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Methods to stimulate protein degradation through the ubiquitin-proteasome system
(UPS) are being investigated as approaches to treat multiple human diseases and delay
aging. Recent studies highlighted a nontrivial relationship between the mammalian tar-
get of rapamycin complex 1 (mTORC1) pathway and the UPS. In different experimen-
tal models, both activation and inhibition of the mTORC1 pathway were reported to
stimulate degradation of ubiquitinated proteins and proteasomal abundance. Here, we
show that in rod photoreceptors, activation of mTORC1 through deletion of its nega-
tive regulator tuberous sclerosis complex protein 2 (Tsc2) counteracts UPS insuffi-
ciency, increases proteasomal activity, improves photoreceptor survival, and delays
vision loss in a mouse model of human blindness caused by a misfolded protein. We
show that an observed mTORC1-mediated increase in proteasomal activity was
reduced by phosphatase treatment and could not be attributed to the change in protea-
somal abundance. Our study indicates that chronic mTORC1 activation in vivo could
stimulate the UPS in degenerating photoreceptor neurons. Further studies to under-
stand changes in the degradation of ubiquitinated proteins and the modulation of UPS
through phosphorylation under chronic mTORC1 activation might aid in the develop-
ment of therapeutic approaches to diseases linked to impaired proteasomal degradation.

retinal degeneration j photoreceptor j proteasome j protein phosphorylation j mTORC1

Degenerative diseases of the retina are caused by a vast number of mutations in many
individual genes (1–3). A potentially efficient strategy to treat these conditions would
allow targeting pathways shared among multiple forms of degeneration. Previously, we
and others reported that rod photoreceptors of several mouse models of retinal degener-
ation accumulate the ubiquitin-proteasome reporter, UbG76V-GFP, indicating impaired
processing of ubiquitinated proteins (4–7). Reporter accumulation was observed in
rods expressing misfolded proteins (mutant P23H rhodopsin and transducin beta subu-
nit) and rods experiencing problems with building outer segments (peripherin and rho-
dopsin knockout mice) (4, 5). Other groups reported accumulation of the reporter in
BBS5 and Lrat knockout mice (6, 7). Whether the rate-limiting steps for processing
ubiquitinated proteins in these diverse mouse models are the same is currently
unknown. It is also unknown which specific changes in degenerating rods interfere
with and delay the processing of the UbG76V-GFP reporter, leading to its accumula-
tion. Nonetheless, all of these studies point to UPS (ubiquitin-proteasome system)
insufficiency as a potential stress factor contributing to photoreceptor degeneration in
many forms of retinal degeneration. Therefore, approaches to stimulate processing of
ubiquitinated proteins and relieve UPS insufficiency may be an effective way to treat a
broad spectrum of retinal degenerations.
A number of recent studies bring attention to the complex relationship between the

mTORC1 (mammalian target of rapamycin complex 1) and degradation of ubiquiti-
nated proteins: in diverse experimental systems, the UPS is regulated by mTORC1,
both positively and negatively (8–15). One of the debated questions is the consequence
of mTORC1 inhibition or activation on proteasome abundance and activity. Both
inhibition and activation of mTORC1 were reported to increase proteasomal expres-
sion (11, 15). Chronic genetic activation of mTORC1 was reported to stimulate degra-
dation of ubiquitinated proteins in mouse fibroblasts, potentially through an increase
in the transcriptional biogenesis of proteasomal subunits (15). Furthermore, embryonic
retinas of mice with activated mTORC1 were reported to have higher levels of protea-
somes (16). Building on these two findings, we explored activation of mTORC1 as an
approach to generate more proteasomes and stimulate degradation of ubiquitinated
proteins in degenerating photoreceptors with UPS insufficiency.
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We report that genetic activation of mTORC1 improved
clearance of the UPS reporter, stimulated proteasomal activity,
and delayed visual loss in a preclinical model of human blindness
caused by a misfolded P23H rhodopsin mutant. Surprisingly, we
found that mTORC1-mediated increase in proteasomal activity
was almost entirely phosphorylation-dependent and could not be
attributed to higher proteasomal levels. Further studies of poorly
understood mTORC1/UPS connections and changes in UPS
regulation under chronic activation of mTORC1 pathway might
bring new ideas for the development of tools to manipulate deg-
radation of ubiquitinated proteins.

Results

The stimulation of the mTORC1 pathway can be achieved by
deleting one of its negative regulators, the tuberous sclerosis
complex protein 2 (Tsc2). We accomplished this specifically in
rod photoreceptors by crossing mice bearing a Tsc2-floxed allele
(Tsc2fl/fl) and mice expressing Cre recombinase in rods (17,
18). The effects of genetic activation of mTORC1 on proteosta-
sis were studied in heterozygote RhoP23H/WT knock-in mice, an
established model of retinitis pigmentosa. In these mice, a
P23H substitution in rhodopsin leads to its misfolding, which
requires its constant degradation stressing rod photoreceptors to
their eventual demise (19, 20). Previous studies of rod-specific
Tsc1 and Tsc2 knockout mice showed slow age-related develop-
ment of RPE (retinal pigment epithelium) and vascular pathol-
ogy, increased signs of inflammation without dramatic loss of
photoreceptors at least until 1 y of age (21, 22). The slow-
developing and minor photoreceptor pathology caused by the
Tsc2 knockout is not expected to overcomplicate our studies of
RhoP23H/WT mice, which lose the majority of their rod photore-
ceptors by 6 mo (19, 20). Mice lacking the Tsc2 gene in rods
(RhoP23H/WT/Tsc2RodKO) were compared with RhoP23H/WT lit-
termates, and rod-specific Tsc2 knockout mice (abbreviated
as Tsc2RodKO) were compared with their wild type littermates
(abbreviated as WT and Tsc2fl/fl).
In the initial set of experiments, we confirmed that rod-specific

Tsc2 knockout stimulates the mTORC1 pathway by conducting
Western blot analysis of retinal extracts (Fig. 1). Activation of
mTORC1 was evident from increased phosphorylation of mTOR
and major downstream phosphorylation targets of mTORC1,
such as 4E-BP1 (eukaryotic translation initiation factor 4E-bind-
ing protein 1) and S6K1 (ribosomal protein S6 kinase beta-1).
Similar changes in protein markers of the mTORC1 pathway
were observed in Tsc2RodKO mice compared to WT littermate
mice.

