iIScience

¢? CellPress

OPEN ACCESS

Utility of the DHFR-based destabilizing domain

across mouse models

aging

of retinal degeneration and

E. coli DHFR destabilizing domain (DD)
system

+TMP

@ -

destabilized fusion

|

(no ocular signal)

stabilized fusion

(ocular bioluminescence)

Control

10
Radiance
(p/secicm?/sr)

Use in environmentally-induced models
of retinal degeneration

(LIRD: light-induced retinal degeneration)

Use in aged mice (up to 24 mo)

+TMP

adult

aged

Luminescence
1

Radiance
(plsecicm/sr)

Use in genetic retinal

rd2

degeneration models

Luminescence
3.0

Radiance
(plseclem?isr)

Hui Peng, Prerana
Ramadurgum,
DaNae R.
Woodard, ..., Bo
Chen, Rafael
Ufret-Vincenty,
John D. Hulleman

john.hulleman@
utsouthwestern.edu

Highlights
Destabilizing domains
(DDs) confer conditional
control of ocular protein
abundance

The DHFR DD is
effectively turned over
and stabilized in aged
mouse’s retina

DHFR DDs perform well in
environmental and
genetic retinal
degenerative models

Peng et al., iScience 25,
104206

May 20, 2022 © 2022 The
Authors.
https://doi.org/10.1016/
j.isci.2022.104206



mailto:john.hulleman@utsouthwestern.edu
mailto:john.hulleman@utsouthwestern.edu
https://doi.org/10.1016/j.isci.2022.104206
https://doi.org/10.1016/j.isci.2022.104206
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104206&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

Utility of the DHFR-based destabilizing domain

across mouse models of retinal
degeneration and aging

Hui Peng,’® Prerana Ramadurgum,’-®> DaNae R. Woodard,'-® Steffi Daniel,’ Emi Nakahara,” Marian Renwick,’
Bogale Aredo,’ Shyamtanu Datta,’ Bo Chen," Rafael Ufret-Vincenty," and John D. Hulleman'-24*

SUMMARY

The Escherichia coli dihydrofolate reductase (DHFR) destabilizing domain (DD)
serves as a promising approach to conditionally regulate protein abundance in
a variety of tissues. To test whether this approach could be effectively applied
to a wide variety of aged and disease-related ocular mouse models, we evaluated
the DHFR DD system in the eyes of aged mice (up to 24 months), a light-induced
retinal degeneration (LIRD) model, and two genetic models of retinal degenera-
tion (rd2 and Abca4~’/~ mice). The DHFR DD was effectively degraded in all model
systems, including rd2 mice, which showed significant defects in chymotrypsin
proteasomal activity. Moreover, trimethoprim (TMP) administration stabilized
the DHFR DD in all mouse models. Thus, the DHFR DD-based approach allows
for control of protein abundance in a variety of mouse models, laying the founda-
tion to use this strategy for the conditional control of gene therapies to poten-
tially treat multiple eye diseases.

INTRODUCTION

The number of gene therapy-based approaches for the treatment of eye diseases has increased substan-
tially over the last decade (Garafalo et al., 2020). These efforts have been driven in part because of two phe-
nomena: i) the eye is an alluring target organ for gene therapy because of its ease of accessibility and
immune-privilege (Niederkorn and Stein-Streilein, 2010), and ii) the FDA approval of a gene replacement
therapy for the treatment of Leber’s congenital amaurosis 2 by using recombinant adeno-associated virus
(rAAV) to drive expression of the wild-type (WT) RPE&5 gene in retinal pigment epithelium (RPE) cells (Ac-
land et al., 2001). In this particular instance, constant expression of a WT copy of the RPE65 gene is appro-
priate for preventing further retinal degeneration because of loss-of-function RPE65 mutations. However, a
controllable or conditional gene therapy approach may be more desirable in certain instances, such as
gain-of-function diseases or in scenarios where constitutive expression of a gene of interest may cause phe-
notoxicity (High and Roncarolo, 2019).

Conventional inducible gene regulation methods, such as tetracycline/doxycycline-based transactivation
systems (i.e., Tet-On (Gossen et al., 1995) and Tet-Off (Gossen and Bujard, 1992)), require an extended
time frame to activate and reverse because of additional processing time of transcription and translation
to reach expected protein levels and prolonged deposition of the regulating molecule (Au - Gomez-Mar-
tinezetal., 2013; Das et al., 2016; Sun et al., 2007). In contrast to transcriptionally regulated conditional sys-
tems, protein-based regulation approaches such as the Escherichia coli dihydrofolate reductase (DHFR)
destabilized domain (DD) system (Iwamoto et al., 2010) can directly and conditionally regulate abundance
at the protein level after addition of trimethoprim (TMP) (lwamoto et al., 2010; Sellmyer et al., 2012; Vu et al.,
2017) or a TMP-like molecule (Peng et al., 2019; Ramadurgum et al., 2020a, 2020b). Such a system is espe-
cially useful when expressed transgenes are potentially toxic if expressed for prolonged periods of time, or
when spatiotemporal regulation is required, such as in the case of particular stress-responsive signaling
pathways which typically occur in a sinusoidal-like manner (Datta et al., 2019).

The effectiveness of the regulation of the DHFR DD system relies on two primary processes: i) degradation
of the DHFR DD fusion protein mediated through the ubiquitin proteasome system (UPS) in the absence of
a stabilizer (thus determining the degree of basal expression), and ii) stabilization of the DHFR DD by TMP
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or TMP analogs to increase protein abundance (Banaszynski et al., 2006; Chen et al., 2014; Cooley et al.,
2014; Maji et al., 2017; Moore et al., 2016; Shoulders et al., 2013; Vu et al., 2017) (this determines the
fold induction). Given TMP's broad ability to distribute across bodily tissues (Reeves and Wilkinson,
1979; Sellmyer et al., 2017), combined with its nanomolar ACsq in stabilizing the DHFR-DD (Ramadurgum
et al., 2020b), the latter phenomena (in vivo stabilization by TMP) is typically not a concern. However, pre-
vious reports have indicated that aging (Bulteau et al., 2002; Hwang et al., 2007; Kapphahn et al., 2007; Saez
and Vilchez, 2014) and retinal degeneration (Ando et al., 2014; Liu et al., 2014; Lobanova et al., 2013; Louie
et al., 2002; Shang and Taylor, 2012; Whitcomb et al., 2013) may correlate with compromised targeting of
substrates to the proteasome or compromised proteasome activity itself, which, if true, could lead to
higher levels of basal expression of the DHFR DD and potentially compromise the researchers’ ability to
achieve a proper fold induction after stabilizer addition.

