's ability to fight oxidative damage via thiol groups (Junn et al., 2000; Nishinaka et al., 2001,
Nishiyama et al., 1999). If cone rescue by Txnip required this function, the C247S allele should be
less potent for cone rescue. Alternatively, if loss of thioredoxin binding freed Txnip for its other func-
tions and made more thioredoxin available for oxidative damage control, this allele might more
effectively promote cone survival. The C247S clearly provided more robust cone rescue than WT
Txnip in all three RP mouse strains (Figure 2, Figure 2—figure supplement 1A, B). These results
indicate that the therapeutic effect of Txnip does not require an inhibitory interaction with thiore-
doxins. This finding is in keeping with previous work, which showed that anti-oxidation strategies
promoted cone survival in RP mice (Komeima et al., 2006; Wu et al., 2021, Xiong et al., 2015). An
additional mutation, S308A, which loses an AMPK/Akt-phosphorylation site on Txnip
(Waldhart et al., 2017; Wu et al., 2013), was tested in the context of WT Txnip and in the context
of the C247S allele. The S308A change did not benefit cone survival in either context (Figure 2). In
addition, the S308A allele was assayed for negative effects on cones by an assessment of rd1 cone
number prior to P20, that is, before the onset of cone death (Figure 2—figure supplement 1C). It
did not reduce the cone number at this early timepoint, indicating that Txnip.S308A was not toxic to
cones. This finding suggests that the S308 residue is critical for the therapeutic function of Txnip
through an unclear mechanism. One additional set of amino acid changes, LL351 and 352AA, was
tested in the context of C247S. This allele eliminates a clathrin-binding site, and thus hampers
Txnip's ability to remove GLUT1 from cell surface through clathrin-coated pits (Wu et al., 2013).
Txnip.C247S.LL351 and 352AA could still delay RP cone death compared to the control (Figure 2B),
suggesting that the therapeutic effect of Txnip was unlikely to be only through the removal of
GLUT1 from the cell surface. To further explore the role of GLUT1, an shRNA to Slc2a1, which enco-
des GLUT1, was tested. It did not prolong RP cone survival (Figure 2—figure supplement 1D). The
slight decrease of Txnip.C247S.LL351 and 352AA in cone rescue compared to Txnip.C247S might
be due to other, currently unknown effects of LL351 and 352, or a less specific effect, for example, a
protein conformational change.

Txnip requires Ldhb to prolong cone survival

People with Txnip null mutations present with lactic acidosis (Katsu-Jiménez et al., 2019), suggest-
ing that Txnip deficiency might compromise lactate catabolism. A metabolomic study of muscle
using a targeted knockout of Txnip suggested that Txnip increases the catabolism of non-glucose
fuels, such as lactate, ketone bodies, and lipids (DeBalsi et al., 2014). This switch in fuel preference
was proposed to benefit the mitochondrial tricarboxylic acid cycle (TCA cycle), leading to a greater
production of ATP. As presented earlier, a problem for cones in the RP environment might be a
shortage of glucose (Ait-Ali et al., 2015; Punzo et al., 2009, Wang et al., 2016). A benefit of Txnip
might then be to enable and/or force cells to switch from a preference for glucose to one or more
alternative fuels. To test this hypothesis, we co-injected AAV-Txnip with shRNAs targeting the
mRNAs for the rate-limiting enzymes for the catalysis of lactate, ketones, or lipids. Ldhb, encoded
by the Ldhb gene, is the enzyme that converts lactate to pyruvate to potentially fuel the TCA cycle,
and lactate dehydrogenase a (Ldha, encoded by Ldha gene) converts pyruvate to lactate
(Eventoff et al., 1977). We found that Txnip rescue was significantly decreased by any one of three
Ldhb shRNAs (siLdhb) or by overexpression of Ldha (Figure 3A, B, Figure 3—figure supplement

Xue et al. eLife 2021;10:e66240. DOI: https://doi.org/10.7554/eLife.66240 6 of 29


https://doi.org/10.7554/eLife.66240

ELIfe Medicine | Neuroscience

Txnip+siNC Txnip+siLdhb#2)