Rod-Specific Tsc2 Knockout Improves Photoreceptor Survival
and Delays Vision Loss in P23H Mice. First, to establish that
rod-specific Tsc2 knockout delays retinal degeneration in
RhoP23H/WT mice, we used noninvasive in vivo imaging meth-
ods, optical coherence tomography (OCT) and fundoscopy. By
6 mo of age, the fundus images of RhoP23H/WT mice had large
pigmented areas, indicating a dramatic thinning of the retina
(Fig. 2 C, Upper). Consistently, the thickness of the outer
nuclear layer (ONL) in OCT scans, which correlates with the
number of rod photoreceptors, was hardly discernable in degen-
erating 6-mo-old RhoP23H/WT mice (Fig. 2 C, Bottom; marked
in red). In contrast, the ONL in the retinas of age-matched
RhoP23H/WT/Tsc2RodKO mice was clearly thicker (Fig. 2 C,
Lower). A formal analysis of the ONL thickness around the
optic nerve head (ONH) presented in the form of OCT spider
diagrams showed approximately threefold better preservation of

photoreceptors (Fig. 2F). Spider diagrams showed ∼20% more
surviving photoreceptors in mice as young as 6 to 7 wk (Fig. 2 A
and D) and approximately twofold preservation of photoreceptors
in 3-mo-old RhoP23H/WT/Tsc2RodKO mice (Fig. 2 B and E).
Overall, the fundoscopic images and OCT spider diagrams of
6-mo-old RhoP23H/WT/Tsc2RodKO mice resemble the images and
diagrams from younger 3-mo-old RhoP23H/WT mice, suggesting a
delay in photoreceptor loss by ∼3 mo (see also SI Appendix,
Fig. S2).

A similar imaging analysis did not show differences between
young Tsc2RodKO and WT littermates (Fig. 2 G and H).
Approximately 25% of Cre-positive Tsc2 mice over 4 mo of age
had occasional ∼50- to 80-μm bright spots on the funduscopic
images, which continued to grow with age (Fig. 2I). OCT scans
indicated that these spots corresponded to localized distortions of
the outer limiting membranes (OLMs) and have an appearance
of retinal in-folds (Fig. 2I; see also Movie S1). These observations
are similar to the age-related development of retinal in-folds pre-
viously described in rod-Tsc1 and Tsc2 knockouts (21, 22).
Formation of retinal in-folds in RhoP23H/WT/Tsc2RodKO mice
was never observed.

Next, we confirmed improved photoreceptor survival in
RhoP23H/WT/Tsc2RodKO mice with morphometric analysis
(Fig. 3). We analyzed retinal cross-sections cut through the
optic nerve along the superior-inferior line. The results were
plotted as spider diagrams representing counts of photoreceptor
nuclei in 100-μm segments at different distances from the
ONH (Fig. 3 A and B, Middle). These data demonstrate an
improvement in photoreceptor preservation throughout the entire
retina (Fig. 3 A and B, Middle; see also SI Appendix, Fig. S3). At
3 mo of age, RhoP23H/WT/Tsc2RodKO mice retained twice as
many photoreceptors compared to their RhoP23H/WT littermates
(Fig. 3 A, Right). By the age of 6 mo, the ONL in RhoP23H/WT

retinas were reduced to only one or two rows of the nuclei in the
superior part near the optic nerve (Fig. 3 B, Left). In contrast,
RhoP23H/WT/Tsc2RodKO mice had approximately four to six rows
of photoreceptor nuclei, indicating approximately threefold

Fig. 1. Rod-specific Tsc2 knockout stimulates mTORC1 pathway. (A) Repre-
sentative Western blots and (B and C) density plots for Tsc2, mTOR, and its
phosphorylated form (p-mTOR), and major phosphorylation targets of
mTORC1 (4E-BP1, S6K1) detected in the retinal extracts prepared from mice
of the indicated genotypes. Values are shown as a percentage of average val-
ues for RhoP23H/WT or WT (Tsc2fl/fl) littermate mice. Representative results
from at least four independent experiments for each mouse line are shown.
All animals are 1 mo old. Uncropped images of Western blots are shown in SI
Appendix, Fig. S1. *P<0.05, **P< 0.01, ***P<0.001, and ns for P> 0.05.
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preservation of photoreceptors. The numbers of nuclei in the
photoreceptor layer in Tsc2RodKO and wild-type littermates
(Tsc2fl/fl) were indistinguishable (Fig. 3 A and B, Middle; see also
SI Appendix, Fig. S4). This is consistent with aforementioned
reports that rod-specific Tsc1 and Tsc2 knockout mice lose pho-
toreceptors very slowly with age (21, 22).
Finally, using electroretinography (ERG), we confirmed that

better photoreceptor preservation in RhoP23H/WT/Tsc2RodKO

retinas translates into improved retinal function (Fig. 4). Dark-
adapted mice were exposed to bright flashes of increasing inten-
sity using protocols allowing assessment of scotopic (rods),
mesopic (mixed rods and cones), and photopic vision (cones)
(23). The a-wave of the ERG response originates primarily
from rod and cone photoreceptors. The b-wave represents
amplified responses by downstream retinal neurons. In degener-
ating retinas, any changes in the amount and health of surviv-
ing photoreceptors are reflected by reduced amplitudes of both
waves. At 3 and 6 mo of age (Fig. 4 A and B), visual responses
of RhoP23H/WT/Tsc2Rod mice yielded higher a- and b-wave
amplitudes in comparison to RhoP23H/WT mice. ERG responses
recorded from Tsc2RodKO and their wild-type littermate mice
(Tsc2fl/fl) using the same protocol were indistinguishable from
one another.

