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Abstract: Diabetic retinopathy (DR), the most common microvascular compilation of diabetes, is the
leading cause of vision loss and blindness worldwide. Recent studies indicate that retinal neuron
impairment occurs before any noticeable vascular changes in DR, and retinal ganglion cell (RGC)
degeneration is one of the earliest signs. Axons of RGCs have little capacity to regenerate after
injury, clinically leading the visual functional defects to become irreversible. In the past two decades,
tremendous progress has been achieved to enable RGC axon regeneration in animal models of
optic nerve injury, which holds promise for neural repair and visual restoration in DR. This review
summarizes these advances and discusses the potential and challenges for developing optic nerve
regeneration strategies treating DR.
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1. Introduction

Diabetic retinopathy (DR) occurs in almost one-third of diabetes mellitus (DM) pa-
tients [1] and is the third most common complication and the most common microvascular
complication of diabetes [2]. Although most of the time DR is clinically classified as a
retinal vasculopathy, evidence of diabetic retinal neurodegeneration in patients, animal
models and post-mortem human retinas has been continuously reported over the past
100 years [3–6]. Recent studies utilizing optic coherence tomography (OCT) [7–9] and elec-
troretinogram (ERG) [10,11] indicate that diabetic neurodegeneration usually occurs before
any visible retinal lesions. Thus, diabetic neurodegeneration is now considered a critical
contributor to, instead of a major result of, diabetic retinovascular impairment [12,13].

Retinal ganglion cell (RGC) death is one of the earliest signs of diabetic retinal neu-
ropathy, and diabetic optic nerve damage even precedes retinal abnormality [11,14]. The
axons of RGCs course through the optic nerve and transmit visual information from the
eye to the brain and are highly vulnerable to external insults, mostly because of their
trajectory and space constraints. In streptozotocin (STZ)-induced diabetic rats, a reduced
axon number and diameter in the optic nerve tract were both observed in the early stage
of DM with morphologically unaffected RGCs and superior colliculus, suggesting optic
nerve degeneration, the first structural impairment in the diabetic visual pathway [15]. As
a part of the central nervous system (CNS), adult mammalian RGCs cannot proliferate
or regrow, and their axons have little capacity to regenerate following damage, which
in clinics leads patients to irreversible vision loss. In the past few decades, tremendous
study progress has been made in elucidating mechanisms mediating RGC survival using
animal models of DM [16–19] and in finding regulators of axon regeneration in models of
optic nerve injury [20–22]. In this review, we discuss potential factors modulating optic
nerve regeneration strategies in DR by drawing references from studies using optic nerve
injury models.
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2. RGC Degeneration in DR

Although the exact pathogenesis of RGC loss in DR is still unclear, recent studies have
already found a number of clues mediating this process, reviewed by Potilinski et al. and
Soni et al. [16,17]. In brief, RGC apoptosis occurs in the early stage of DR, induced primarily
by oxidative stress, extracellular glutamate accumulation and expression alterations of
cytokines and neurotrophic factors (Figure 1) [19]. In addition, ATP-gated cation channels,
such as the P2X7 receptor (P2X7R), may also be the targets for RGC death after early-phase
injury [23]. In STZ-injected rats, RGC apoptosis, as well as a decreased mRNA level of
manganese superoxidase dismutase (MnSOD), a critical antioxidant enzyme, was observed
in the retina only four weeks after DM induction [24]. Another example of early neuronal
injury is that receptor of advanced glycation end-products (RAGE), a neuronal injury-
associated cytokine receptor, is upregulated in RGCs of high-fat-diet diabetic rats. In the
later stages of DR, more RGCs are killed by the aforementioned factors.
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Figure 1. General phases of diabetic retinal neurodegeneration and microvascular abnormalities,
and the controversial role of VEGF. DM, diabetes mellitus; DR, diabetic retinopathy; RGC, retinal
ganglion cell; VEGF, vascular endothelial growth factor; BRB, blood-retinal barrier.