A siNC siLdhb®2

B P50 rd1 C P50 rd1
- 8000 - - 15000
g J T l 1 § ]
*kkk
S 8 '
— — N
: ; :
E: E
e] e
s s
~ Q
- -
O B
\\@
é\(ﬁ &
(;\Q
+ (;\Q
<

Figure 3. Effect of knockdown of lactate dehydrogenase b (Ldhb) in Txnip-transduced retinitis pigmentosa cones in vivo. (A) Representative P50 rd1
flat-mounted retinas after PO infection with control shRNA construct (siNC) or an shRNA construct targeting Ldhb (siLdhb®) in the presence or absence
of transduced Txnip (AAV8-RedO-Txnip, =1 x 107 vg/eye; AAV8-RedO-shRNA =1 x 107 vg/eye), plus AAV8-RedO-H2BGFP (2.5 x 10° vg/eye) (B)
Quantification of H2BGFP-positive cones within the %2 radius of P50 rd1 retinas transduced with control, siNC control, Txnip + siLdhb®?, or Txnip +
siNC control (same as in A). (C) Quantification of H2BGFP-positive cones within the V2 radius of P50 rd1 retinas transduced with Txnip + siOxct1%#),
Txnip + siCpﬂa(#c), Txnip + siOxct1%9) + siCpﬂa(#c), or siNC control. (All are AAV8-RedO-Txnip, =1 x 10° vg/eye; AAV8-RedO-shRNA, =1 x 10° vg/
eye; plus AAV8-RedO-H2BGFP, 2.5 x 10® vg/eye.) Error bar: standard deviation. NS: not significant, p>0.05, **p<0.01, ***p<0.001, **** p<

or <<0.0001. RedO: red opsin promoter; AAV: adeno-associated virus.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Additional figures for the dependency of Txnip rescue on lactate dehydrogenase b and effect of Ldha.
Figure supplement 2. Lactate dehydrogenase b (Ldhb) shRNA in vitro screening.

Figure supplement 3. Oxct1 shRNA in vitro screening.

Figure supplement 4. Cptla shRNA in vitro screening.

1B-E). We also tested the rescue effect of Txnip plus an shRNA against Oxct1 (siOxct1), a critical
enzyme for ketolysis (Zhang and Xie, 2017), or against Cpt1a (siCpt1a), a component for lipid trans-
porter that is rate limiting for B-oxidation (Shriver and Manchester, 2011). These shRNAs, tested
singly or in combination, did not reduce the effectiveness of Txnip rescue (Figure 3C). Taken
together, these data support the use of lactate, but not ketones or lipids, as a critical alternative fuel
for cones when Txnip is overexpressed.

Txnip improves the ATP:ADP ratio in RP cones in the presence of
lactate

If the improved survival of cones following Txnip overexpression is due to improved utilization of
non-glucose fuels, cones might show improved mitochondrial metabolism. To begin to examine the
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Figure 4. Effect of Txnip on ATP:ADP levels in retinitis pigmentosa (RP) cones in media with different carbon sources. (A) Representative ex vivo live
images of PercevalHR-labeled cones in P20 rd1 retinas cultured with high-glucose, lactate-only, or pyruvate-only medium and transduced with Txnip
(AAV8-RedO-Txnip, 1 x 107 vg/eye, plus AAV8-RO1.7-PercevalHR, 1 x 10° vg/eye) (RO1.7 is a shorter version of the red opsin [RedO] promoter with a
similar expression pattern) or control (i.e., AAV8-RO1.7-PercevalHR, 1 x 10” vg/eye). Magenta: fluorescence by 405 nm excitation, indicating low-ATP:
ADP; green: fluorescence by 488 nm excitation, indicating high-ATP:ADP. (B) Quantification of normalized PercevalHR fluorescence intensity ratio
(FEi88nm: &x405nm 1 onortional to ATP:ADP ratio) in cones from P20 rd1 retinas in different conditions. The number in the square brackets '[]’ indicates
the sample size, that is, the number of images taken from regions of interest of multiple retinas (=3 images per retina), in each condition. (C)
Quantification of normalized PercevalHR fluorescence intensity of retinas infected with Txnip + siLdhb®? and Txnip + siNC in cones from P20 rd1 retina
in lactate-only or pyruvate-only medium. (AAV8-RedO-Txnip, =1 x 107 vg/eye; AAV8-RedO-shRNA =1 x 107 vg/eye; plus AAV8-RO1.7-PercevalHR, 1 x
10° vg/eye.) (D) Representative ex vivo live images of PercevalHR-labeled cones in P20 rd1 retinas cultured in lactate-only medium, following
transduction with Txnip.C247S (AAV8-RedO-Txnip.C247S, 1 x 107 vg/eye) or Txnip.S308A (AAV8-RedO-Txnip.S308A, 1 x 107 vg/eye). Magenta:
fluorescence by 405 nm excitation, indicating low-ATP:ADP; green: fluorescence by 488 nm excitation, indicating high-ATP:ADP. (E) Quantification of
normalized PercevalHR fluorescence intensity following transduction by Txnip, Txnip alleles, and control cones in P20 rd1 retinas cultured in lactate-only
medium. Error bar: standard deviation. NS: not significant, p>0.05, **p<0.01, ***p<0.001, **** p< or <<0.0001. AAV: adeno-associated virus.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Effect of Txnip on pH and glucose levels in retinitis pigmentosa (RP) cones.

