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Abstract

Retinitis pigmentosa (RP) is an inherited disorder that results in vision impairment but general and mutation-independent ther-
apeutic strategies are not available. However, it is widely regarded that the cGMP system, including cGMP and its interactor
cGMP-dependent protein kinase (PKG), acts as a crucial effector during retinal degeneration. We have previously identified a
list of cGMP-PKG-dependent genes in the context of RP, and in this study, we further validated one of these, namely pyruvate
kinase 2 (PKM2), and investigated the potential role of PKM2 for the photoreceptors’ well-being during RP. With the aid of
organotypic retinal explant cultures, we pharmacologically manipulated the PKM2 activities in two different RP mouse models
(rd2 and rd|0) via the addition of TEPP-46 (a PKM2 activator) and found that activation of PKM2 alleviates the progress of
photoreceptor death in the rd/ 0 mouse model. We also noted that the expression of both PKM2 and one of its targets, glu-
cose transporter-1 (Glutl), showed alterations depending on the degeneration state. The observations provide supportive

evidence that PKM2 may serve as a novel potential molecular target in RP.
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Introduction

Retinitis pigmentosa (RP) refers to a group of genetic disor-
ders in retinal photoreceptors and is one of the most
common forms of inherited retinal degeneration, leading to
severe vision problems. The prevalence of RP reaches 1 in
3000-4000 (Haim, 2002), and there is currently in principle
no effective treatment available, likely because of the exten-
sively heterogeneous mutations of disease-leading genes
(Daiger et al., 2013). Increased photoreceptor levels of the
signaling molecule ¢cGMP have been reported in several
mouse models for RP, including rd2 and rdI0
(Arango-Gonzalez et al., 2014; Power et al., 2020).
Moreover, work in our laboratory has previously suggested
a neurodegenerative effect of such elevated cGMP, that at
least in part works via increasing the activity of its dependent
protein kinase G (cGMP-dependent protein kinase; PKG),
leading to over-phosphorylation within photoreceptors
(Paquet-Durand et al., 2009).

The M2 subtype of pyruvate kinase (PKM2) has been
shown to be expressed within photoreceptors (Rajala et al.,

2018) and our previous transcriptome research (Zhou et al.,
2021), where we modulated the cGMP-PKG system in
retinal explants, showed a lower expression of the PKM2
gene after PKG activation in wild-type (WT) retinas. This
pointed to the possibility that PKM2 may be repressed by
the high cGMP-PKG activity within RP photoreceptors. We
know that the same type of PKG activation leads to photore-
ceptor degeneration in otherwise healthy WT retinas
(Paquet-Durand et al., 2009), and that PKG inhibition via a
liposome-formulated cGMP-analogue can protect degenerat-
ing photoreceptors and help preserve the retinal function in
the rd2 and rdl0 models after systemic administration
(Vighi et al., 2018). We therefore speculated that since PKG
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may act to decrease PKM2 in the degenerating photorecep-
tors, a direct activation of PKM2 during the degeneration
may have neuroprotective effects.

To acquire a better understanding of this, we here utilized a
manipulation of the PKM?2 activity in the retina via a pharma-
cological method. To do so we added 6-((3-Aminophenyl)
methyl)-4-methyl-2-methylsulfinylthieno[3,4]-pyrrolo[ 1,3-d]
pyridazin-5-one (TEPP-46, a PKM2 activator) (Jiang et al.,
2010) during organotypic retinal explant culturing with
tissue from either the rd2 or the rd10 mouse strains (Chang
et al., 2002), two RP models where photoreceptor cGMP is
high (Arango-Gonzalez et al., 2014). According to our
hypothesis, we expected to have a lower expression of
PKM?2 in these disease models, and that activation of this
enzyme, which as one of its target has the energy metabolism
related glucose transporter-1 (Glutl; Luo & Semenza, 2012),
may alleviate the progress of cell death.

Our investigations show that rd/0 retinas benefitted with
an apparent lower amount of photoreceptor death from
PKM?2 activation, while no difference could be observed in
the rd2 strain with the same treatment. Given the slow pro-
gress of photoreceptor loss in the rd2 strain, a positive
effect of long-term PKM?2 activation in rd2 cannot be
excluded, though.