The contributions of neurotrophic factors and vascular endothelial growth factor
(VEGF) to diabetic RGC degeneration are somehow controversial [25]. For instance, brain-
derived neurotrophic factor (BNDF) can upregulate insulin activity in diabetic animals [26]
and is normally expressed in RGCs and other retinal cells. In diabetic patients, a decreased
expression of BDNF in both serum and aqueous humor is found before any DR sign ap-
pears [27]. BDNF displays a neuroprotective effect in the early phase of DR but might
trigger inflammation-related neural damage in later stages [28]. Likewise, VEGF is neu-
roprotective in the early DR phase, as inhibition of VEGF promotes RGC apoptosis in DR
through enhancing Akt phosphorylation [29]. Nonetheless, VEGF is known to promote
diabetic neovascularization, which may result in neurodegeneration, and therefore anti-
VEGF administration is vital for treating proliferative DR. Thus, the impact of anti-VEGF
drugs on RGC in DR requires further investigation.
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3. Potential Optic Nerve Regeneration Approaches: Referenced from Optic Nerve
Injury Models

Although many reports have found strategies to prevent RGC loss, few studies inves-
tigated any pro-regeneration approaches in DR. The main bottleneck lies in the current
animal models, as most of the DR models fail to display an extensive axon loss in the
optic nerve [30]. For example, 10-month STZ induction in adult mice causes just mild RGC
density decrease and minimally reduced axons. On the other hand, optic nerve injury
models can cause complete axon loss in the optic nerve as well as inflammatory responses
in the retina and therefore are highly suitable for regeneration studies. Among all the optic
nerve injury models, the most commonly used one is a crush injury, which destroys the
axons in the optic nerve tract and leaves the dura and vessels intact. Using this model,
tremendous progress has been accomplished in understanding the mechanisms regulating
axon regeneration of degenerated RGCs, which provides a remarkable value for potential
approaches to regenerating optic nerve in DR (Table 1).

Table 1. Reported DR-related findings of pro-regenerative targets under optic nerve injury models.

Target Pro-Regenerative Application in
Optic Nerve Injury Model

Reported Findings Associated with DR or
DM Pathogenesis References

PTEN Genetic downregulation in RGCs Decreased under microRNA-26a-5p-induced
neuroprotection in STZ-induced mouse model [31]

SOCS3 Genetic downregulation in RGCs Deletion might enhance DR severity via MMP-9 [32,33]

KLF-4 Genetic downregulation in RGCs Might participate in DR progression by activating
JAK/STAT pathway and VEGF signaling [34–36]

DUSP14 Genetic downregulation in RGCs Knockdown increases pancreatic β-cell proliferation [37]
Glycopyrrolate Intravitreal injection Reported to alleviate diabetic gustatory sweating [38]

TSP-1 Genetic overexpression in RGCs TSP-1 loss exacerbates the DR pathogenesis [39]
Osteopontin Genetic overexpression in RGCs Angiogenesis-promoting factor in DR [40]

MMP-9 Genetic downregulation in RGCs Knockout prevented DR development in the
STZ-induced mice [41]

CRH Genetic overexpression in RGCs knockdown enhances retinal inflammatory response
and visual impairment in STZ-induced model [42]

Lin28 Genetic overexpression in amacrine
cells (+ intravitreal injection of IGF-1)

overexpression in mouse myoblasts promotes an
insulin-sensitized state that resists high-fat-diet

induced DM
[43]

DR, Diabetic retinopathy; DM, diabetes mellitus; RGC, retinal ganglion cell; STZ, streptozotocin; MMP-9, metallo-
proteinase 9; VEGF, vascular endothelial growth factor; TSP-1, thrombospondin-1; CRH, corticotropin-releasing-
hormone; IGF-1, insulin growth factor 1.

3.1. Extrinsic Regulators of Optic Nerve Regeneration

Perhaps one of the evergreen questions in the field of neural regeneration research
is why peripheral nerves can readily regenerate, whereas CNS nerves cannot regenerate
after injury. A series of pioneer studies trying to answer this question found that RGCs
could regenerate axons through a peripheral nerve environment [44–46], which led to a
hypothesis that the CNS microenvironment is inhibitory toward axon regeneration.

One major suppressor of axon regeneration found in CNS is myelin [47]. Myelin is de-
rived from oligodendrocytes and affects a series of inhibitory molecules, including myelin-
associated glycoprotein, oligodendrocyte-myelin glycoprotein and Reticulon-4 (Nogo). All
three molecules signal through the Nogo receptor (NgR) and paired immunoglobulin-
like receptor B (PirB) [48]. In DR, Nogo-B is regarded as an angiogenesis enhancer [49],
and NgR upregulation results in RGC apoptosis [50]. In contrast, Nogo-B knockdown
partially decreases the permeability of retinal blood vessels under DR conditions. In the
optic nerve crush model, intravitreal injection of a dominant-negative NgR [51,52], genetic
deletion of NgR [53] and elimination of the myelin inhibitory signaling cascade via ROCK
inhibitors [54] all receive just weak effects of axon regeneration. However, this effect could
be enhanced if retinal inflammation induced by lens injury is present [52]. Therefore, retinal
inflammation may be another critical factor regulating axon regeneration.
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3.2. Inflammation-related Neurotrophic Factors

Berry and his colleagues [45] engrafted an autologous peripheral nerve fragment into
the rat intravitreal space after optic nerve crush and found a great number of regenerating
RGC axons. This effect was much reduced when grafts were freeze-and-thawed, suggesting
the pro-regenerative contribution of living, inflammation-modulating Schwann cells in
the peripheral nerve. Thus, manipulating proper inflammation-related factors may be a
promising way for axon regeneration.