metabolism of cones, we first attempted to perform metabolomics of cones with and without Txnip.
However, so few cones are present in these retinas that we were unable to achieve reproducible
results. An alternative assay was conducted to measure the ratio of ATP to ADP using a
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genetically encoded fluorescent sensor (GEFS). AAV was used to deliver PercevalHR, an ATP:ADP
GEFS (Tantama et al., 2013), to rd1 cones with and without AAV-Txnip. The infected P20 rd1 retinas
were explanted and imaged in three different types of media to measure the cone intracellular ratio
of ATP:ADP. Txnip increased the ATP:ADP ratio (i.e., higher Ff2&293,,c) of rd1 cones in lactate-only
medium. This was also seen in pyruvate-only medium, perhaps due to improved mitochondrial health
(i.e., greater oxidative phosphorylation [OXPHOS] activity). Consistent with the role of Txnip in
removing GLUT1 from the plasma membrane, Txnip-transduced cones had a lower ATP:ADP ratio (i.
e., lower FRE&405 ) in high-glucose medium (Figure 4A, B). To further probe whether intracellular
glucose was reduced after overexpression of Txnip (Wu et al., 2013), a glucose sensor iGlucoSnFR
was used (Keller et al., 2019). This sensor showed reduced intracellular glucose in Txnip-transduced
cones (Figure 4—figure supplement 1A, B). Because the fluorescence of GEFS may also be subject
to environmental pH, we used a pH sensor, pHRed (Tantama et al., 2011), to determine if the
changes of PercevalHR and iGlucoseSnFR were due to a change in pH, and found no significant pH
change (Figure 4—figure supplement 1C, D). We also found that lactate, but not pyruvate, utiliza-
tion by Txnip-transduced cones was critically dependent upon Ldhb for ATP production as introduc-
tion of siLdhb abrogated the increase in ATP:ADP in Txnip-transduced cones (Figure 4C).
Furthermore, in correlation with improved cone survival by Txnip.C247S compared to WT Txnip
(Figure 2B), cones had a higher ATP:ADP ratio in lactate medium when Txnip.C247S was used rela-
tive to WT Txnip (Figure 4D, E). Similarly, in correlation with no survival benefit when transduced
with Txnip.S308A (Figure 2B), there was no difference in the ATP:ADP ratio when Txnip.S308A was
used, relative to control, in lactate medium (Figure 4D, E).