Materials and Methods

Animals

The mouse strains rd2 (Sanyal et al., 1980), rd10 (C57BL/6,
RRID:MGI:3581193, The Jackson Laboratory), and wild-
type (WT; C3H, Sanyal & Bal, 1973), all from own colonies,
were used in our study. Animals were kept under standard
white cyclic lighting, with ad libitum access to food and
water, and used irrespective of sex. All procedures had been
evaluated by the local animal care and ethics committees
and performed in accordance with permit 2124-20. All
efforts were made to keep the number of animals used and
their suffering to a minimum. Day of birth of the animal
was considered as postnatal 0 (PO), with the day following
this considered as P1, etc.

Organotypic Retinal Explant Culture

Retinas from rd2 and rd10 mice at the age of P9 were used to
generate explants following the standard protocol in our lab
(Zhou et al., 2021). In brief, inserts with the explants were
put into six-well culture plates with 1.5 mL serum-free
medium in each well. Plates were incubated at 37°C with a
5% CO, atmosphere, and the medium was replaced every
two days. No additions were made to the cultures in the
first 2 days. After this, i.e., at a time that equals P11, the cul-
tures were treated with 50 uM PKM?2 activator (TEPP-46
(HY-18657), MedChemExpress, Monmouth Junction, New
Jersey, USA) for 8 days, with medium changes every

second day during the whole culturing period. Hence, the cul-
turing paradigm used was termed P9+2+8. In parallel,
untreated counterparts served as controls receiving the same
amount of solvent (H,O). The culturing paradigm thus
means that the endpoint resembles P19.

Cryosectioning

Retinal tissues from rd2, rd10 and WT in vivo at P9 and P19,
as well as the cultured explants from rd2 and rdI0 at the
culture endpoint P19, were collected for cryosectioning. All
samples were treated with 4% formaldehyde for 2h,
washed 3 X 15 min in phosphate-buffered saline (PBS), cryo-
protected in PBS 4+ 10% sucrose overnight at 4°C, and then
with PBS +25% sucrose for 2 h. After embedding in a
medium with 30% bovine serum albumin (BSA; Cat. No.:
A5253-250G; Sigma-Aldrich, St. Louis, MO, USA) and 3%
gelatine (Cat. No.: 1040781000, Merck Millipore,
Burlington, MA, USA) mixed in H,O, 12-pm-thick retinal
cross-sections were cut and collected from a HM560 cryo-
tome (Microm, Walldorf, Germany). The sections were
stored at —20°C for later usage. Cryosections were then
used for immunostaining and TUNEL assay.

Immunostaining

For immunostaining, briefly, the cryosections were dried at
room temperature for 15 min and rehydrated in PBS. They
were then blocked with 1% BSA +0.25% Triton x 100 +
5% goat serum in PBS at room temperature for 45 min. The
primary antibodies anti-PKM2 (1:200, Cat No.: 4053,
RRID: AB_1904096, Cell Signaling Technology, Danvers,
Massachusetts, USA), anti-GLUT1 (1:200, Cat No.:
MABS132, RRID: AB_2571629, Sigma-Aldrich, St. Louis,
MO, USA) and anti-Phospho-CREB (1:200, Cat No.:
MAS5-11192, RRID: AB_10986840, ThermoFisher,
Scientific, Waltham, Massachusetts, USA) were diluted with
1% BSA and 0.25% Triton X 100 in PBS (PTX) and incubated
at 4°C for overnight; a no primary antibody control ran in par-
allel. Sections were washed 3 X 5 min, each in PTX and incu-
bated with a goat anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody, Alexa Fluor™ Plus 488
(1:800, Cat No.: A32731, RRID: AB_2633280, Thermo
Fisher Scientific, Waltham, MA, USA) and Chicken
anti-Mouse IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 594 (1:200, Cat No.: A-21201,
RRID: AB_2535787, Thermo Fisher Scientific, Waltham,
MA, USA), goat anti-rabbit IgG (H+ L) cross-adsorbed sec-
ondary antibody with Alexa Fluor 594 (1:800, Cat No.:
A11037, RRID: AB_2534095, Thermo Fisher Scientific,
Waltham, MA, USA) at 1:800 dilution in PTX. After 3 X
5-min. PBS washes, the sections were mounted with
Vectashield DAPI (Vector, Burlingame, CA, USA).
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TUNEL Assay