The Knockout of Tsc2 Counteracts UPS Insufficiency in
Degenerating Rods of RhoP23H/WT Mice. In the following
experiments, we evaluated changes in the major proteostasis
branches, including UPS, autophagy, and protein translation.
First, we showed that genetic activation of mTORC1 affects
the UPS insufficiency in RhoP23H/WT rods. We took advantage
of the transgenic mouse expressing the UbG76V-GFP proteaso-
mal sensor (24–26). As we have previously shown, in healthy
photoreceptors, the UbG76V-GFP proteasomal sensor is quickly
targeted to proteasomes for degradation and is barely detectable
(4). However, it accumulates in rods of RhoP23H/WT mice,
reflecting the insufficiency of their UPS functioning (5). As
shown in Fig. 5A, using confocal immunofluorescence micros-
copy, we observed a significant reduction of the reporter level
in rods of RhoP23H/WT/Tsc2RodKO mice in comparison to
RhoP23H/WT littermates. We next used Western blot analysis to
confirm and estimate an approximately fourfold reduction of
reporter signal (Fig. 5B, lanes 4 and 5; Fig. 5D). In Tsc2RodKO

control mice, the UbG76V-GFP sensor was barely detectable, and
its level was similar to that in the retinas of healthy WT
littermates (Fig. 5 C and D).

The ability of the mTORC1 pathway to affect cellular
proteostasis through modulation of autophagy and protein

Fig. 2. Rod-specific Tsc2 knockout supports retinal preservation in a RhoP23H/WT mouse model of retinitis pigmentosa. (A–C, G, and H); representative fundu-
scopic images (Top) and horizontal SD-OCT scans (Bottom). (D–F) Horizontal OCT spider diagrams of ONL thickness for mice of indicated genotypes at 1.5 (A,
D, and G), 3 (B, E, and H), and 6 (C, F, and I) months of age. ILM: inner limiting membrane, ONL: outer nuclear layer, OLM: outer limiting membrane. (OCT
images scale bar, 100 mm.) The ONL on OCT images is marked with a red quadrilateral. To estimate ONL thickness changes, the measurements from an OCT
spider diagram for each RhoP23H/WT/Tsc2RodKO mouse were summed, averaged, and expressed as a percentage of average values for RhoP23H/WT mice. The
numbers of eyes analyzed at 1.5 mo were as follows: RhoP23H/WT – 21, RhoP23H/WT/Tsc2RodKO – 27, WT – 9, Tsc2RodKO – 7; at 3 mo: RhoP23H/WT – 40, RhoP23H/

WT/Tsc2RodKO – 26, WT – 14, Tsc2RodKO – 14; and at 6 mo: RhoP23H/WT – 16, RhoP23H/WT/Tsc2RodKO – 14, WT – 14, Tsc2RodKO – 17. The OCT scans are assembled
as Movie S1. **P<0.01, ***P<0.001, ****P< 0.0001, and ns for P>0.05.
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translation is well established in multiple experimental systems
(27–29). Therefore, in the next set of experiments, we investigated
whether better clearance of the UPS reporter in RhoP23H/WT/
Tsc2RodKO mice could be attributed to higher autophagic activity
or a reduced protein translation rate.

The autophagy-lysosomal pathway is the second proteolytic
system responsible for the bulk engulfment and degradation of
cytoplasmic material, organelles, large protein complexes, and
protein aggregates. We noted slightly elevated levels of LC3-I
and LC3-II (MAP1LC3-I/II [microtubule-associated protein 1

Fig. 3. Rod-Tsc2 knockout delays photoreceptor loss in RhoP23H/WT mice. Morphometric analysis of retinas from (A) 3- and (B) 6-mo-old mice of indicated
genotypes. Spider diagrams represent the number of photoreceptor nuclei in 100-μm segments counted along the inferior-superior axis of the mouse eye
at various distances from the center of the ONH. Representative images of H&E-stained retinal cross-sections are taken in the superior part of the retina at
�500 mm distance from the center of the ONH. (Scale bars, 25 μm.) The representative cross-sections through an entire retina are shown in SI Appendix,
Figs. S3 and S4. (Right) Nuclei count in 100-μm retinal segments in the superior part of the retina at 500 mm distance from the ONH. The numbers of eyes
analyzed at 3 mo were as follows: RhoP23H/WT – 10, RhoP23H/WT/Tsc2RodKO – 14, WT – 9, Tsc2RodKO – 7.The numbers of eyes analyzed at 6 mo were as follows:
RhoP23H/WT – 10, RhoP23H/WT/Tsc2RodKO – 10, WT – 10, Tsc2RodKO – 11. **P< 0.01, ***P< 0.001, ****P<0.0001, and ns for P>0.05.