Txnip improves RP cone mitochondrial gene expression, size, and
function

To further probe the mechanism(s) of Txnip rescue, we first tested if all of the benefits of Txnip were
due to Txnip's effects on Ldhb. Ldhb was thus overexpressed alone or with Txnip. Ldhb alone did
not prolong cone survival, nor did it increase the Txnip rescue (Figure 8—figure supplement 1D).
An additional experiment was carried out to investigate if there might be a shortage of the mito-
chondrial pyruvate carrier, which could limit the uptake of pyruvate into the mitochondria of photo-
receptors for ATP synthesis (Grenell et al., 2019). The pyruvate carrier, which is a dimer encoded by
Mpc1 and Mpc2 genes, was overexpressed, but did not prolong rd1 cone survival (Figure 7—figure
supplement 1C). To take a less biased approach, the transcriptomic differences between Txnip-
transduced and control RP cones were characterized. H2BGFP-labeled RP cones were isolated by
FACS sorting at an age when cones were beginning to die, and RNA sequencing was performed
(Figure 5—figure supplement 1A). Data were obtained from two RP strains, rd1 and Rho”". By com-
paring the differentially expressed genes in common between the two strains, relative to control, 7
genes were seen to be upregulated and 17 were downregulated (Figure 5—source data 1). Three
of the seven upregulated genes were mitochondrial electron transport chain (ETC) genes. The upre-
gulation of these three ETC genes in Txnip-transduced rd1 cones was confirmed by ddPCR (Fig-
ure 5—figure supplement 1B). Similarly, we also looked for transcriptomic differences induced by
Txnip in WT cones using C57BL/6J and BALB/c mice, and found only Txnip mRNA upregulation in
common (Figure 5—figure supplement 2A, Figure 5—source data 2). Interestingly, there was
almost no Txnip mMRNA detected by RNA-seq in the WT or RP control cones, but there was high
number of Txnip transcripts following addition of RedO-Txnip in all strains (Figure 5—source data
3).

The finding of upregulated ETC genes in Txnip-transduced RP cones, but not in WT cones, sug-
gested effects of Txnip on mitochondria during cone degeneration. Murakami et al. previously
showed that cone mitochondria were swollen and deteriorated in rd10 mouse retinas
(Murakami et al., 2012). The morphology of Txnip-transduced mitochondria in RP cones and unin-
jected WT cones was examined by transmission electron microscopy (TEM) (Figure 5—figure sup-
plement 2B-D). There was an increase in the size of mitochondrial cross sections by Txnip
transduction, with a greater increase following transduction with Txnip.C247S in P20 rd1 cones
(Figure 5A, B). Mitochondrial membrane potential (A¥m), a reflection of mitochondrial ETC func-
tion, was also examined using JC-1 dye staining of freshly explanted Txnip-transduced P20 rd1 reti-
nas (Reers et al., 1995). Both Txnip and Txnip.C247S increased the ratio of J-aggregates:JC1-
monomers (Figure 5C, D), indicating an increased A¥m and/or a greater number/size of
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Figure 5. Effects of Txnip on retinitis pigmentosa (RP) cone mitochondrial size and function. (A) Representative transmission electron microscopy (TEM)
images of RP cones from P20 rd1 cones transduced with wildtype Txnip, Txnip.C247S, or Txnip.S308A (all are AAV8-RedO-Txnip, ~1 x 107 vg/eye plus
AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye), and control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye). (B) Quantification of mitochondrial diameters from
control, Txnip, Txnip.C247S, and Txnip.S308A-transduced cones (same as in A). The number in the curly brackets ‘{}" indicates the sample size, that is,
Figure 5 continued on next page
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Figure 5 continued