Fluorescent terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay (11687495910, Roche Diagnostics,
Mannheim, Germany) was performed as by manufacturer’s
instructions and used on cryosections from the different condi-
tions to evaluate cell death. The number of TUNEL-positive
cells in the photoreceptor bearing outer nuclear layer (ONL)
was calculated as shown previously (Paquet-Durand et al., 2009).

Microscopy and Image Processing

A Zeiss Imager Z1 Apotome Microscope (Zeiss, Oberkichen,
Germany), with a Zeiss Axiocam digital camera was used for
microscopy observations. Image generation and contrast
enhancement were performed identically for all images via
the ZEN2 software (blue edition). The immunostaining was
analyzed for staining differences via three sections each
from three to five animals for each condition, after which
the fluorescent intensities of positive cells randomly distribu-
ted within in the area of interest (the ONL, i.e., the photore-
ceptor layer, plus the area represented by the photoreceptor
segments) were assessed. Fluorescence intensity was captured
and analyzed by the Image] software (version 1.53a, NIH,
MD, USA). The freehand selection function was used to
target the ONL or segments, after which the fluorescence
intensity was calculated with the measure function.

For both the immunostaining and TUNEL analyses, three
to four sections from a given retina gave rise to an average,
which was then combined with the corresponding averages
from the same group (in most cases four to five animals) to
give the final average for the various conditions.

Statistics

All ANOVA tests and one-tailed t-tests in this study were per-
formed via the R software (downloaded online from https:/
www.r-project.org/) and a p-value lower than 0.05 was
regarded as significant. Specifically, the function “compare_-
means” was used, with the argument of “methods” being set
as either “anova” or “t.test”. In the t-test, the argument of
“alternative” of the same function of “compare_means” was
set as either “greater” or “less” according to the specific
hypothesis.

Results

In the present study, we investigated how PKM?2 appears
during retinal degeneration, and compared the PKM2 expres-
sion within photoreceptors in the two RP models and also in
wild-type (WT) on P9 and P19, which are equivalent to the
start and end points, respectively, of our culturing protocol
(all data obtained from the explant cultures are presented
below). We found that PKM2 is mainly expressed in the
segment area, where the inner and outer segments of the

photoreceptors are situated. On P9, we observed a lower
PKM?2 expression of photoreceptors in rd2 as well as rd10
than in WT (Figure 1A-C, G). On P19 a similar pattern
of lower PKM?2 expression was observed in rd2 compared
to WT, while, by contrast, it was apparently higher
expressed in rd10 than in its WT counterpart (Figure 1D-F,
H). To evaluate the degeneration of the different strains, we
compared the ONL thickness of each strain between P9 and
P19 (Table 1). We found a slight and clear decrease of
ONL thickness in rd2 and rdI0 between these two time
points, respectively, while we could not observe any ONL
difference in WT.

To explore whether PKM?2 has any neuroprotective effects
during retinal degeneration, we manipulated the PKM?2 activ-
ities within the photoreceptors in the two RP models by
adding TEPP-46 during the organotypic retinal explant cultur-
ing. For the rdl0 model, we found that the number of
TUNEL-positive cells decreased compared to the untreated
counterpart (Figure 2C-E). By contrast, we could not
observe any significant differences in photoreceptor death in
the explants with PKM?2 activation from the rd2 model com-
pared to their untreated counterparts (Figure 2A-B, E),
although a reduction that came close to being statistically sig-
nificant was observed. For clarity, the individual values for
this (TUNEL) and the other two studied parameters below
in the explant treatment studies (PKM2 and Glutl expression,
respectively) are given in Table 2.