Fig. 4. Rod-specific Tsc2 knockout delays vision loss in RhoP23H/WT mice. Response amplitudes of ERG a- and b-waves evoked by light flashes of increasing
intensity from mice of indicated genotypes were collected at 3 (A) and 6 (B) months of age. The numbers of eyes analyzed at 3 mo were as follows: RhoP23H/

WT – 14, RhoP23H/WT/Tsc2RodKO – 10, WT (Tsc2fl/fl) – 14, Tsc2RodKO – 14. The numbers of eyes analyzed at 6 mo were as follows: RhoP23H/WT – 12, RhoP23H/WT/
Tsc2RodKO – 10, WT (Tsc2fl/fl) – 16, Tsc2RodKO – 8. (Right) Representative ERG recordings evoked by flashes of indicated intensities representing scotopic, mes-
opic, and photopic light intensity ranges. Amax and Bmax stand for maximum values of a- and b-waves recorded at saturating levels of light. Data are pre-
sented as mean 6 SEM. *P<0.05, **P< 0.01, ***P<0.001, ****P< 0.0001, and ns for P>0.05.
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light chain 3 I/II]) autophagy markers in rod-Tsc2 retinas with-
out changes in their ratio (Fig. 6). The levels of the other
autophagy marker, SQSTM1 (sequestosome-1), did not
change.
It is understood that levels of LC3-I and LC3-II represent a

static picture, and alterations in their levels could be observed
in the absence of changes in autophagy (30). Therefore, follow-
ing standards in the field, to investigate changes in autophagic
degradation activity, we measured autophagic flux, an accumu-
lation of the phagosomal membrane marker LC3-II in the pres-
ence of autophagy inhibitors (30, 31).
Animals of each genotype were given an intraperitoneal injec-

tion of high doses of chloroquine (CQ) to inhibit autophagy,
and accumulation of LC3-II was studied by Western blotting 4
h postinjection. The CQ injection resulted in a statistically signif-
icant increase in the levels of LC3-II, as well as LC3-I and
SQSTM1 (Fig. 6), confirming that CQ reaches the retina and
exerts its inhibitory effect as expected. However, CQ-induced
LC3-II increase (reflecting the autophagy flux) in RhoP23H/WT/
Tsc2RodKO and Tsc2RodKO retinas was indistinguishable from

changes in RhoP23H/WT and WT littermate mice. This indicates
that rod-Tsc2 knockout does not lead to measurable changes in
autophagy, at least as assessed by this method. This finding
is not particularly surprising because previous observations
showed that genetic disruption of Tsc1/Tsc2 may not affect
autophagy in neurons due to the AMPK-mediated compensatory
feedback (32).

Next, we used puromycin labeling to assess potential changes
in protein translation. This approach is based on puromycin’s
ability to incorporate into growing polypeptide chains, which
could be detected using anti-puromycin antibody. Changes in
the intensity of puromycin staining in Western blots of cellular
extracts reflect the efficiency of protein translation both in vitro
and in vivo and were previously used in studies of the retina
(33–36).

Mice were injected intraperitoneally with puromycin as
described (36). Thirty minutes later, their retinas were harvested,
and the expression of puromycin-modified proteins was analyzed
by Western blotting. To specifically identify puromycin-
labeled polypeptides, we ran samples from puromycin-injected

Fig. 5. Rod-specific Tsc2 knockout counteracts proteasomal insufficiency in RhoP23H/WT mice. (A) UbG76V-GFP reporter fluorescence (green) in retinal cross-
sections of RhoP23H/WT and RhoP23H/WT/Tsc2RodKO littermate mice. Rod outer segments are stained with WGA conjugated to Alexa Fluor 555 (red). (Scale bar,
25 μm.) (B and C) Western blot detection of the UbG76V-GFP sensor in whole retina lysates from mice of indicated genotypes with the anti-GFP antibodies.
Extracts obtained from littermates negative for the UbG76V-GFP transgene were used to control for antibody specificity. A nonspecific band detected with
anti-GFP antibody is marked as “ns band.” (D) The quantification plot for Western blot bands of the reporter is shown as a percentage of the average signal
in WT/UbG76V-GFP mice. All animals are 1 mo old. Uncropped images of Western blots are shown in SI Appendix, Fig. S1. *P< 0.05, and ns for P>0.05.

Fig. 6. Rod-specific Tsc2 knockout does not change autophagy flux. (A and B) Western blots (Bottom) and quantification plots (Top) of comparative changes
in autophagy markers caused by CQ injections 4 h before the retina collection. Data are normalized on the average density of LC3-II or SQSTM1 levels of the
untreated group for RhoP23H/WT or WT (Tsc2fl/fl) littermate mice. All animals are 1 mo old. Representative results from three independent experiments for
each mouse line are shown. The infrared (HSC70) and ECL (LC3 and SQSTM1) Western blotting systems were used for protein detection. The bands (indicated
with M) between CQ-treated and -untreated groups on HSC70 blots correspond to the prestained protein markers detected with Odyssey Image System.
*P< 0.05, **P<0.01, ***P<0.001, ****P< 0.0001, and ns for P>0.05.
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and uninjected mice on the same gel. Western blots of the reti-
nas from uninjected mice showed four prominent nonspecific
bands in the 35 to 75 kDa region (Fig. 7A). These nonspecific
bands became notably darker in retinal extracts obtained from
puromycin-injected mice; the reasons for these changes are not
clear. However, we also noted additional staining above and
below the 35 to 75 kDa region, which was not present in unin-
jected mice and most likely corresponded to puromycin-
modified proteins. The overall density profile was notably darker
in the retinas of RhoP23H/WT/Tsc2RodKO mice in comparison to
RhoP23H/WT littermates, including the blot areas above the 75
and below the 35 kDa markers (Fig. 7C). Similarly, a more intense
puromycin staining was found in the retinas of Tsc2RodKO mice
in comparison to WT littermates (Fig. 7). These data indicate
that rod-Tsc2 knockout stimulates protein translation in both
RhoP23H/WT/Tsc2RodKO and Tsc2RodKO. This is consistent with
higher levels of phosphorylated 4E-BP1 and S6K1 proteins
described above (Fig. 1), which serve as markers of elevated pro-
tein translation.
Taken together, our analysis of proteostatic branches demon-

strates that rod-specific Tsc2 knockout counteracts UPS insuffi-
ciency in RhoP23H/WT mice, and it could not be explained by
increased autophagic activity or decreased levels of protein
translation.