the number of mitochondria from multiple cones of > 1 retina for each condition (five retinas for control, four for Txnip, two for Txnip.C247S, and one
for Txnip.S308A). (C) Images of JC-1 dye staining (indicator of electron transport chain [ETC] function) in live cones of P20 rd1 central retina under
different conditions (same as in A). Magenta: J-aggregate, indicating high ETC function; green: JC-1 monomer, low ETC function, used for
normalization. H2BGFP channel, the tracer of AAV infected area, is not shown. (D) Quantification of normalized cone JC-1 dye staining (fluorescence
intensity of J-aggregate:JC-1 monomer) from live cones in P20 rd1 retinas (same as in A) in different conditions (3-4 images per retina). The number in
the square brackets ‘[]" indicates the sample size, that is, the number of images taken from regions of interest of multiple retinas, in each condition. (E)
Images of mitoRFP staining (reflecting mitochondrial function) in Txnip.C247S (AAV8-RedO-Txnip.C247S, 1 x 107 vg/eye, plus AAV8-RedO-H2BGFP, 2.5
x 108 vg/eye and AAV8-SynP136-mitoRFP, 1 x 107 vg/eye) and control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye plus AAV8-SynP136-mitoRFP, 1 x 107
vg/eye) cones from fixed P20 Parp1** rd1 and Parp1”" rd1 retinas near the optic nerve head. Magenta: mitoRFP; gray: H2BGFP, for mitoRFP
normalization. (F) Quantification of normalized mito-RFP:H2BGFP intensity in different conditions (same as in E) of P20 Parp1 rd1 retinas (four images
per retina, near optic nerve head). (G) Images of P50 Parp1*/* rd1 and Parp1”" rd1 retinas with H2BGFP (gray)-labeled cones transduced with Txnip.
C247S (AAV8-RedO-Txnip, =1 x 107 vg/eye plus AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye) and control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye). (H)
Quantification of H2BGFP-positive cones within the ¥ radius of P50 Parp1*/* rd1 and Parp1”~ rd1 retinas transduced with Txnip.C247S or control (same
as in G). (I) Images of P50 ParpT/' rd1 retinas with H2BGFP (gray)-labeled cones transduced with Ldhb (AAV8-RedO-Ldhb, 1 x 107 vg/eye, plus AAV8-
RedO-H2BGFP, 2.5 x 10° vg/eye) or H2BGFP only (AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye). (J) Quantification of H2BGFP-positive cones within the %2
radius of P50 Parp?'/' rd1 retinas transduced with Ldhb or H2BGFP only (same as in I). Error bar: standard deviation. NS: not significant, p>0.05,
*0<0.05, **p<0.01, ***p<0.001, **** p< or <<0.0001. Txnip.CS: Txnip.C247S; Txnip.SA: Txnip.S308A. RedO: red opsin promoter; AAV: adeno-
associated virus; Ldhb: lactate dehydrogenase b.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Differentially expressed genes in cones infected by AAV8-RedO-Txnip (1 x 107 vg/eye plus AAV8-SynP136-H2BGFP, 1 x 10° vg/eye)
vs. control (AAV8-SynP136-H2BGFP, 1 x 107 vg/eye) in common between two retinitis pigmentosa strains (rd1 and Rho”"). RedO: red opsin promoter;
AAV: adeno-associated virus.

Source data 2. Differentially expressed gene(s) in cones infected by AAV8-RedO-Txnip (1 x 107 vg/eye plus AAV8-SynP136-H2BGFP, 1 x 107 vg/eye)
vs. control (AAV8-SynP136-H2BGFP, 1 x 107 vg/eye) in common between two wildtype strains (BALB/c and C57BL6/J). RedO: red opsin promoter; AAV:
adeno-associated virus.

Source data 3. Cone Txnip mRNA raw reads in the RNA-seq data (from 1000 FACS cones per retina).

Source data 4. Cone mRNA raw reads from RNA-seq of all 35 retinas used in the study.

Figure supplement 1. Additional figures for RNAseq results of Txnip and effects of Txnip on retinitis pigmentosa (RP) cone mitochondria.

Figure supplement 2. Additional figures for effects of Txnip on retinitis pigmentosa (RP) cone mitochondria.

mitochondria with a high ATm following Txnip overexpression. This finding was further investigated
in vivo using infection by an AAV encoding mitoRFP, which only accumulates in mitochondria with a
high A¥m (Brodier et al., 2020; Hood et al., 2003). Compared to the control cones without Txnip
transduction, the intensity of mitoRFP was higher in P20 rd1 cones transduced with Txnip (Figure 5—
figure supplement 1C, D).

A previous study identified 15 proteins that interact with Txnip.C247S (Forred et al., 2016).
Among these interactors was Parp1, which can negatively affect mitochondria through deleterious
effects on the mitochondrial genome (Hocsak et al., 2017; Szczesny et al., 2014), as well as effects
on inflammation and other cellular pathways (Fehr et al., 2020). Due to the similarities between the
effects of Txnip addition and of Parp1 inhibition on mitochondria, Parp1 was tested for a potential
role in Txnip-mediated rescue. Parp1 expression was first examined by IHC and found to be
enriched in cone inner segments, which are packed with mitochondria (Hoang et al., 2002), as well
as in cone nuclei (Figure 5—figure supplement 1G). Interestingly, when a GFP-Txnip fusion protein
was expressed in cones, it also was found in these regions (Figure 1—figure supplement 1B). To
test for a role of Parp1, Parp1'/' mice were bred to rd1 mice, and their cone mitochondria were
examined by TEM and mitoRFP. Parp1”" rd1 cones possessed larger mitochondria (Figure 5—figure
supplement 1H, I) and higher mitoRFP signals than cones from Parp1*'* rd1 controls (Figure 5E, F).
Addition of Txnip.C247S to Parp1”” rd1 cones did not alter the mitoRFP signals (Figure 5E, F).
When Txnip.C247S was added to Parp1”" rd1 retinas, cone survival was similar to that of Txnip.
C247S-transduced Parp1*/* rd1 retinas, showing that Txnip-mediated survival does not require
Parp1 (Figure 5G, H). Parp1”" rd1 cone survival also was similar to the Parp1*’*
(Figure 5G, H). The rd1 cone degeneration seemed to be faster in these Parp1** and Parp1”" mice
(on 129S background) for unknown reason(s).