To further analyze whether the neuroprotective effects in
degenerating photoreceptors observed are related to PKM?2,
we also studied the PKM2 expression in TEPP-46 treated,
or untreated, explants. Since we had observed that PKM?2 is
mainly expressed in the segments, we, therefore, focused on
the PKM?2 expression in this area. We noticed a higher
PKM?2 expression in the segment from these two RP
models than in their untreated counterparts (Figure 3,
Table 2), which in both cases amounted to an approximate
doubling of the values. We furthermore saw that two of five
values for the untreated rd10 were much higher (3-5 times)
than the rest in the group (Table 2). If the PKM2 level in
rd10 relates to the state, or length, of degeneration, as sug-
gested by the results in Figure 1, then these specimens
might for some reason display an exaggerated degeneration
response. This would go well with that the same specimens
also had 2-3 times more TUNEL-positive cells than the
others (Table 2). When we tested to omit these samples
from the calculations, the effect on PKM2 expression by
TEPP-46 on the rd10 explants rose to more than 4 times of
that of the untreated (not shown).

To approach how also the PKM2 downstream activities
were affected in the degenerating photoreceptors, we next
studied how a known PKM?2 target, namely glucose
transporter-1 (Glutl; Luo& Semenza, 2012), which is essen-
tial for rod photoreceptors (Daniele et al., 2022), was
expressed in the RP models. As we found that Glutl was
mainly seen within the segments of photoreceptors, we then
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Figure I. Comparisons of PKM2 expression among WT, rd2, and rd/0 on P9 and P19. PKM2 fluorescence staining is in green. A-C: PKM2
expression in ONL and segments from WT, rd2 and rd/0, respectively, at P9; D-F: PKM2 expression in ONL and segments from WT, rd2,
and rd/0 at P19. G-H: Bar chart summarizing the PKM2 fluorescence intensities among the three different strains on P9 and P19,

respectively. The ANOVA with Dunnett’s post hoc analysis was used, n=3-6 biological replicates. *p < 0.05, *p <0.01, ¥***p <0.0001.

ONL = outer nuclear layer.

Table I. Comparisons of ONL Thickness between the Same Strains
at P9 and PI9.

WT rd2 rdl0
P9 67 +4 66+ | 74+5
P19 65+6 6l +4 28+5
p value 0.571 0.023 0.000

Data are presented as Mean + SD, and units are ym.
ONL = outer nuclear layer.

compared the Glutl expression within this area between the
models and the WT. Here we noticed a lower Glutl expres-
sion in rd2 and rdI0 than in their WT controls at P9
(Figure 4A-C, G). At P19 we could not see any significant
difference in Glutl expression among these strains
(Figure 4D-F, H), although both the rd2 and the rdi0
showed a numerically reduced level of Glut 1 signal.

We then investigated if Glutl expression in the RP models
was affected by PKM2 activation with the aid of the organo-
typic retinal explant cultures. Here we observed that PKM?2
activation led to an approximately 50% higher Glutl expres-
sion in the segments in rd2 than in their untreated peers
(Figure SA-B, E; Table 2). For rd10, no significant difference
of Glutl expression was noticed after PKM2 activation
(Figure 5C-D, E; Table 2), in spite of a numerical decrease
of this parameter in the rd/0 samples.

Discussion

We hypothesized that PKM2 may work as one of the
c¢GMP-PKG downstream targets in RP and here approached
this with the aid of two RP models, rd2 and rdi0, that both
have an abnormally high level of photoreceptor cGMP
(Arango-Gonzalez et al., 2014; Paquet-Durand et al., 2009;
Yang et al., 2020). Their retinas were used in combination
with an organotypic retinal explant system and the results
suggest that PKM?2 is connected to photoreceptor degenera-
tion in both models, although with some differences
between them in the characteristics of this.