Neurotrophic factors, such as BDNF, pigmented epithelium-derived factor (PEDF),
ciliary neurotrophic factor (CNTF) and insulin growth factor-1 (IGF-1), have been proposed
to mediate effects of inflammation in the retina after axon impairment [25]. BDNF, pro-
duced by neurons, glial cells and pigmented epithelial cells in the retina [28,55,56], has
been observed to have a reduced expression in DR [57]. Enhancing BDNF expression
by either exogenous supply or gene overexpression has been demonstrated to promote
RGC survival in STZ-induced diabetic mice [58,59]. However, based on the abundant
study results from the optic nerve crush model, BDNF has been found to have minimal
effect on RGC axon regeneration [60]. Likewise, significant RGC-protective but mild axon-
regenerative abilities have also been observed in the case of CNTF [61], PEDF [62,63] and
IGF-1 [64–66] administration. The underlying mechanism of the two distinct effects still
remains unknown. One possible explanation is that neurotrophic factors trigger or/and
are involved in intricate inflammatory responses regulating a large number of signaling
pathways, which might counteract each other regarding axon regeneration. For example,
although IGF-1 is an insulin analog and plays a neuroprotective role, it also upregulates
VEGF in DR [67], enhancing the disease severity.

Taken together, these results suggest that, apart from the environmental inhibitory ef-
fect in CNS, matured RGC themselves also have little inherent ability to regrow their axons
after injury. Thus, finding and then manipulating cell-intrinsic, regeneration-suppressing
molecules among neurotrophic factor-associated signaling pathways appears to be a
fruitful approach.

3.3. Intrinsic Repressors of Regeneration

IGF-1 downregulates the expression of phosphatase and tensin homolog deleted on
Chromosome 10 (PTEN) [68], a tumor suppressor. Genetic knockout of PTEN induces
robust axon regeneration of RGC in the optic nerve crush model [69,70]. This effect can be
amplified along with overexpression of Sry-related high-mobility-box 11 (SOX11) [71], a key
player controlling RGC development [72]. PTEN inhibition, as well as IGF-1 overexpression,
activates PI3K/mTOR pathway, which may play a key role in promoting regeneration [70].
One supporting evidence is that treating with rapamycin, an mTOR inhibitor, negatively
regulated IGF-1 expression [73] and also eliminated the axon regeneration led by pten dele-
tion [69]. When combining pten deletion with cAMP and zymosan, which may upregulate
CNTF [74], some of the axons are able to regenerate across the chiasm [75] and even reach
central visual target areas [76].

Given its systematic impact on enhancing insulin activity, PTEN inhibition implies
a hopeful therapeutic strategy for treating DM [77]. In the diabetic peripheral nerve,
PTEN knockdown has already been shown to enhance myelinated axon regeneration
after injury [78]. In a recent study using microRNA-26a-5p to protect RGC survival in
the STZ-induced diabetic mouse model, a decreased PTEN expression was observed [31],
suggesting that PTEN inhibition may be neuroprotective against DR.

CNTF upregulates cytokine signaling 3 (SOCS3) expression, inhibiting the JAK/STAT
pathway [79]. Deletion of socs3 enables RGCs to regenerate axons following optic nerve
injury [80]. In addition, the combined deletion of socs3 and pten promotes more sustained
axon regeneration than each of those alone [81]. Moreover, adding this combination with
CNTF and overexpression of c-myc, a proto-oncogene, led some of the axons to regenerate
even across the optic chiasm and up to the ipsilateral and contralateral optic tracts [82].
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Recent studies suggest that SOCS3 appears to protect against DR progression. SOCS3
acts as a repressor of matrix metalloproteinase 9 (MMP-9) in retinal microglia [32], and
MMP-9 gene knockout prevented DR development in the STZ-induced mice [41]. On the
other hand, genetic abrogation of SOCS3 in myeloid cells enhances the DR severity [33]. Be-
sides, activation of the JAK/STAT signaling pathway is involved in DR pathogenesis [83,84],
and suppressing this pathway inhibits retinal microvascular endothelial cell injury during
DR progression [85]. Therefore, the impact of socs3 knockout in RGCs under DR conditions
remains unknown. Furthermore, whether there will be a synergistic or counteracting effect
on RGC survival and axon regeneration in DR between socs3 deletion and pten knockout
deserves to be further investigated.