The discordance between improved mitochondria and cone survival in these experiments sug-
gested that mitochondrial improvement alone is not sufficient to prolong cone survival. This is

rd1 cones
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Figure 6. Effect of Txnip on Na*/K" ATPase pump function and cone opsin expression in retinitis pigmentosa cones. (A) Images of live ex vivo RH421
stained cones in P20 rd1 retinas transduced with Txnip.C2475 (AAV8-RedO-Txnip C247S, =1 x 107 vg/eye plus AAV8-RedO-H2BGFP, 2.5 x 10° vg/eye)
and control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye) and cultured in lactate-only medium. Magenta: RH421 fluorescence, proportional to Na*/K*
ATPase function; gray: H2BGFP, tracer of infection. (B) Quantification of normalized RH421 fluorescence intensity from Txnip.C247S-transduced cones
relative to control in P20 rd1 retinas cultured in lactate-only medium (same as in A, five images per retina). The number in the square brackets ‘[J’
indicates the sample size, that is, the number of images taken from regions of interest of multiple retinas, in each condition. Txnip.CS: Txnip.C247S.

(C) Immunohistochemistry with anti-s-opsin plus anti-m-opsin antibodies in the center of P50 rd1 retinas transduced with Txnip.C247S or control. Green:
cone-opsins; gray: H2BGFP, tracer of infection. Error bar: standard deviation. **** p< or <<0.0001. RedO: red opsin promoter; AAV: adeno-associated
virus.

consistent with the observations from transduction with Txnip.S308A, as well as Txnip + siLdhb,
both of which failed to prolong rd1 cone survival despite improvements in mitochondria
(Figure 2A, B, Figure 5A-D, Figure 5—figure supplement 1C-F). To test if improved cone survival
requires enhanced lactate catabolism in addition to mitochondrial improvement, we delivered Ldhb
to Parp1”" rd1 cones. Unlike on Parp1*/* background (Figure 8—figure supplement 1D), a small
but significant improvement in cone survival was observed (Figure 5I, J).

Txnip enhances Na*/K* pump function and cone opsin expression

The results above suggest that Txnip may prolong RP cone survival by enhancing lactate catabolism
via Ldhb, which may lead to greater ATP production by the OXPHOS pathway. Cone photoreceptors
are known to require high levels of ATP to maintain their membrane potential, relying primarily
upon the Na*/K* ATPase pump (Ingram et al., 2020). To investigate whether Txnip affects the func-
tion of the Na*/K* pump in RP cones, freshly explanted P20 rd1 retinas were stained with RH421, a
fluorescent small-molecule probe for Na*/K* pump function (Fedosova et al., 1995). Addition of
Txnip improved Na*/K* pump function of these cones in lactate medium as reflected by an increase
in RH421 fluorescence (Figure 6A, B), consistent with Txnip enabling greater utilization of lactate as
fuel. In RP cones, it is also known that protein expression of cone opsin is downregulated, postulated
to be due to insufficient energy supply (Punzo et al., 2009). Compared to control, greater anti-opsin
staining was observed in Txnip-transduced rd1 cones at P50 (Figure 6C), further supporting the idea
that Txnip improves the energy supply to RP cones.