The ONL and segment expression of PKM2 was lower in
both of the models than in their WT counterparts at the early
age point (P9), whereas at the later age of P19 we noticed a
similar lower PKM2 expression in rd2, but a clearly higher
such in rd10. This was to a considerable extent compatible
with our hypothesis, which included that the high cGMP in
these models via activation of PKG would downregulate the
PKM?2 levels, just as pharmacological PKG activation down-
regulated PKM?2 gene expression in WT explants (Zhou et al.,
2021). Since we also know that similar PKG activation in WT
causes retinal degeneration (Paquet-Durand et al., 2009) a
reduced PKM2 in the models would be consistent with a crit-
ical role for PKM?2 for photoreceptor health. For the divergent
P19 rdi0, where PKM?2 instead was increased, one must
remember that the internally driven cGMP increase in the
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Figure 2. Activation of PKM2 showed a decreased number of dying photoreceptors in rd/ 0 explants, while the same treatment did not change
these parameters in rd2 explants. TUNEL-positive cells are shown in green, and DAPI (blue) was used as nuclear counterstain. A: rd2 untreated
control; B: rd2 treated with TEPP-46 (PKM2 activator); C: rd/0 untreated control; D: rd/0 treated with TEPP-46; E: Bar chart summarizing the
TUNEL-positive ONL cell counts of the different experimental groups, respectively. ONL = outer nuclear layer; INL =inner nuclear layer; GCL =
ganglion cell layer. The t-test was used as described in Materials and methods section, n=4-5 biological replicates. *p < 0.05.

Table 2. Compilation of All Values from the Retinal Explant
Experiments, Arranged so That the Outcome for the Various
Parameters (TUNEL, PKM2, Glutl) Can Be Compared Between the
Individual Samples. *=p < 0.05, **=p < 0.0I.

rd2 untreated TUNEL PKM2 Glutl
Sample | 2,9 11,2 31,9
Sample 2 3,3 13,0 35,0
Sample 3 3,1 14,5 36,7
Sample 4 2,6 15,9 47,4
Sample 5 1,5 19,2 52,5
Mean + SD 2,7+0,6 148+2,7 40,7+79
rd2 + TEPP-46 TUNEL PKM2 Glutl
Sample | 1,6 26,2 52,1
Sample 2 2,6 31,7 57,4
Sample 3 2,0 32,2 67,0
Sample 4 0,9 71,0
Mean + SD 1,8+0,7 30,0+3,3 61,9+8,6
p-value vs untreated rd2 0,051 0,001 0,005
rd1 0 untreated TUNEL PKM2 Glutl
Sample | 11,1 9,5 29,1
Sample 2 9,5 10,6 49,9
Sample 3 11,0 14,8 42,1
Sample 4 30,4 52,7 32,3
Sample 5 20,7 54,7 31,7
Mean + SD 16,5+89 284+23,1 37,0+87
rd10 + TEPP-46 TUNEL PKM2 Glutl
Sample | 48,4 18,1
Sample 2 52 60,3 19,4
Sample 3 74 57,6 25,1
Sample 4 4,4 43,0
Sample 5 7,0 43,3
Mean + SD 60+14 555+6,2 29.8+125
p-value vs untreated rd/ 0 *0,028 *0,029 0,830

rd10 retina, leading to its degeneration, may not necessarily
be fully replicated by the more specific and pharmacologically
induced PKG activation in WT, which caused a downregula-
tion of PKM2 gene expression (Zhou et al., 2021). The ONL

thickness of rd10 on P19 showed a clear reduction, signifying
an ongoing and effective degeneration mechanism with a con-
siderable loss of photoreceptors. At this point the increased
PKM?2 expression may thus represent a compensating (but
failing) effort to counteract the degeneration of the remaining
cells, and which somehow bypassed the cGMP-regulation. In
fact, PKM2 appears to regulate PDE6f expression (Rajala
et al., 2018) and the strong PKM2 upregulation could thus
represent an effort to have the missing gene product back. If
so, the continuous lower PKM2 expression in rd2 at P19,
an age which shows only a slight decrease in ONL thickness
compared to P9, could mean that a similar compensating
effects had not started yet, or that the rd2 pathology as such
did not elicit such a response. The latter seems reasonable
knowing that the rd2 degeneration comes from a mutation
in gene different from PDE6 (Travis et al., 1991). In either
case, this could contribute to why the pharmacological
PKM?2 activation did not alleviate photoreceptor degeneration
in this strain. It should be noted, though, that there are no data
on whether the increased expression also leads to increased
PKM2 activity, meaning that other events, cGMP related or
not, could prevent its full activation.