Previously, we demonstrated that the DHFR DD system can regulate the expression of yellow fluorescent
protein or firefly luciferase as a proof of concept in the retina of young and healthy mice, where the protea-
some presumably functions efficiently (Datta et al., 2018; Peng et al., 2019; Ramadurgum et al., 2020b). Yet,
an open question is whether this same system is equally effective at regulating protein abundance in aged
mice and mice undergoing active retinal degeneration, which are arguably more relevant physiologic con-
texts for this approach. Therefore, in this study, we evaluated how well the DHFR DD system functioned in
the retinas of aged (up to 24 mo) Balb/c and C57BL6/J mice and in a variety of retinal degeneration con-
texts, both environmental (light-induced retinal degeneration) and genetic (rd2, Abcad™’") models.
Although these latter models are indeed loss-of-function diseases that would benefit from gene replace-
ment therapy, in this work, we have used these systems as a degenerative background to test the function-
ality of the DHFR DD approach. We found that the DHFR DD system can be used effectively in mice of all
ages and models tested, establishing a strong foundation for using the DHFR DD in the eyes of a wide spec-
trum of healthy and diseased rodent models.

RESULTS
The DHFR DD is turned over efficiently and stabilized effectively in the retina of aged mice

Age is the primary risk factor for the development of age-related macular degeneration (AMD), the lead-
ing cause of blindness in the elderly populace in industrialized nations (Wong et al., 2014). Accordingly,
certain aged animal models can be utilized to study the potential underpinnings of AMD(Hulleman, 2016)
and other age-associated diseases (Ackert-Bicknell et al., 2015; Fletcher et al., 2014). Aging is typically
associated with a decrease in protein quality control (Higuchi-Sanabria et al., 2018) and a concomitant
increase in cellular dysfunction/stress (Lavretsky and Newhouse, 2012). Although previous studies have
indicated that proteasome activity decreases with age in a number of tissues (Bulteau et al., 2002; Hwang
et al., 2007; Saez and Vilchez, 2014), human AMD donor eyes demonstrated increased chymotrypsin-spe-
cific proteasome activity in the retina with disease progression (Ethen et al., 2007). Thus, it is still unclear
whether proteasome activity changes in the retina of aged vs. young subjects. Accordingly, we assessed
proteasomal activity and the DHFR DD system in the retina of young (2 months), adult (12 months), and
aged (17-24 mo) Balb/c mice (Figure 1). Using fluorescent 7-amino-4-methylcoumarin (AMC)-conjugated
polypeptides as substrates (Kisselev and Goldberg, 2005), we measured three proteolytic activities of the
proteasome (i.e., chymotrypsin, trypsin, and caspase). Surprisingly, all three proteolytic activities
were unchanged in posterior eyecups of mice, regardless of age (Figure 1A). Moreover, we confirmed
that the route by which the DHFR DD was degraded intracellularly was via the proteasome
(Figures STA-S1E).

Next, we evaluated if the DHFR DD could function as effectively in aged mouse retinas compared to young
mouse retinas in promoting protein degradation in the absence of the stabilizer, TMP. rAAV2/2[MAX], a
serotype which transduces the entire neural retina after intravitreal injection (Datta et al., 2018; Reid
et al., 2017) encoding for DHFR DD firefly luciferase (DHFR.FLuc), was intravitreally injected into young,
adult, and aged Balb/c mice. Based on the observed proteasome activities (Figure 1A), we hypothesized
that DHFR.FLuc should be turned-over efficiently across all ages, yielding a similar basal bioluminescent
signal in the absence of TMP. Indeed, similar baseline signals were observed in all age groups before
TMP administration (“- TMP”, Figures 1B and 1C). Moreover, TMP effectively stabilized DHFR.FLuc
throughout all ages of mice (“+ TMP") (Figures 1B, 1D, and 1E). Interestingly, the aged mice demonstrated
a significantly higher fold induction (15.8 + 0.4-fold) in bioluminescence after TMP administration when
compared to young mice (9.5 + 0.5-fold, Figure 1E, p < 0.01, unpaired, 2-tailed t-test).
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Figure 1. The DHFR DD is turned over efficiently and stabilized effectively in the retina of aged Balb/c mice

(A) Bar chart showing the three specific proteolytic activities (chymotrypsin, trypsin, and caspase activity) in the posterior
eyecup of Balb/c mice at 2 months (young), 12 months (adult), and 17-24 months (aged). Data are presented as mean +
standard deviation (SD) of n = 3.

(B) Representative images of bioluminescence signals originating from intravitreally injected mice at the indicated ages
before (- TMP”) and é h after TMP treatment (1 mg/mouse via gavage, “+ TMP". n = 3 or 4 mice per age group).

(C) Quantitation of the basal bioluminescence signal in the eye before TMP treatment.

(D) Total flux numbers of the mice plotted before and after TMP treatment.

(E) Fold induction of the bioluminescent signal of each mouse is plotted. For panels (C-E), data are represented as
mean + SEM. Statistical analysis in panels (A), (C), and (E) was conducted by unpaired, 2-tailed t-test assuming equal
variance compared to 2 month 'young’ samples, n.s., not significant, **p < 0.01. Note: a black tarp is used in (B) to block
apparent background luminescence that can originate from the ear tag of the mice.