Increased Proteasomal Activity in Rod-Specific Tsc2 Knockout
Mice Is Phosphorylation Dependent. Previous studies in mouse
embryonic fibroblasts and mouse brains showed that genetic
deletion of Tsc1 and Tsc2 stimulates proteasomal biogenesis
(8, 15). Therefore, in the final set of the experiments, we inves-
tigated whether better clearance of the UPS reporter in rods of
RhoP23H/WT/Tsc2RodKO could be attributed to higher protea-
somal content and activity.
Since the proteasome consists of multiple proteins, we

limited the analysis to representative subunits of its key compo-
nents (the core 20S particle and its 19S, 11S, and PA200 regu-
lators) (12, 37). The retinas of Tsc2RodKO mice (Fig. 8 A and
B) contained ∼25 to 35% higher levels of the representative
subunits of the core 20S particle (α1-α7 and β5) and the 19S

regulator (PSMD1, PSMD11). Although these changes were
small, they are likely low-end estimates since Tsc2 was removed
not in the entire retina but only in rods. The increased levels
of PSMD11 and β5 were particularly interesting since overex-
pression of each of these subunits increased the resistance to
proteotoxic stressors and correlated with higher proteasomal
activity in cell culture studies, although the underlying mecha-
nisms in each case are not currently understood (38, 39).

A different proteasomal expression response was found
in RhoP23H/WT/Tsc2RodKO mice (Fig. 8 A and B). Rod-Tsc2
knockout did not change the levels of essential α1-α7 and
PSMD1 subunits, but the expression of PSMD11 and β5 pro-
teasomal subunits was consistently higher, which reached statis-
tical significance in experiments repeated multiple times.
Changes in the levels of ubiquitin-independent regulators (11S
α and PA200) were not noted. Transcriptional analysis using
qRT-PCR showed elevated transcripts for 20S and 19S compo-
nents in both RhoP23H/WT/Tsc2RodKO and Tsc2RodKO mouse
lines; however, effects in RhoP23H/WT/Tsc2RodKO were smaller
(Fig. 8C). A master regulator of proteasomal transcription,
Nfe2l1 (nuclear factor erythroid 2-related factor 1), had elevated
transcripts in Tsc2RodKO but not RhoP23H/WT/Tsc2RodKO reti-
nas (8, 40).

Next, we measured the major (chymotrypsin-like) proteolytic
activity of proteasomes using a fluorogenic peptide substrate.
These measurements showed an ∼22% elevated activity of pro-
teasomes in retinal extracts prepared from both RhoP23H/WT/
Tsc2RodKO and Tsc2RodKO mouse lines (Fig. 8D). Similar to
proteasomal expression, these changes are most likely low-end
estimates since Tsc2 was removed only in rod photoreceptors.
Furthermore, small changes in the enzymatic activity of the
proteasome might have significant effects on the degradation of
ubiquitinated proteins in a cellular context.

A nearly identical increase in proteasomal activity in Tsc2RodKO

and RhoP23H/WT/Tsc2RodKO mouse lines was surprising, consider-
ing different changes in the expression of proteasomal subunits
(Fig. 8 A and B). This prompted us to seek alternative mechanisms
driving higher proteolytic activity that is not connected to protea-
somal biogenesis. Recent studies revealed that proteasomal activity

Fig. 7. Rod-specific Tsc2 knockout stimulates protein translation. (A and D) Puromycin staining of Western blot membranes of retinal lysates prepared from
mice injected with puromycin 30 min prior to the analysis. Retinal lysates from uninjected mice were used to control for nonspecific properties of the anti-
puromycin antibody. (B and E) Coomassie staining of the membrane shown in A and D. (C and F) Average density profile of puromycin staining for blots
shown in A and D were normalized on the density values of Coomassie-stained membranes. Representative results from three (for RhoP23H/WT/Tsc2RodKO

mouse line) and four (for Tsc2RodKO mouse line) independent experiments are shown. AU: arbitrary unit, WB: western blot. All animals are 1 mo old.
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could be modulated by various phosphorylation mechanisms
(reviewed in 41). mTORC1 is a potent kinase complex with a
large number of targets. Although mTORC1 has not been linked
to the phosphorylation of proteasomal subunits, we hypothesized
that higher proteasomal activity in rod-Tsc2 knockout retinas
could be explained by phosphorylation changes. To test this
hypothesis, we measured changes in proteasomal activity in reti-
nal lysates after treatment with lambda protein phosphatase, a
potent enzyme with activity toward phosphorylated serine, thre-
onine, and tyrosine residues (Fig. 8D). The phosphatase treat-
ment of retinal extracts led to nearly complete loss of differences
in proteasomal activity caused by rod-Tsc2 knockout. This
shows that increased proteolytic activity in rod-Tsc2 knockout
lines is mostly phosphorylation-sensitive. Yet even after phos-
phatase treatment, the proteasomal activity in Tsc2RodKO and
RhoP23H/WT/Tsc2RodKO remained slightly higher in comparison
to WT and RhoP23H/WT mice, indicating that a portion of
mTORC1-controlled activity might have a different origin.