The lower count of degenerating photoreceptors in rd10
explants after PKM2 activation indicated a neuroprotective
potential of PKM2 during RP progression in this model. For
the rd2 strain, no such change was observed, although the
related p value of 0.051 was very close to the statistical thresh-
old. The rd2 retina has a peak of cell death at around P18, but
cell death is seen also several days after that (Arango-
Gonzalez et al., 2014). Given that our explant culturing protocol
starts at P9 and ends at P19, we might thus have missed any pro-
tective effect that may require longer treatment to be detected.
Along the same lines, the higher percentage of dying photore-
ceptors in the rdl0 retina at around P18 (Arango-Gonzalez
et al., 2014) could explain why the effect came out clear in
that model, together with that the increased PKM2 (see above)
could have provided more target for TEPP-46 to activate in rd10.
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Figure 3. Activation of PKM2 in retinal explants showed higher PKM2 expression in rd2 and rd/ 0. PKM2 fluorescence staining is in green,
and DAPI (blue) was used as a nuclear counterstain. A: rd2 untreated control; B: rd2 treated with TEPP-46 (PKM2 activator); C: rd/0

untreated control; D: rd/0 treated with TEPP-46; E: Bar chart summarizing the PKM2 fluorescence intensities at segments of the different
experimental groups, respectively. The t-test was used as described in Materials and methods section, n=3-5 biological replicates. *p < 0.05,

#p < 0.01.
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Figure 4. Comparisons of Glutl expression among WT, rd2, and rd/0 on P9 and PI9. Glutl immunofluorescence is shown in red. A-C:
PKM2 expression in ONL and segments from WT, rd2, and rd/ 0 at P9; D-F: PKM2 expression in ONL and segments from WT, rd2, and rd/ 0
at P19; G-H: Bar chart summarizing the PKM2 fluorescence intensities among the three different strains on P9 and P19, respectively. The
ANOVA with Dunnett’s post hoc analysis was used, N =3-6 biological replicates. *p < 0.05, **p <0.01. ONL = outer nuclear layer.

Our observations also included that both rd2 and rdi0
explants had higher mean PKM2 expression values when
treated with TEPP-46, which also alleviated the degeneration
in rd10. This could relate to that the PKM2 activation pro-
vided the photoreceptors with more possibilites to survive,
and for rd10, where PKM2 increased with time, this mani-
fested in an even higher expression of PKM2. As mentioned
in the Results, two of the untreated explants had PKM?2
expression levels in the segments that were similar to the
peers with PKM2 activation, while the remaining untreated

had lower expression. The high PKM2 specimens also had
TUNEL values in a clearly higher range, indicating that the
PKM?2 response could be linked to the degeneration intensity,
although we do not know whether this also included an
increased PKM2 activity.

Rajala et al. (2018) observed an increased number of
degenerating cells within the ONL in retinas from their
mouse model with genetically deleted PKM2 expression,
which—just as our data here—indicates its importance for
photoreceptor viability. Interestingly, they also observed
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Figure 5. Activation of PKM2 showed an increase of Glutl expression in segments in rd2 explants, while the same treatment did not
change this parameter in rd/0 explants. Glutl immunostaining is shown in red, and DAPI (blue) was used as nuclear counterstain. A: rd2
untreated control; B: rd2 treated with TEPP-46 (PKM2 activator); C: rd/0 untreated control; D: rd/ 0 treated with TEPP-46; E: Bar chart
summarizing the Glutl fluorescence in segments of the different experimental groups, respectively. The t-test was used as described in
Materials and methods section, n=4-5 biological replicates. **p < 0.01.

that PKM2 deletion lowered the expression of glucose
transporter-1 (Glutl), which has the important function to
deliver glucose to photoreceptors (Pragallapati & Manyam,
2019). Our present findings go very well with these discover-
ies, as we observed Glutl as well as PKM2 to be lower
expressed in both of the RP models compared to WT at an
early age. In turn this points to that the PKM2 functions
could include regulation of Glutl, in accord with the study
of Rajala et al. (2018).