We paralleled our Balb/c aged mouse experiments in a separate genetic background, the C57BL6/J pigmented
mouse. In an assay designed to complement the proteasome activity assay (e.g., Figure 1A), we initially assessed
levels of polyubiquitin as well as rhodopsin (ubiquitin-dependent degradation (Saliba et al., 2002)) in adult (8-12
mo) and aged mice (18-22 mo, Figure 2A). We found no demonstrable difference in any of these client proteins
(Figure 2A, bands quantified in Figure S2A), suggesting intact and functional degradation capabilities in these
mice, reinforcing our observations in aged Balb/c mice. Next, adult and aged mice were intravitreally injected
as described previously and tested for baseline and induced DHFR.FLuc bioluminescence. In this pigmented
background, the total flux (i.e., bioluminescence) is ~2 orders of magnitude lower than that observed in nonpig-
mented mice because of absorbance of the luminescence by pigment. Nonetheless, as observed with Balb/c
mice, similar baseline signals were recorded in adult mice compared to aged mice (Figures 2B and 2C). TMP
administration promoted DHFR.FLuc stabilization in both ages of mice (Figure 2D); however, as we observed
with Balb/c mice (Figure 1E), a significant increase in TMP-mediated fold induction was measured in aged
mice (9.3 £ 0.6-fold) vs. adult mice (5.9 + 0.9-fold, Figure 2E, p < 0.01, unpaired, 2-tailed t-test). Although largely
speculative, possible explanations for this observed increase could be because of age-related differences in TMP
accessibility to the retina owing to blood-retinal barrier breakdown with age (Chan-Ling et al., 2007) or altered
TMP pharmacokinetics in older subjects (Siber et al., 1982).
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Figure 2. The DHFR DD is degraded efficiently and stabilized readily in the retina of aged C57BL6/J mice

(A) Western blot of adult (12 mo) and aged (20 mo) C57BL6/J mice posterior eyecups using ubiquitin, rhodopsin, and B-actin antibodies (n = 4).

(B) Representative bioluminescent images of intravitreally injected, untreated (“- TMP"), and treated (“+ TMP", 1 mg/mouse, imaged 6 h post gavage, n = 6
mice per age group).

(C) Quantitation of the basal bioluminescence signal in the eye before TMP treatment.

(D) Total flux numbers of the mice plotted before and after TMP treatment.

(E) Fold induction of the bioluminescent signal of each mouse is plotted. For panels (C-E), data are represented as mean + SEM. Statistical analysis in panels
(C) and (E) was conducted by unpaired, 2-tailed t-test assuming equal variance, n.s., not significant, ** p < 0.01. Note: a black tarp is used in (B) to block
apparent background luminescence that can originate from the ear tag of the mice.

These DD-based bioluminescence findings in adult and aged mice were additionally verified in separate
experiments employing DHFR DD fused to yellow fluorescent protein (DHFR.YFP, Figures S3A-S3D). More-
over, we verified that the observed increase in bioluminescent FLuc signal did not originate from changes in
FLuc mRNA transcript levels after TMP stabilization but rather from stabilization at the protein level (Fig-
ure S4). Overall, the combination of these bioluminescent and western blotting data demonstrate that mul-
tiple DHFR DDs can be efficiently degraded in the absence of TMP while stabilizable in the presence of
TMP, regardless of mouse age.

The DHFR DD is degraded and stabilized effectively in the retina of a light-induced retinal
degeneration mouse model

Environmental factors, including smoking, diet, and possibly sunlight exposure, have been shown to
contribute to the risk and progression of retinal diseases such as AMD, likely by increasing oxidative stress
(Ersoy et al., 2014; Wang et al., 2016). Light-induced retinal degeneration (LIRD) is a rapid and aggressive
method to induce retinal degeneration (Wenzel et al., 2005) partly through the generation of oxidative
stress (Nakanishi et al., 2013), photoreceptor apoptosis (Belmonte et al., 2006), and/or inflammation in
the retina (Hadziahmetovic et al., 2012). We induced retinal degeneration using the LIRD method
described previously (Zhong et al., 2016) by intraperitoneal injection of fluorescein and subsequent expo-
sure to 50,000 lux of light for 3 min. Fundus images were obtained before (- light”) and 2 days after model
generation (“+ light”), showing severe pigmentary changes in a circular area that corresponds to the light
exposure area around the optic nerve head after damage (Figure 3A), indicating retinal degeneration (pre-
viously verified in more detail) (Zhong et al., 2016). We next measured the proteasome activity in LIRD mice
1 week after light injury and in age-matched, young untreated control mice. Although enhanced apoptosis
and the expression of oxidative stress response genes are involved in the LIRD mouse model (Zhong et al.,
2016), individual proteasome enzyme activities were not significantly different between LIRD mice and con-
trol mice (Figure 3B). Furthermore, probing of select substrates (polyubiquitination, rhodopsin) using west-
ern blotting corroborated the proteasome activity findings, demonstrating no appreciable differences
between control and LIRD mice (Figure 3C, and quantified in Figure S2B).

Given these promising results, we next evaluated whether mice undergoing LIRD were also able to effectively
control DHFR DD abundance as well as control mice. We intravitreally injected C57BLé/J mice AAV encoding
for DHFR.FLuc and facilitated AAV expression in the eye for 10 days before LIRD as described previously.
Both sets of mice demonstrated a similar ability to degrade the DHFR DD (Figures 3D and 3E). Moreover, there
were no significant differences in TMP-induced bioluminescence signals (Figures 3D, 3F, and 3G); control mice
showedan 11.7 £ 2.1-fold induction, whereas LIRD mice displayed a 8.3 + 1.0-fold (Figure 2G), revealing that the
DHFR DD was degraded and stabilized effectively in mice actively undergoing LIRD.

The DHFR DD is readily degraded and effectively stabilized in the retina of genetic-retinal
degeneration mouse models

A number of naturally occurring and genetically-engineered mouse strains serve as surrogates of human
diseases such as retinitis pigmentosa (e.g., the rd2 mouse, a surrogate for human peripherin mutations
that cause retinitis pigmentosa (Chang et al., 2002; Gruning et al., 1994; Keen and Inglehearn, 1996))
and Stargardt disease (e.g., the Abca4d™’~ mouse as a Stargardt disease model (Charbel Issa et al.,
2015)). Consequently, these models have been useful in studying disease mechanisms and therapy devel-
opment. Accordingly, we tested the regulation of the DHFR DD system in these genetic-retinal degener-
ation mouse models in the hope of eventually applying this conditional gene regulation approach for the
treatment of retinal disease.

iScience 25, 104206, May 20, 2022 5
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Figure 3. Light-induced retinal degeneration (LIRD) mice maintain the ability to degrade and stabilize the DHFR DD

(A) A representative fundus image before (- light”) and after (“+ light”) LIRD (n > 5).
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(B) Proteasome enzyme activities in the posterior eyecups of age-matched WT C57BL6/J mice (“control”) and LIRD mice harvested 1 week after light injury.