Discussion

mTORC1 is one of the most complex cellular systems. The
most studied aspects of the mTORC1 pathway are its ability to
modulate protein translation, autophagy, and cellular metabo-
lism (27–29, 42, 43). Here we report that in a mouse model of
human blindness caused by misfolded rhodopsin, the genetic
activation of mTORC1 through deletion of its negative regula-
tor Tsc2 (1) counteracts ubiquitin-proteasome insufficiency, (2)
stimulates proteasomal activity through phosphorylation, (3)
delays photoreceptor loss, and improves visual function.
A burgeoning area in the field of cellular proteostasis is the

complex mutual dependence and regulation of the mTORC1
pathway and UPS, as both activation and inhibition of
mTORC1 have previously been reported to improve the degra-
dation of ubiquitinated proteins (8–15). Our study suggests

that genetic activation of mTORC1 stimulates the degradation
of ubiquitinated proteins in degenerating photoreceptor neu-
rons. Current methods do not allow us to fully assess in vivo
which of the signaling pathways controlled by mTORC1
reduced the accumulation of the proteasomal reporter in
RhoP23H/WT/Tsc2RodKO mouse rods. This could have been
achieved through a direct increase in proteasomal activity, a
more complex modulation of the UPS (e.g., through changes
in the efficiency of protein ubiquitination/deubiquitination), or
indirectly through metabolic changes (e.g., changes in glucose,
nucleotide, lipid synthesis, and energy metabolism). Regardless,
our data show that decreased levels of UPS reporter in
RhoP23H/WT/Tsc2RodKO rods could not be explained by higher
levels of autophagy or slower rates of protein translation. Our
observations encourage further mechanistic studies of
mTORC1/UPS regulation and highlight the potential to har-
ness the complexity of their regulation for clinical applications.
A better understanding of UPS-mTORC1 interconnection,
complex experimental methods, and new animal models would
be required to separate the numerous aspects of mTORC1 sig-
naling in their influence on rod protection and the regulation
of the UPS.

An actively debated topic is whether activation of mTORC1
could modulate the abundance and activity of proteasomes (8,
12, 13). In this study, we observed a small but coordinated
increase in the transcript and protein levels of essential 20S and
19S proteasomal subunits in the retinas of rod-Tsc2 knockout
mice. In degenerating retinas of RhoP23H/WT/Tsc2RodKO mice,
we found slightly higher protein expression of individual pro-
teasomal subunits (PSMD11 and β5), while the levels of other
essential structural subunits remained apparently unchanged.
This was accompanied by a smaller transcriptional response
than in Tsc2RodKO mice, which may potentially account for
the observed differences in proteasomal expression. Neverthe-
less, higher levels of proteasomal transcripts in both rod-Tsc2

Fig. 8. Proteasomal expression and activity in the retinas of the rod-specific Tsc2 knockout mice. (A) Representative Western blots and (B) quantification
graphs of proteasomal components detected in the retinal extracts prepared from mice of the indicated genotypes. (C) Transcriptional analysis of represen-
tative proteasomal subunits performed using qRT-PCR. (D) Chymotrypsin-like proteasomal activity measured in the retinal extracts treated or untreated with
lambda protein phosphatase. Quantification plots are normalized on the average values for WT (Tsc2fl/fl) or RhoP23H/WT littermate mice. All animals are 1 mo old.
*P<0.05, **P< 0.01, ***P<0.001, ****P< 0.0001, and ns for P> 0.05.
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knockout mouse lines are consistent with the proposed role of
the mTORC1 in transcriptional regulation of proteasomal sub-
units (8). The mechanisms regulating proteasomal expression
by mTORC1 are currently unknown but might include Srebf1
(sterol regulatory element-binding transcription factor 1) and
Nfe2l1 transcriptional factors (8, 15). Our observations in pho-
toreceptor cells call for further studies of mTORC1-mediated
transcriptional regulation of proteasomes and warn about
potential differences in response in degenerating cells.
We found that despite different changes in the expression of

individual proteasomal subunits, rod-Tsc2 deletion led to a
similar increase in proteasomal activity in Tsc2RodKO and
RhoP23H/WT/Tsc2RodKO mouse lines. This difference inspired
us to seek an alternative explanation for higher proteasomal
activity. A growing number of studies shows that proteasomal
activity can be modulated by phosphorylation. Proteomic anal-
ysis suggests that more than 400 phosphorylation sites are
present in the proteasome. Phosphorylation of proteasomal sub-
units by several serine-threonine kinases, including dual-specific
tyrosine-regulated kinase 2, protein kinases A and G, c-Abl
tyrosine kinase, and p38 mitogen-activated protein kinases,
were reported to activate and inhibit proteasomal activity
(reviewed in 41). mTORC1 is a kinase complex with a broad
network of phosphorylation targets, which, according to global
proteomics studies, may include at least 500 different proteins
(44). However, mTORC1 has not previously been linked to
the regulation of proteasomal activity through phosphorylation.
We now found that proteasomal activity measured in retinal
extracts of rod-specific Tsc2 mice is phosphorylation-
dependent. This observation opens exciting avenues to study
the role of mTORC1 in the regulation of proteasomal activity
in the cellular context not only through proteasomal biogenesis
but also through phosphorylation. Future studies should establish
whether this was achieved directly through phosphorylation of
proteasomes or indirectly through phosphorylation of
proteasome-interacting proteins. These studies should also specify
whether mTORC1 could modify proteasomal activity directly or
indirectly, e.g., through the activation of other kinases.
Finally, we should point out that the therapeutic potential of

mTORC1 activation was previously investigated in genetically
diverse mouse models of retinal degeneration. Activation of the
mTORC1 pathway was reported to delay nonautonomous cone
death caused by rod photoreceptor-specific mutations, increased
resistance of the retina to RPE injury caused by the strong oxidiz-
ing agent sodium iodate, slowed down the early stages of degener-
ation in PDE6b (phosphodiesterase 6β) mutant mice for 1 wk,
and preserved the number of photoreceptors in young rd16 mice
(35, 45–49). These studies attributed retinal preservation to
improved glucose metabolism, restoration of the translation rate,
and changes in autophagy. Our study suggests that mTORC1
activation could also modulate proteasomal activity and process-
ing of ubiquitinated proteins. We observed that Tsc2 knockout
delayed photoreceptor loss in RhoP23H/WT but failed to halt it.
Therefore, the beneficial effects caused by Tsc2 knockout did not
eliminate stress caused by misfolded rhodopsin. Further mecha-
nistic studies and consideration of the complexity of mTORC1
signaling are required in exploring the therapeutic potential of
mTORC1 activation to treat or delay retinal degeneration in a
gene-independent manner.