3.4. Intrinsic Regulators during RGC Development

Comparing gene expression between mature (postnatal) and developing (late embry-
onic) RGCs arises another way to identify regeneration-regulating components, given that
the late embryonic RGCs still keep the axon-regenerative ability. In addition to SOX11
mentioned earlier, Krüppel-like factor (KLF) transcription factors act both positive and neg-
ative roles in RGC axon growth. In cell culture, KLF-6 and -7 promote, whereas KLF-4 and
-9 repress axon growth [34]. Genetic deletion of KLF-4 leads to axon regeneration following
optic nerve injury in vivo [34]. This effect can be enhanced in combination with CNTF
administration and socs3 knockout [35]. In addition, Galvao et al. identified the protein
phosphatase dual specificity phosphatase 14 (DUSP14), a potential downstream target of
KLF-4, as a regeneration repressor [86]. Interestingly, although shRNA-mediated dusp14
knockdown induced regeneration after optic nerve crush, genetic knockout failed [86],
suggesting a critical need to maintain baseline activities of some intrinsic developmental
regulators even after RGCs mature.

In a recent study, forced overexpression of three Yamanaka stem cell factors, KLF-4,
SOX2 and octamer-binding transcription factor 4 (OCT4), induced global DNA demethyla-
tion and successful axon regeneration, with some axons extending to the chiasm [87] after
optic nerve crush. On the other hand, it is surprising to see consistent axon regenerative
effects induced by opposing expression regulation of KLF-4, alone or with other transcrip-
tion factors, in the same optic nerve injury model. Therefore, the underlying mechanism of
these seemingly contradictory impacts needs further investigation.

KLF-4 is believed to participate in DM pathogenesis. It activates the JAK/STAT
pathway [34,35] and VEGF signaling [36], therefore potentially enhancing the severity of
the symptom. In addition, dusp14 knockdown increases pancreatic beta-cell proliferation,
which is likely to attenuate DM progression [37]. Hence, the effects of KLF-4 and DUSP14
inhibition on RGC survival and axon regeneration in DR models merit further studies.

Mitochondrial dynamics is also believed as an important contributor to neuron devel-
opment and regenerative capacity. A recent study shows that intravitreal injection of M1, a
molecule regulating axon mitochondrial dynamics, induced sustained axon regeneration in
the mouse optic nerve crush model. Some regenerated axons extended through the optic
chiasm and reached multiple subcortical areas. Moreover, the pupil light response was
restored at six weeks post-crush [88]. This study suggests that, in addition to the aforemen-
tioned combinations of pro-regenerative treatments, long-distance axon regeneration can
also be induced by a single molecule.

3.5. Ion Channel Regulators

The contribution of multiple ions to regeneration failure has gained attention in the
past five years. For example, elevated level of zinc (Zn2+) in RGCs was associated with
neuronal apoptosis after optic nerve crush [89]. In a study from the lab that identified M1,
as we just mentioned, Au et al. characterized two Food and Drug Administration (FDA)-
approved small-molecules, mexiletine and glycopyrrolate, that both displayed robust pro-
regenerative capacity [90]. Mexiletine is a sodium channel blocker, and glycopyrrolate is a
muscarinic acetylcholine receptor (mAChR) antagonist, which might subsequently inhibit
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Zn2+ uptake. Compared with mexiletine administration, weekly intravitreal injection of
glycopyrrolate induced longer-distance RGC axon regeneration after optic nerve crush.
Those regenerated axons extended across the chiasm and reached some visual targets, such
as the olivary pretectal nucleus (OPN) in the midbrain, restoring pupil light response at six
weeks post-crush.

Glycopyrrolate has been approved to treat peptic ulcers and is also reported to alleviate
diabetic gustatory sweating [38]. In the case of modulating neural growth, however, more
studies are needed.

3.6. Regeneration from Reprogrammed Müller Glia

There is a long-held saying in the study field of neural regeneration that is, “The
colder the blood, the better the regeneration” [91]. In the context of RGC axon regeneration,
it means that the rodent retina fails to self-heal, while some cold-blood species, such as
zebrafish, keep a remarkable capacity to regenerate the retina and restore vision after injury.
In the past two decades, a number of studies have indicated that Müller glial cells are the
primary intrinsic source of regenerated neurons in fish [92,93] and therefore are regarded
as the “retinal stem cells”. In zebrafish, a transition from quiescence to the reactive state in
reprogrammed Müller glia was found, whereas, in mouse Müller glia, cell competence of
proliferation and neurogenesis were repressed [94].