Data are represented as mean + SD, n = 3.
(C) Western blot of control and LIRD mouse posterior eyecups using ubiquitin, rhodopsin, and B-actin antibodies (n = 5).

(D) Bioluminescence imaging of representative control and LIRD mice before (- TMP") and 6 h after TMP treatment (1 mg/mouse via gavage, "+ TMP”, n >

5).
(E) Quantitation of basal bioluminescence signal before TMP treatment in control and LIRD mice.
(F) Total flux numbers of control mice and LIRD mice before and after TMP treatment.

(G) The fold induction of the signal of each mouse. Data are represented as mean + SEM in panels (E-G). Statistical analysis in panels (B), (E), (F), and (G) was

conducted by unpaired, 2-tailed t-test assuming equal variance compared to control mice. n.s., not significant.

Rd2 mice lack the Rds/peripherin gene, which encodes a glycoprotein that is required for the formation of
photoreceptor outer segment discs (Chang et al., 2002; Kedzierski et al., 2001; Sarra et al., 2001). Homozy-
gous rd2 mice show an early onset of photoreceptor degeneration, which we confirmed by histology,
indicating the loss of outer segment formation by 1 month of age (Figure 4A). Homozygous rd2 mice
demonstrated significantly reduced levels of chymotrypsin (~40%, Figure 4B, p < 0.05, unpaired,
2-tailed t-test), the predominant enzyme activity of the proteasome. Moreover, when we examined the
steady state levels of particular protein substrates by western blot, we detected a virtual absence of
rhodopsin (bands quantified in Figure S2C, p < 0.001, unpaired, 2-tailed t-test), presumably because of
photoreceptor degeneration, hinting at a robust level of degradative capacity still present (Figure 4C).
To examine if the reduced level of proteasome activity was still sufficient to degrade the DHFR DD, we
compared the baseline bioluminescence signal generated from subretinal injection of DHFR.FLuc
rAAV2/2[MAX] before TMP stabilization. Surprisingly, we found that the basal signal, which implies how
readily the DHFR DD is turned over, was significantly lower in rd2 mice than controls (Figures 4D and
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Figure 4. The DHFR DD is readily degraded and effectively stabilized in retinitis pigmentosa model mice

(A) H&E staining showing the retinal cell layers of 1 month WT agouti and homozygous rd2 mice. RPE: retinal pigment epithelium, OS: outer segment; IS: inner
segment; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer, GCL‘ ganglion cell layer. Scale bar = 50 pm.
(B) Posterior eyecup proteasome enzyme activities of 3 month WT and rd2 mice, presented as mean + SD of n =

(C) Western blot of 1 month WT and rd2 mouse posterior eyecups using ubiquitin, rhodopsin, and B-actin antlbodles (n = 4).

(D) Representative bioluminescence images from subretinally injected mice at 1 month before (“- TMP”) and after (“+ TMP") TMP treatment, n > 4.

(E) The total flux of basal signal before TMP treatment.

(F) Total flux of the ocular bioluminescent signal was quantified and plotted.

(G) Quantitation of bioluminescence imaging represented as fold induction. In panels (E-G), data are represented as mean + SEM. Statistics in panels (B),
(E), and (G) is analyzed by unpaired, 2-tailed t-test assuming equal variance, * p < 0.05, n.s., not significant.
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Figure 5. The DHFR DD can be effectively used in a mouse model of Stargardt disease

(A) H&E staining showing the retinal cell layers of 2 month WT and Abca4 ™~ mice. RPE: retinal pigment epithelium, OS: outer segment; IS: inner segment;
ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer, GCL: ganglion cell layer. Scale bar = 50 um.

(B) The three specific proteasome activities were measured in the posterior eyecups of age-matched WT and Abcad4 ™~ 2 month mice. Data are represented
as mean + SD of n = 3. Note: Some WT mice in this panel are the same as the “young” mice in Figure 1A.

(C) Western blot of 6 month-old WT and Abca4 ™~ posterior eyecups using ubiquitin, rhodopsin, and B-actin antibodies, n = 4.

(D) Representative ocular bioluminescence signals before and after TMP treatment.

(E-G) Quantitation of bioluminescence imaging plotted as basal signal (E), total flux values of control or Abca4™~ mice plotted before (- TMP") and after
TMP (“+ TMP", F), or fold induction of bioluminescent signal of each mouse (G). Data in panels (E-G) are presented as mean + SEM. Statistical analysis was
conducted by unpaired, 2-tailed t-test assuming equal variance compared to WT mice, * p < 0.05, n.s., not significant. Note: ablack tarp is used in (D) to block
apparent background luminescence that can originate from the ear tag of the mice.

4E), which is the opposite of what we would have predicted based on the chymotrypsin findings (Figure 4B).
This is possibly because of loss of photoreceptors that are expressing the DHFR DD during degeneration.
Nonetheless, both WT agouti and rd2 mice produced more bioluminescent signal after TMP treatment
(Figures 4D and 4F); the fold induction of bioluminescent signal was lower in the rd2 mice (7.1 £+ 0.8-
fold [rd2] vs. 10.8 £ 1.5-fold [WT]) but did not reach statistical significance (Figure 4G), suggesting the
TMP-induced stabilization of the DHFR DD system in the two mouse groups is similar.