Dominant-negative HIF1o improves RP cone survival

If improved lactate catabolism and OXPHOS are at least part of the mechanism of Txnip rescue, RP
cone survival might be promoted by other molecules serving similar functions. HIF1a can upregulate
the transcription of glycolytic genes (Majmundar et al., 2010). Increased glycolytic enzyme levels
might push RP cones to further rely on glucose, rather than lactate, to their detriment if glucose is
limited. To investigate whether HIF1o. might play a role in cone survival, a WT and a dominant-nega-
tive HIF1a (dnHIF1a) allele (Jiang et al., 1996) were delivered to rd1 retinas using AAV. A target
gene of HIF1o, Vegfa, which might improve blood flow and thus nutrient delivery (but might also
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Figure 7. Effect of dominant negative HIF1o and Best1-Txnip.C247S.LL351 and 352AA on retinitis

pigmentosa cone survival. (A) Images of P50 rd1 retinas with H2BGFP (gray)-labeled cones transduced with
dnHIF10 (AAV8-RO1.7-dnHIF1a, 1 x 107 vg/eye), Hifla (AAV8-SynPVI-Hif1a, SynPVl is an alternative cone-specific
promoter, 1 x 107 vg/eye), Best1-Txnip.C2475.LL351 and 352AA (Txnip.CS.LLAA, driven by a retinal pigmented
epithelium-specific promoter; AAVS, 5 x 10° vg/eye; all including AAV8-RedO-H2BGFP, 2.5 x 10° vg/eye), or
control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye). (B) Quantification of H2BGFP-positive cones within the ¥z radius
of P50 rd1 retinas transduced with dnHIF1¢, Hif1a, Best1-Txnip.C247S.LL351, and 352AA or control (same as in A).
B-Tx.CS.LLAA: Best1-Txnip.C247S.LL351 and 352AA. Error bar: standard deviation. *p<0.05, **p<0.01, ***p<0.001.
RedO: red opsin promoter; AAV: adeno-associated virus.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Additional figures for various vectors effect on retinitis pigmentosa (RP) cone survival.

increase inflammation), also was tested. The dnHIF1o increased rd1 cone survival, while WT Hifla
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and Vegf each decreased cone survival (Figure 7, Figure 7—figure supplement 1D, E).

Txnip effects on GLUT1 levels in the RPE and cone survival

To determine if retention of glucose by the RPE might underlie a glucose shortage for cones
(Kanow et al., 2017, Wang et al., 2016), we attempted to reprogram RPE metabolism to a more
‘OXPHOS’ and less ‘glycolytic’ status by overexpressing Txnip or dnHIF1a with an RPE-specific pro-
moter, the Best1 promoter (Esumi et al., 2009). The goal was to increase lactate consumption in the
RPE, thus freeing up more glucose for delivery to cones. However, no RP cone rescue was observed
(Figure 7—figure supplement 1B), possibly due to a clearance of GLUT1 by Txnip from the surface
of RPE cells, which would create a glucose shortage for both the RPE and the cones (Swarup et al.,
2019, Figure 7—figure supplement 1A). To examine the level of GLUT1 in the RPE following intro-
duction of WT Txnip, or Txnip.C247S.LL351 and 352AA, which should prevent efficient removal of
GLUT1 (see background in previous section), IHC for GLUT1 was carried out. This assay showed that
AAV-Best1-Txnip.LL351 and 352AA did result in less clearance of GLUT1 from the surface of the RPE
relative to WT Txnip (Figure 7—figure supplement 1A). Best1-Txnip.C247S.LL351 and 352AA was
then tested for rd1 cone rescue, where it was found to improve cone survival (Figure 7), in keeping
with the model that the RPE retains glucose to the detriment of cones in RP.