At the later timepoint, P19, the correlation between PKM?2
and Glutl expression was no longer evident in the rdi0,
which at this age had a clearly increased PKM2 level, while
its Glutl level was not correspondingly elevated. In fact, for
both rd2 and rd10 the average Glutl levels were, if anything,
lower than in WT. A discrepancy between the models was
also seen when the effect of PKM2 activation on Glutl
expression was studied, since in this case the activation
clearly increased GLUT1 in the rd2 segments, but not signifi-
cantly so in rd10.

We are thus faced with a situation where both models show
distinct, but not identical, connections between the degenera-
tion and PKM2 expression, which compared to WT was
reduced in both at P9, but clearly increased in rd10 at P19.
Both models also present connections between Glutl and
the degeneration and/or PKM2, since Glutl was lower than
in WT at P9 in both rd2 and rd10, but here the PKM?2 activa-
tor gave an increase of Glutl only in rd2.

It is not possible at this stage to fully explain these dissim-
ilarities, and judge what they mean for the prospect to protect
the photoreceptors via PKM2 activation. As mentioned
above, the lack of protection in rd2, at least in the paradigm
used here, could be a result of the degeneration characteristics
of this model. However, as an alternative explanation, the
observed increase in PKM2 in rdl0, which must have hap-
pened between P9 and P19, could represent a time-dependent,
inherent protective response. Such a response was in our

set-up not detected in rd2, meaning that the high level of
the rd10 PKM2 enzyme then may have provided a much
better starting point for the work of the PKM2 activator in
the rd10 explants than in those from the rd2 model. Still the
PKM?2 activator was able to increase Glutl in rd2 explants,
but Glutl is not the only protein that PKM2 interacts with
(Luo & Semenza, 2012). This means that other proteins,
with a potential bearing on photoreceptor survival, may
have failed to react to the PKM2 activation, or simply just
not reacted enough yet, and thus being unable to provide
protection.

The role of PKM2 may be to stabilize photoreceptors via
the maintenance of energy supply, a situation that appears
vital as photoreceptors are regarded as one of the most meta-
bolically active cells within the body (Country, 2017). In the
retinal ecosystem, the photoreceptors, similar to cancer cells,
mainly perform so-called aerobic glycolysis to meet the high
energy requirement (Rajala, 2020), and PKM2 acts as a key
regulator of glycolysis (Gupta & Bamezai, 2010). Though
the ATP generation rate is lower in aerobic glycolysis than
in the tricarboxylic acid cycle (TCA), the aerobic glycolysis
product pyruvate can be brought to the retinal pigment epithe-
lium (RPE) and converted to lactate and enter the TCA for a
higher ATP production (Rajala, 2020). In fact, the general
outcome of our previous transcriptome analysis (Zhou et al.,
2021) was that an overactive cGMP system could be an
important negative regulator of retinal metabolic events.
Since increased cGMP levels can be linked to many types
of RP (Power et al., 2020), it is thus possible that disturbed
actions of PKM2, or other enzymes related to energy metab-
olism, lie at the heart of the RP pathology.

PKM2 may have yet other roles, since the glycolysis
pathway in photoreceptors is not eliminated in case of
PKM?2 deletion, although further details are unclear (Rajala
et al., 2018). Apart from its role in providing energy,
aerobic glycolysis has distinct advantages in photoreceptors,
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since it can benefit photoreceptors via carbon intermediates
generation with varied functions, some of which are essential
for daily outer segment renewal (Léveillard, 2015). Also,
PKM could have more metabolism reprogramming effects,
for instance to redirect glucose metabolism to other signaling,
which is essential for amino acid production (Zhang et al.,
2019). The questions of how these non-glycolysis functions
of PKM2 contribute to the photoreceptors’ wellbeing yet
require further studies.

In conclusion, while many questions with respect to PKM2
and photoreceptor degeneration remain to be answered, like if
its retinal substrates are the same as in other tissues, and if this
changes in disease, as well as if PKM2 inhibition of WT
explants will mimic the degenerative outcome of genetic dele-
tion of the enzyme (Rajala et al., 2018), the results from our
study shed light on a potential, novel molecular target that
may exert a direct effect on RP.
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