In addition to the rd2mice, we also evaluated the induction of DHFR.FLucin the Abca4 ™"~ mouse, a model of
autosomal recessive Stargardt disease (Allikmets et al., 1997; Koenekoop, 2003; Martinez-Mir et al., 1998).
These mice lack the Abca4 phospholipid ATPase transporter (located in the photoreceptors and RPE) and
are characterized by a progressive increase in bisretinoid autofluorescence and accompanying oxidative,
inflammatory, and complement-related stress (Lenis et al., 2017; Radu et al., 2011, 2014) but do not typically
show overt histological disruptions of the retina, even by 6 months of age (Figure 5A). As we have performed
with the three previous model systems, proteasome activities and select protein clients were measured in
WT Balb/c and Abcad ™"~ mice as described previously (Figures 5B and 5C), with no appreciable differences
(Figure S2D). In a separate cohort of rAAV2/2[MAX]-intravitreally-injected mice (injected at ~2 months and
allowedto age until 6 months before imaging), the basal bioluminescence signal was quantified in Abcad ™/~
mice and age-matched WT Balb/c mice (Figures 5D and 5E). Although there is a significant increase in the
A500 nm A2E precursorand A2E in Abca4™"" mice at thistime point(Raduetal., 2011), which is corroborated
by autofluorescent retinal-pigmented epithelium (RPE) flat mounts (Figure Sé), the extent of retinal degen-
eration is not substantial at this age (Charbel Issa et al., 2013) (Figure 5A). Therefore, it was not particularly
surprising to observe similar basal bioluminescent signals (Figure 5E) and that TMP could stabilize
DHFR.FLuc well in both mouse lines. However, when quantified as fold change in bioluminescent signal,
the Abcad™’~ mice actually showed a significantly decreased induction (13.1 + 0.9-fold [WT] vs. 9.5 +
0.8-fold [Abcad '], Figure 5G, p < 0.05, unpaired, 2-tailed t-test). Such a minor difference (~27%) would
not prevent the application of the DHFR DD system to this mouse model but should be a consideration
going forward. Nonetheless, the culmination of these observations validates and extends the use of the
DHFR DD system in a range of distinct mouse models of retinal degeneration.

DISCUSSION

Until now, a thorough characterization of the regulation of the DHFR DD strategy for regulating protein
abundance in the retina was only tested in young, healthy mice (Datta et al., 2018). In this study, we extended
these observations to nonpigmented and pigmented aged mice as well as a series of environmental/genetic
retinal degeneration mouse models. We found that for the most part, proteasome activity is largely main-
tained across these model systems; however, in certain forms of aggressive retinal degeneration, such as the
homozygous rd2 mouse, proteasome activity may be compromised. Similar findings of proteasome over-
loadin various forms of retinal degeneration have also been observed (rd2[a .k.a., Rds], and retinitis pigmen-
tosa caused by the P32H mutation in rhodopsin) (Lobanova et al., 2013, 2018). Nonetheless, even with lower
proteasome enzyme activity levels observed in rd2 mice, we never observed higher basal levels of
DHFR.FLuc bioluminescence under any conditions, suggesting that there is a fair degree of leeway in retinal
proteolytic capacity that affords efficient degradation of the DHFR DD.

The DHFR DD system appears to be increasingly flexible with respect to diversity of model systems to which

it can be applied (e.g., yeast (Rakhit et al., 2011), mice, drosophila (Kogenaru and Isalan, 2018), C. elegans
(Cho et al., 2013)), the proteins it can effectively regulate (Chen et al., 2020; Quintino et al., 2013, 2018; Tai
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etal., 2012; Vu et al., 2017), and at the level of the small molecule pharmacological chaperone (Peng et al.,
2019; Ramadurgum et al., 2020a, 2020b; Ramadurgum and Hulleman, 2020). With this increasing flexibility
comes the ability to apply and fine-tune the DHFR DD system to achieve higher degrees of spatial (guided
by AAV or virus tropism and/or a cell-type-specific promoter) and temporal (timing of small molecule
administration and/or pharmacokinetic properties) control over protein abundance, and therefore cellular
signaling—an exciting prospect for customizable or personalized gene therapy approaches.

In summary, our work demonstrates the efficacy of the DHFR-based system for conditional regulation of
protein abundance in aged mice and representative retinal degeneration mouse models, laying the foun-
dation for the application of the DHFR DD system as a biological probe or gene therapy strategy for a va-
riety of distinct mouse models of eye disease.

Limitations of the study

One important limitation of this study is that we were only able to explore a handful of representative retinal
degeneration mouse models, which do not cover the entire pathological spectrum of potentially confound-
ing factors. Moreover, except for the aged mice, we evaluated mice at a single time point during the retinal
degeneration, which does not account for additional physiological changes that may occur as the disease
starts to progress. Future longitudinal studies could shine light onto the long-term stability and biological
tolerance for the DHFR DD, although a recent study analyzed mice subretinally injected with an AAV encod-
ing for a mini DHFR degron without any apparent detriment out to 1 year of age (Tornabene et al., 2021). In
addition, a more thorough examination of whether particular retinal cell types are recalcitrant to DHFR DD
regulatability or whether signal from readily transduced/numerous cells masks the signals from less abun-
dant/less transduced cell types are important aspects to consider. Similarly, inclusion of an additional,
constitutively expressed reporter gene in the DHFR DD AAV can help address transduction and regulat-
ability concerns especially under conditions wherein transduced cells may be diseased or eventually die
(such as in the rd2 mouse we used herein). Finally, quantitation of retinal TMP levels and dynamics across
model systems could be a variable that factors into the amplitude and duration of DHFR DD stabilization.
These future studies will give a more complete picture of the nuances of applying this conditional regula-
tion strategy.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
rabbit anti-rhodopsin Cell Signaling Technologies 14825S
mouse anti-ubiquitin Santa Cruz sc-8017
mouse anti-HA Pierce 26183
mouse anti-beta actin Sigma-Aldrich A1978
mouse anti-GFP Invitrogen A11120
rabbit anti-mCherry Abcam ab167453
anti-mouse AlexaFluor488 Invitrogen A28175
anti-rabbit AlexaFluor594 Invitrogen A32740
Bacterial and virus strains
rAAV2/2[MAX] DHFR.YFP 2A mCherry Hulleman Laboratory N/A
rAAV2/2[MAX] NanoLuc 2A DHFR.FLuc Hulleman Laboratory N/A
Biological samples
neural retina various mouse strains N/A
Chemicals, peptides, and recombinant proteins
Suc-Leu-Leu-Val-Tyr-AMC Cayman Chemical 10008119
Boc-Leu-Arg-Arg-AMC AdipoGen AG-CP3-0014-M001
Ac-Nle-Pro-Nle-Asp-AMC Cayman Chemical 21639
MG-132 Cayman Chemical 10012628
cyclopentolate hydrochloride Alcon N/A
Tropicamide Alcon N/A
GenTeal (severe dry eye) Alcon N/A
Hanks buffered salt solution (HBSS) Sigma-Aldrich H8264-6X500ML
Tween-20 Fisher Scientific BP337-500
bacitracin zinc and polymyxin B sulfate ointment Bausch & Lomb N/A
Luciferin GoldBio LUCK
Trimethoprim Sigma-Aldrich T7883-100G
DMSO Fisher Scientific BP231-100
Tween-80 Fisher Scientific BP338-500
Cremaphor Sigma-Aldrich 238470
PEG400 Fisher Scientific P167-1
Dextrose Fisher Scientific D15-500
Paraformaldehyde Electron Miscroscopy Sciences 1574
Phosphate buffered saline (PBS) Fisher Scientific BP2944100
optimal cutting temperature compound Tissue-Tek 4583
Triton X-100 Fisher Scientific BP-151-100
goat serum Gibco 16210064
ProLong Diamond Antifade with DAPI Life Technologies P36961
radioimmunoprecipitation assay (RIPA) buffer Santa Cruz sc-24948
Halt Protease Inhibitor Cocktail Pierce 78430
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REAGENT or RESOURCE SOURCE IDENTIFIER
proteasome assay lysis buffer (50 mM Tris Hulleman Laboratory N/A