Combination of Txnip.C247S with other rescue genes provides an
additive effect

Finally, as our goal is to provide effective, generic gene therapy for RP, and potentially other dis-
eases that affect photoreceptor survival, we used combinations of AAVs that encode genes that we
have previously shown prolong RP cone survival and vision. The combination of Txnip.C247S expres-
sion in cones, with expression of Nrf2, a gene with anti-oxidative damage and anti-inflammatory
activity, in the RPE, provided an additive effect on cone survival relative to either gene alone
(Figure 8A, B). This combination also preserved a structure resembling cone outer segments. In WT
cones, opsin protein is localized to the outer segment, where photon detection and phototransduc-
tion take place. During degeneration in RP, the cone outer segments collapse, and opsin is mislocal-
ized to the plasma membrane (Figure 8C, Figure 8—figure supplement 1A). The combination of
RedO-Txnip.C247S and Best1-Nrf2 led to the localization of opsin protein to the outer segment-like
structure, rather than to the plasma membrane. An additional morphological phenotype that is espe-
cially prominent in the FVB rd1 strain is that of ‘craters’ in the photoreceptor layer. These are circum-
scribed areas without cones that are obvious when the retina is viewed as a flat-mount. AAV-Best1-
Nrf2 alone suppressed the formation of these craters (Figure 8A; Wu et al., 2021), while AAV-
RedO-Txnip did not, despite the fact that AAV-RedO-Txnip.C247S provided the most robust RP
cone rescue (Figure 2A, Figure 8A, D). It was also noted that dnHIF 1o decreased, and Best1-Txnip.
C247S.LL351 and 352AA increased, the FVB-specific retinal craters, while both vectors prolonged
RP cone survival (Figure 7A). The significance of these craters is thus unclear, as is the mechanism of
their formation, though these data point to an origin within the RPE.

An additional combination that was tested was AAV-RedO-Txnip.C247S with AAV-RedO-Tgfb1,
an anti-inflammatory gene that our previous studies showed could eliminate the craters on its own
(Wang et al., 2020). This combination did not improve cone survival beyond that of Txnip alone, but
almost completely eliminated the craters in an additive fashion with Txnip (Figure 8D, E). In addi-
tion, other genes (Hk2, Ldhb, and Cx3cl1) and Nrf2 were expressed specifically in cones in combina-
tion with WT Txnip, but did not provide any obvious improvement over Txnip alone (Figure 8—
figure supplement 1).

Discussion

Photoreceptors have been characterized as being highly glycolytic, even under aerobic conditions,
as originally described by Warburg, 1925. Glucose appears to be supplied primarily from the circu-
lation, via the RPE, which has a high level of GLUT1 (Gospe et al., 2010). Photoreceptors, at least
rods, carry out glycolysis to support anabolism, to replace their outer segments (Chinchore et al.,
2017), and contribute ATP, to run their ion pumps (Okawa et al., 2008). If glucose becomes limited,
as has been proposed to occur in RP, cones may have insufficient fuel for their needs. To explore
whether we could develop a therapy to address some of these metabolic shortcomings in RP, we
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Figure 8. Effect of combinations of Txnip.C247S with Best1-Nrf2 or Tgfb1 on retinitis pigmentosa cone survival. (A) Images of P50 rd1 retinas with
H2BGFP (gray)-labeled cones transduced with Nrf2 (AAV8-Best1-Nrf2, 2.5 x 108 vg/eye), Txnip.C247S (AAV8-RedO-Txnip.C247S, 1 x 10° vg/eye), Txnip.
C247S (AAV8-RedO-Txnip.C247S, 1 x 10” vg/eye) + Best1-Nrf2 (AAV8-Best1-Nrf2, 2.5 x 108 vg/eye), or control (AAV8-RedO-H2BGFP, 2.5 x 108 vg/
eye). All experimental vector injections included AAV8-RedO-H2BGFP, 2.5 x 108 vg/eye. (B) Quantification of H2BGFP-positive cones within the %2
radius of P50 rd1 retinas transduced with Best1-Nrf2, Txnip.C247S, Txnip.C247S + Best1-Nrf2, or control. Txnip.CS: Txnip.C247S. B-Nrf2: Best1-Nrf2. (C)
Immunohistochemistry with anti-S-opsin plus anti-M-opsin antibodies in the center of P130 rd10 retinas transduced with Txnip.C247S (left panel) or
Txnip.C247S + Best1-Nrf2 (right panel). Green: cone-opsins; gray: H2BGFP, tracer of infection. (D) Images of P50 rd1 retinas with H2BGFP (gray)-labeled
cones transduced with Tgfb1 (AAV8-RedO, 1 x 107 vg/eye), Txnip.C247S (AAV8-RedO-Txnip.C247S, 1 x 107 vg/eye), Txnip.C247S (AAV8-RedO-Txnip.
C247S, 1 x 10° vg/eye) + Tgfo1 (AAV8-RedO-Tgfb1, 1 x 107 vg/eye), or control (AAV8-RedO-H2BGFP, 2.5 x 10° vg/eye). All experimental vector
injections included AAV8-RedO-H