Materials and Methods

Animals and Animal Procedures. The Tsc2fl/fl/iCre75+/� (abbreviated as
Tsc2Rod KO in the text) mouse line was derived by crossing Tsc2fl/fl (Jackson Labs,

stock # 027458) and iCre75 (Jackson Labs, stock # 015850) mouse lines. The
RhoP23H/P23H mice were purchased from Jackson Labs (stock # 017628). Trans-
genic mice expressing the UbG76V-GFP proteasomal reporter were obtained from
the colony of Vadim Arshavsky (Duke University, Durham, NC). RhoP23H/WT/
Tsc2RodKO and RhoP23H/WT littermate mice were obtained by crossing
RhoP23H/P23H/Tsc2fl/fl and Tsc2Rod KO mice.

Animals were reared under a normal day/night cycle and handled according
to the protocols approved by the Institutional Animal Care and Use Committee
of the University of Florida. Littermates of both sexes were used and processed
as a group. Mouse genotypes were determined using real-time PCR with specific
probes designed for each gene (Transnetyx). All lines were tested negative for
rd1 and rd8 mutations.

Noninvasive experiments were performed under ketamine/xylazine anesthe-
sia (100/10 mg/kg). The pupils of mouse eyes were dilated with a drop of Tropi-
Phen ophthalmic solution (PINE Pharmaceuticals). During procedures, mouse
eyes were kept lubricated with GenTeal or Systane Eye Drops. After measure-
ments, mice were injected with 5 mg/kg of Antisedan (ZOETIS) to accelerate
recovery from anesthesia.

Funduscopic images were acquired using the Micron IV system (Phoenix
Technology Group). SD-OCT (spectral domain-optical coherence tomography)
images were acquired with the Envisu SD-OCT Ophthalmic imaging system
(Leica Microsystems). OCT images were collected in 1.2 mm × 1.2 mm rectangu-
lar area around optic nerve with scanning parameters 850/85/1/1 (A/B-scan/B-
scan/frame/volume). The ONL thickness was determined manually from OCT
images as a distance between the outer plexiform layer and the OLM) using the
Straight Line Tool and Bioptogen plugin in ImageJ software. The scale was set
based on the pixel to millimeter ratio, and measurements were made along the
horizontal axes of the collected scans.

ERG (electroretinography) measurements were performed on dark-adapted
mice using the Espion E2 system with a ColorDome ganzfeld stimulator (Diag-
nosys LLC) following a previously described protocol (5). Responses from both
eyes were recorded simultaneously using N1530NNCD200 electrodes (LKC Tech-
nologies). The stainless steel needle placed in the mouth was used as a refer-
ence. A needle positioned at the base of the tail was used as a ground electrode.
The a- and b-waves were measured manually after plotting individual ERG
recordings in GraphPad Prism Software, and the b-wave was measured at the
maximum of the response. The summary plots for a- and b-waves were fitted
with single and double hyperbolic equations.

An assessment of protein translation assays was performed in whole retinal
extracts, as described in the previous retinal studies (36). Briefly, mice were intra-
peritoneally injected with puromycin (P8833, Sigma) dissolved in PBS (phos-
phate buffered saline) and injected at the dose of 0.04 mmol/g body weight.
Their retinas were collected 30 min after injections, dissected in Hanks Balanced
Salt Solution (HBSS), flash-frozen, and stored at �80 °C until used. Puromycin-
modified proteins were detected using primary mouse anti-puromycin and sec-
ondary anti-mouse IgG2a antibodies listed in the antibodies section and selected
based on previous studies (34, 36). The ECL (enhanced chemiluminescence) sig-
nal for puromycin blots required a prolonged ∼10 min exposure. Experiments
were performed in 1-mo-old littermate mice between 12 and 1 PM.

The autophagy flux was evaluated following previously reported retinal proto-
cols (50, 51). Briefly, half of the mice of each genotype was injected with CQ
(02193919, MP Biomedicals) dissolved in PBS at the dose of 50 mg/kg body
weight 4 h before the tissue collection. Their retinas were collected at 1 PM,
flash-frozen, and stored at�80 °C until used. The autophagy flux (Δ LC3-II) was
assessed based on the differences in the levels of the LC3-II marker after CQ
treatment, as described in the references (30, 31).

Antibodies. Mouse anti-20S α1, 2, 3, 5, 6, 7 (BML-PW8195), rabbit anti-
PSME1 (BML-PW8185), and anti-Hsc70 (ADI-SPA-819) antibodies were from
Enzo Life Sciences. Rabbit anti-PSMB5 (ab3330) and anti-PSMD1 (ab140682)
antibodies were from Abcam. Rabbit anti-PSMD11 (NBP1-46192) antibody was
from Novus Biologicals. Rabbit antibodies against Tsc2 (4308T), phospho-p70 S6
kinase (9234T), p70 S6 kinase (2708), phospho-4E-BP1 (2855), 4E-BP1 (9644),
and LC3A/B (4108) were from Cell Signaling Technology. Rabbit anti-GFP
(A11122) and mouse anti-beta actin (MA5-15739-D800) antibodies were from
Invitrogen. The mouse anti-puromycin (MABE343) antibody was from EMD Milli-
pore. Secondary anti-mouse and anti-rabbit antibodies conjugated with Alexa
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Fluor 680 (A-21057) and 800 (SA5-10044) were from Invitrogen. The secondary
anti-rabbit (711-035-152) and anti-mouse (711-035-150 and 115-035-206) anti-
bodies conjugated with horseradish peroxidase were from Jackson Immuno
Research Laboratories Inc.