HCI, pH 7.5, 40 mM KCl,

5 mM MgCl,, 1 mM DTT and 0.5 mM ATP)

Odyssey Blocking Buffer LI-COR 927-40000
Tris-Gly SDS PAGE buffer Hulleman Laboratory N/A
Ponceau S Sigma-Aldrich P7170-1L
Fluorescein Akorn N/A
Methanol Fisher Scientific A412-4
acetic acid Fisher Scientific A38-212
Ethanol Fisher Scientific A4094
Isopentane Fisher Scientific 03551-4
Chloroquine MP Biomedicals 0219391910
ketamine/xylazine UT Southwestern Animal Resource Center N/A
ammonium chloride Sigma-Aldrich A9434
Critical commercial assays

bicinchoninic acid assay Pierce 23225
Experimental models: Cell lines

CHO/dhFr- cells ATCC CRL-9096
Experimental models: Organisms/strains

C3A Pde6b™™".020/A-Prph27#?/J (rd2) mice The Jackson Laboratory 001979
wild-type agouti mice The Jackson Laboratory 001912
wild-type Balb/c mice Hulleman Laboratory (from R345W*'~ mice breeding schemes) N/A
Abcad ~'~ mice (Balb/c background) Dr. Roxana Radu N/A
wild-type C57BL/6J mice UT Southwestern Breeding Core N/A
Software and algorithms

Image Studio LI-COR N/A
Excel Microsoft N/A
Word Microsoft N/A
GraphPad Prism GraphPad Software N/A

RESOURCE AVAILABILITY
Lead contact

For additional information and requests for data should be directed to the lead contact Dr. John D. Hulle-
man, Ph.D (John.Hulleman@utsouthwestern.edu).

Materials availability

Unique reagents (e.g., the NanoLuc 2A DHFR-FLuc construct) are available upon request to the lead
author.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

All animal experiments were performed according to the guidelines of the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research
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and were approved by the Institutional Animal Care and Use Committee (IACUC) of UT Southwestern Med-
ical Center, Dallas, TX, USA. Equal numbers of age-matched, littermate male and female mice were used
whenever possible. Mice were provided standard laboratory chow and allowed free access to water, in a
climate-controlled room with a 12 h light/12 h dark cycle. WT Balb/c mice originated from heterozygous
breeding schemes from R345W*~ EFEMP1 mice (courtesy of Dr. Lihua Marmorstein, private stock at
The Jackson Laboratory, Bar Harbor, ME). WT C57BL/6J control and experimental mice used for light-
induced retinal degeneration experiments were purchased from the UT Southwestern Mouse Breeding
Core and were genotyped to confirm the absence of the potentially confounding rd8 mutation (Sahu
et al., 2015). WT adult (8-12 mo), aged (20-22 mo) C57BLé/J mice, rd2 (stock # 001979 (Schalken et al.,
1990)), and WT agouti (stock # 001912) mice were also obtained from The Jackson Laboratory. Abcad™"~
mice in the Balb/c background (Lenis et al., 2017) were obtained from Dr. Roxana Radu, Jules Stein Eye
Institute, University of California Los Angeles.

Cell lines

Female Chinese hamster ovary (CHO) cells (CHO/dhFr-, CRL-9096, ATCC) were used in this study. Standard
growth conditions (37°C, 5% CO,) were used for culturing. Low passage cells were used. Short tandem
repeat (STR) authentication was not performed since our normal provider for this service (University of Ari-
zona Genomics Core) indicated that their assay could only distinguish human cells.

METHOD DETAILS
Proteasome activity assay

Mice were euthanized by overdose of ketamine/xylazine (180 mg/kg, 24 mg/kg, respectively) and their eyes
were enucleated to prepare posterior eyecup samples. The anterior segment of the eye, the optic nerve,
and the muscles attached to the outside of the eyeball were discarded, and the remaining posterior eye-
cups from both eyes were snap-frozen in liquid nitrogen and stored at —80°C until use. When ready to use,
the posterior eyecup samples were homogenized onice in 600 pL lysis buffer containing 50 mM Tris HCI, pH
7.5,40 mM KCl, 5mM MgCl,, 1 mM DTT and 0.5 mM ATP. The crude cell lysate was centrifuged at 17,000 g
for 20 min at 4°C and the supernatant was collected. Protein concentration in the supernatant was quan-
tified by a bicinchoninic acid (BCA) assay (Piece, Rockford, IL, USA). Note: the small amount of DTT in
the lysis buffer does contribute to a minimal amount of BCA signal; therefore, the resulting specific activity
of this assay is considered an approximation. Fifty uL of ~0.25 mg/mL protein was used to measure protea-
some activity by using a proteasome activity assay kit (BioVision, Milpitas, CA, USA). All the components in
the kit were used except for the provided substrate. Instead of using the provided substrate, separate sub-
strates were purchased and used to evaluate each proteasomal protease activity. Final concentrations of
100 pM Suc-Leu-Leu-Val-Tyr-AMC (Cayman Chemical, Ann Arbor, MI, USA), Boc-Leu-Arg-Arg-AMC
(AdipoGen, San Diego, CA, USA) or Ac-Nle-Pro-Nle-Asp-AMC (Cayman Chemical) were used as substrates
to measure chymotrypsin-, trypsin- and caspase-specific proteolytic activity, respectively. A 1.5 h kinetics
curve was monitored at 37°C using a Synergy 2 multi-mode microplate reader (BioTek, Winooski, VT,
USA). The absolute amount of cleaved substrate was calculated by an AMC standard curve. The assay
was conducted with and without 100 pM MG-132 (see Figure S7, Sigma-Aldrich, St. Louis, MO, USA) to
confirm proteasomal specificity of the AMC generation. All proteasome assay data were performed in par-
allel across the model systems.

Intravitreal injections

Intravitreal injections were conducted on Balb/c, C57BL6/J, and Abcad ™'~ mice following the protocol
described previously (Datta et al., 2018; Peng et al., 2019). Mice were anesthetized with a ketamine/xylazine
cocktail (120 mg/kg, 16 mg/kg, respectively) followed by pupillary dilation using cyclopentolate hydrochlo-
ride (1% [w/v]) (Alcon, Fort Worth, TX, USA) and tropicamide (1% [w/v]) (Alcon). GenTeal eye gel (severe dry
eye formula, Alcon) was applied before injection to prevent corneal drying. A Stemi 305 stereo microscope
(Zeiss, Oberkochen, Germany) was used to assist with the injection. The right eye was pierced by a 30G nee-
dle approximately 1 mm posterior to the supratemporal limbus. Then a 33G %2 needle fitted to a Hamilton
micro-syringe (Hamilton, Reno, NV, USA) was inserted into the previous incision at a 45-degree angle until
needlepoint was mid-vitreous. Two microliters of rAAV2/2[MAX] (Reid et al., 2017) encoding for Nano lucif-
erase 2A DHFR.FLuc (7 x 10 viral genomes, prepared by the UNC Viral Vector Core, Chapel Hill, NC, USA)
was slowly injected into the vitreous over the course of ~1 min. Note: Nano luciferase was not used in these
studies because of issues with substrate administration and penetrance into the eye. Afterwards, the
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needle was held stable for an additional minute before slowly removed. The left eye was injected with a
sham vehicle (HBSS with 0.14% Tween [HBSS-T]) using the same injection procedure. After injection, bac-
itracin zinc and polymyxin B sulfate ointment (Bausch & Lomb, Tampa, FL, USA) and GenTeal eye gel were
applied to each eye. Mice were kept warm on a heating pad until regaining consciousness. For Balb/c mice
shown in Figure 1, and C57BL6/J mice shown in Figure 2, mice at the indicated ages were injected with AAV
~10 days prior to initial baseline imaging and subsequent imaging post stabilization with TMP. Young LIRD
mice were intravitreally injected with AAV 10 days prior to initiation of the LIRD protocol. Abcad™ ™ mice
were injected at ~2 mo with AAV and allowed to age out to 6 mo prior to baseline and stabilization
readings.

Subretinal injections

WT agouti and rd2 mice at four days postnatal (P4) were anesthetized on ice until they stopped moving.
Using a Stemi 305 stereo microscope to assist with the injection, the eyelid was slit by a 25G 5/8 needle
to allow the eye to proptose. The right eye was pierced by a 30G needle approximately 1 mm posterior
to the supratemporal limbus. Then a 33G %2 needle with blunt tip fitted to a Hamilton micro-syringe was
inserted into the previous incision at a 45-degree angle until the needlepoint met resistance posterior
to the retina. Half a microliter of rAAV2/2[MAX] encoding for DHFR.FLuc or DHFR.YFP 2A mCherry
(1 x 107 viral genomes) was injected into the subretinal space. The left eye was injected with a sham vehicle
(HBSS with 0.14% Tween [HBSS-T]) using the same injection procedure. After injection, bacitracin zinc and
polymyxin B sulfate ointment was applied to each eye. Mice were kept warm on a heating pad until regain-
ing consciousness. Mice were imaged for baseline bioluminescence and stabilization at 1 mo of age.

Bioluminescence imaging

To establish an initial baseline signal, mice were placed in an VIS Spectrum In Vivo Imaging System (UT
Southwestern Small Animal Imaging Resource, PerkinElmer, Waltham, MA, USA) under anesthesia by circu-
lating isoflurane. Each mouse was injected intraperitoneally with 150 mg luciferin/kg body weight, and the
eyes were imaged for bioluminescence over a 20-min time course with 1 min interval between every image.
At times, a black tarp was used to cover the mice to prevent background signal due to an ear tag. The next
day mice were given 1 mg TMP (~50 mg/kg depending on mouse weight). Specifically, TMP was dissolved
in 20 uL DMSO and then diluted with 40 ulL PEG400 (Fisher Scientific, Waltham, MA, USA), 4 uL Tween 80
(Fisher Scientific), 20 uL cremaphor (Sigma-Aldrich) and 116 uL of 5% dextrose (Fisher Scientific) and admin-
istered by oral gavage. Six hours after oral gavage, the mice were imaged again in the same manner as
described for basal signal establishment. The total flux number at the peak of the kinetics and the image
with the peak number were used for plotting and comparison between ”- TMP” and “+ TMP". While in this
manuscript we have performed bioluminescence imaging on Balb/c, C57BL6/J and agouti mice, we should
note that Balb/c and agouti mice are preferred due to absence or reduction in ocular pigmentation.
C57BL6/J can be used, but typically yield much lower absolute basal bioluminescence.