Histology and Microscopy. For the morphometric studies, mice were transcar-
dially perfused with 3 mL of 2% paraformaldehyde and 2.5% glutaraldehyde fix-
ative solution in PBS buffer at a flow rate of 1 to 2 mL/min. The orientation of
the eye was marked with low-temperature cautery (AA90, Bovie). Next, the eyes
were enucleated, fixed overnight at 4 °C in the same fixative, rinsed, and
embedded in paraffin. The 4-μm-thick paraffin sections cut through the superior-
inferior line through the optic nerve were stained with hematoxylin and eosin
stain (H&E) and imaged on a wide-field DMi8 Leica fluorescence microscope.
The nuclear count was performed in sections cut through the optic nerve in 100-
μm segments of the ONL at different distances from the ONH as described (5).

An accumulation of the UbG76V-GFP reporter was assessed in 20-μm-thick fro-
zen retinal sections prepared from the eyes fixed in 4% paraformaldehyde PBS
solution (52). Outer segments of the rods were stained with WGA (wheat germ
agglutinin, Alexa Fluor 555 conjugate, W32464, Thermo Fisher). Samples were
processed in parallel and imaged on a Leica TCS SP8 confocal microscope using
the same settings.

Proteasome Activity Assays with Fluorogenic Peptides. Two retinas from
one mouse were homogenized on ice with Dounce homogenizer (2 mL) in 700
μl of the assay buffer (50mM Tris�HCl [pH 7.6], 40mM KCl, 1 mM MnCl2,
5mM MgCl2, 1mM DTT (dithiothreitol), 5mM ATP (adenosine triphosphate),
10% glycerol) followed by centrifugation for 20 min at 18,000 × g at 4 °C. The
proteasomal activity was assessed in 200 μL of diluted supernatants containing
10 μg of protein with 100μM Suc-LLVY-AMC (UbpBio) chymotrypsin-like fluoro-
genic substrate. The measurements were performed with or without λ protein
phosphatase (NEB, P0753S, 10 unit/μg of protein in retinal lysate). Protein phos-
phatase was diluted in the PMP (Protein MetalloPhosphatase) buffer provided
with the phosphatase kit; the PMP buffer was used with untreated control sam-
ples. The time course of the AMC fluorescence increase was monitored at 37 °C
with CLARIOstar (BMG Labtech). The proteasomal activity was assessed from the
slope measurements of linearly fitted fluorescence curves with MARS Data Analy-
sis Software. Measurements were normalized on the total protein amount and
expressed as a percentage of the average values for untreated RhoP23H/WT or WT
(Tsc2fl/fl) littermate mice. To distinguish proteasomal activities from other poten-
tial proteolytic activities in retinal extracts, measurements were performed with
and without 5 μM proteasomal inhibitor epoxomicin (F1400, UBPBio).

Transcriptional Analysis. The transcript levels of proteasomes and other
genes were measured and quantified using the qRT-PCR delta-delta Ct method.
Total RNA was extracted using the RNAeasy Mini Kit (QIAGEN), and the RNA con-
centration was determined using NanoDrop OneC (Thermo Scientific). cDNA
(complementary DNA) was synthesized from 1 μg of total RNA using the Verso
cDNA Synthesis Kit (Thermo, AB1453A) with oligo-(dT) primers according to the
manufacturer’s instructions. Signals of transcripts were obtained on a sequence-
detection system (CFX Connect; Bio-Rad) using SYBR-Green (Apex qPCR GREEN
Master Mix, 42-116PG) and normalized to signals for an endogenous reference

Hsc70 (heat shock cognate 71 kDa protein). Changes in expression levels of pro-
teasomal genes were calculated as a percentage of the average values for litter-
mate mice. Primer sets (SI Appendix, Table S1) were selected using the Primer3
program and validated for efficiency with serial dilutions of cDNA.

Western Blotting. Retinas from mice of indicated ages were collected between
12 and 2 PM, carefully dissected in HBSS, snap-frozen in liquid nitrogen, and
stored at �80 °C until use. Retinas were solubilized by sonicating in 200 μL of
RIPA lysis buffer (20-188, EMD Millipore) supplemented with a protease inhibi-
tor mixture (Roche) and a protease phosphatase inhibitor (Thermo Fisher Scien-
tific). The total protein concentration was measured using the Pierce 660 nm
Protein Assay Reagent (Thermo Fisher Scientific). Samples were brought to the
same concentration in Laemmli buffer, heated at 95 °C for 5 min, and immedi-
ately used for experiments. Samples containing 20 to 40 μg of total protein
were resolved on the precast 4 to 20% Tris-glycine gel (5671094, Bio-Rad Labo-
ratories), transferred to a 0.45-μm PVDF (polyvinylidene fluoride) membrane
(IPFL00010, EMD Millipore) by wet Western blot transfer, blocked, and used for
protein detection. The membranes were blocked in either Tris-based Odyssey
Blocking Buffer (LI-COR Biosciences) or TBST (20 mM Tris�HCl, pH 8.0, 0.1%
Tween-20) solution containing 5% of ECL Prime Blocking Reagent (RPN418, GE
Healthcare Life Sciences). After blocking, membranes were incubated overnight
with the primary antibody in a cold room, washed, incubated with secondary
antibodies for 1 h at room temperature, washed again, and further used for
imaging. Protein bands were visualized with the Odyssey Infrared Imaging Sys-
tem (LI-COR Biosciences) or ChemiDoc Imager system (Bio-Rad Laboratories).
Enhanced chemiluminescent reactions were developed using the ProSignal Pico
ECL reagent (20-300, Genesee Scientific). Western blots were quantified
using ImageJ.

Statistical Analysis. Statistical analysis was performed in GraphPad Prism
8 software or Excel for Microsoft 365. Results are presented as the mean 6 SD
unless noted otherwise. Differences are considered significant for P value
<0.05, as determined by a two-tailed Student’s test. P values on the figures are
indicated as follows: *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001,
and ns for P> 0.05.

Data Availability. All data generated or analyzed during this study are
included in the published article and its supplementary information files.
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