OCT embedding and cryosectioning and staining

Eyes were harvested and fixed in 4% paraformaldehyde for 2 h. Following 3 brief washes in 1x PBS, they
were embedded in Tissue-Tek OCT compound, frozen and stored until ready for sectioning. Eyes were
sectioned at a thickness of 12 pm using a cryostat and mounted on glass slides. Slides were dried for
30 min at 37°C on a slide warmer. Slides were rehydrated in 1x PBS and pre-treated with 0.1% Triton X-
100/1x PBS for 10 min. Sections were then incubated in blocking buffer (10% goat serum [Gibco,
#16210064, New Zealand origin] in 0.1% Triton X-100/1x PBS) for 2 h at room temperature (RT) in a dark
and humidified chamber. Sections were then incubated overnight with primary antibodies reconstituted
in blocking buffer (mouse anti-GFP, 1:500, Invitrogen #A-11120; rabbit anti-mCherry, 1:500, Abcam
#ab167453). Following three washes in 1x PBS, sections were incubated with secondary antibodies
(anti-mouse AlexaFluord88, 1:1000, Invitrogen #A28175; anti-rabbit AlexaFluor594, 1:1000, Invitrogen
#A32740) for 2 h at room temperature. Sections were washed in 1x PBS and mounted with Pro-Long Dia-
mond Antifade medium containing DAPI (Life Technologies #P36961). Images were acquired at X 25
magnification using a Leica TCS SP8 confocal microscope (Leica Microsystems).

Western blotting

For protein analysis involving ubiquitin or rhodopsin, mouse posterior eyecups were lysed with radioimmu-
noprecipitation assay (RIPA) buffer (Santa Cruz, Dallas, TX, USA) supplemented with Halt protease inhibitor
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(Pierce, Rockford, IL, USA) and benzonase (Millipore Sigma, St. Louis, MO, USA) and homogenized on ice
using a Bel-Art™ Micro-Tube Homogenizer (Fisher Scientific, Waltham, MA, USA, cat# 03-421-215). For ex-
periments involving assessment of the DHFR.YFP protein, neural retina was peeled from the eye cup and
homogenized as described above. After homogenization, samples were incubated on ice for 10 min then
spun at max speed (14,800 rpm) at 4°C for 10 min. The supernatant was collected and protein concentration
was quantified via a bicinchoninic assay (BCA) assay (Pierce Thermo Scientific, Rockford, IL, USA). Approx-
imately 30 pg of soluble supernatant was run on a 4%-20% Tris-Gly SDS PAGE gel (Life Technologies) and
transferred onto a nitrocellulose membrane using an iBlot2 device (Life Technologies). After probing for
total protein transferred using Ponceau S (Sigma-Aldrich), membranes were blocked overnight in Odyssey
Blocking Buffer (LICOR, Lincoln, NE, USA). Membranes were probed with rabbit anti-rhodopsin (1:1000;
Cell Signaling Technologies, Danvers, MA. USA cat# 14825S), mouse anti-ubiquitin (1:1000; Santa Cruz,
Dallas, TX. USA, cat# sc-8017), mouse anti-HA (1:1500, Pierce, Waltham, MA, clone 2-2.2.14, cat# 26183),
and mouse anti-B-actin (1:5000; Sigma-Aldrich, cat# A1978). All Western blot imaging was performed on
an Odyssey CLx (LI-COR) and band quantification was performed using Image Studio software (LI-COR).

Fundus camera-delivered light-induced retinal degeneration (FCD-LIRD) mouse model
generation

Ten days after intravitreal AAV injection, a group of randomly picked mice was designated as control (virus
injected, fluorescein-injected, no light-induced degeneration) while the rest were used for the severe FCD-
LIRD model (Zhong et al., 2016), here after simply referred to as LIRD. An advantage of this specific method
is that one can induce retinal damage in the common C57BL6/J background. As previously described
(Zhong et al., 2016), LIRD-designated mice were dark adapted overnight, and the next morning anesthe-
tized with a ketamine/xylazine cocktail (120 mg/kg, 16 mg/kg, respectively) followed by pupillary dilation
using cyclopentolate hydrochloride (1% [w/v]) and tropicamide (1% [w/v]). GenTeal eye gel was also
applied to prevent dry cornea. After a clear fundus image was taken, mice were injected with fluorescein
(2mg, i.p.), incubated for 10 min, and subsequently exposed to 50,000 lux of light for 3 min (continuously).
Afterwards, bacitracin zinc and polymyxin B sulfate ointment was applied to the eye, and mice were kept
warm on a heating pad until regaining consciousness. Two days after model generation, the fundus images
of the LIRD-designated eyes were obtained to confirm retinal degeneration.

Hematoxylin and eosin (H&E) staining

WT agouti mice and rd2 mice at 1 mo were euthanized by ketamine/xylazine overdose. WT Balb/c and
Abcad™’~ mice at 6 mo were euthanized similarly. Eyes were rapidly enucleated and processed for freeze
substitution following previous literature recommendations (Sun et al., 2015) with slight modification.
Enucleated eyes were submerged in chilled isopentane for 1 min, transferred to chilled 97% methanol
and 3% acetic acid (MAA) and stored at —80°C for 48 h. Then the vial was warmed stepwise to —20°C
for 24 h, followed by 4°C for 4 h, and then room temperature for 2 h. MAA was then replaced with 100%
ethanol and the eye was processed into paraffin-embedded sections. H&E staining was performed by
the UT Southwestern Histo Pathology core and images of the sections were taken at 40 X magnification
using an inverted epifluorescent microscope (Zeiss).

Evaluation of DHFR DD mode of degradation

Chinese hamster ovary (CHO) cells (CHO/dhFr-, CRL-9096, ATCC) stably expressing DHFR DD YFP were
seeded into 96 well plate at a density of 10,000 cells per well and allowed to attach overnight. Cells
were then treated with different concentrations of MG-132 (1 uM), chloroquine (100 pM) or ammonium
chloride (50 mM) in quadruplicate and imaged for YFP fluorescence 6 h later on a Celigo Imaging Cytom-
eter (Nexcelom, Lawrence, MA). The assay was performed three independent times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Exactvalue of n's, what n represents, precision measures, and statistical methods can be found listed within
each figure legend.
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