During the past 10 years, some in vivo studies have successfully transferred Müller
glial cells into retinal neurons such as photoreceptors and bipolar cells [95–97]. A recent
study using the optic nerve crush model shows that overexpression of two transcriptional
factors, Brn3b and Math5, in Müller glial cells reprograms the cells into functional RGCs
that regenerate axons even into certain brain targets and improve visual function [98]. Of
note, these two molecules were not oncogenes, and no tumor suppressors were manually
inhibited, which suggests the safety of its potential clinical application in the future.

A number of studies indicate Müller glia as a crucial modulator in DR pathogenesis.
The neurotrophic factors and cytokines released by Müller glia contribute to detrimental
effects on the microvasculature and simultaneously may have neuroprotective effects in
DR [99]. Consequently, it is rather difficult to speculate whether reprogramming the Müller
glia using the aforementioned method is therapeutic in DR without further validations
under DR models.

3.7. RGC Subtype Specificity and Axon Regeneration

One consistent finding in those studies that successfully induced regeneration is that
not all living RGCs displayed regenerative capacities upon stimulation. The reason for this
regeneration preference may lie in the issue of RGC subtype specificity. Although RGCs
share similar origins and morphology, they can be divided into various subtypes, e.g., at
least 45 in mice [100,101], by different transcriptome expression spectrums and a wide range
of light responses [102]. Potential preference for survival and axon regeneration of certain
RGC subtypes has already been reported in human glaucoma patients [103] and mouse op-
tic nerve crush models [104]. In the recent five years, the emergence of single-cell transcrip-
tome sequencing led to a better understanding of RGC subtype specificity [100,105,106].

One RGC subtype that has been comprehensively studied is intrinsically photosensi-
tive RGCs (ipRGCs), the only subtype that is able to directly respond to light through the
presence of melanopsin. Recent data from single-cell sequencing indicate that ipRGC is
one of the best surviving RGC subtypes following optic nerve crush [100]. Overexpression
of melanopsin, the marker of ipRGCs, promotes RGC survival and axon regeneration by
up-regulating mTOR complex 1 (mTORC1) [107]. Nevertheless, it has not been determined
whether melanopsin overexpression enhanced the inherent re-growth capacity of existing
ipRGCs or remodeled other RGC subtypes into ipRGC-like phenotypes. Through transcrip-
tional screening of genes uniquely upregulated in ipRGCs, thrombospondin-1 (TSP-1), a
downstream effector of CNTF, was found to boost axon regeneration when overexpressed
in RGCs or Müller glia [108].
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In STZ-induced diabetic mouse and rat models, preservation of ipRGCs was observed,
suggesting the damage-resistant gift of this subtype in DR [109,110]. In human patients with
non-proliferative diabetic retinopathy, the ipRGC function seems unaffected, determined
by the melanopsin-mediated post-illumination pupillary light response (PIPR) tests [111].
However, in patients with advanced DR, cell loss and function impairment of ipRGCs
were found [112,113]. TSP-1 is one of the earliest identified angiogenesis inhibitors and is
downregulated in STZ-induced rats [114]. In addition, loss of TSP-1 exacerbates the DR
pathogenesis, with increased acellular vessels [39]. Thus, it will be worthwhile to identify
if overexpression of TSP-1 promotes RGC survival and preserves functioning axons in DR.

Another subtype that was determined injury-resilient is α-RGCs, making up the
majority of PTEN-knockout RGCs that regenerate axons after damage [64,115]. Overexpres-
sion of osteopontin, one of the α-RGC markers, significantly boosted the axon re-growth
among α-RGCs [64,105] after optic nerve crush. In DR, however, osteopontin is regarded
as an angiogenesis-promoting factor, as it disrupts tight junctions among retinal vascular
endothelial cells and increases vascular hyperpermeability [40].

3.8. Unveiling Regeneration Regulators from Multi-Omic Analyses

One major limitation of current strategies to identify regeneration modulators is the
throughput of functional tests—usually one factor at a time. However, cutting-edge se-
quencing methods provide new chances for more comprehensive approaches to characterize
gene expression atlas.

Single-cell RNA sequencing is a powerful tool for characterizing cell subtypes and
can also be applied to identify survival- or even regeneration-regulating genes based on
expression pattern changes of signature genes in disease models. Using this technique in
the mouse optic nerve crush model, Tran and colleagues identified two new regeneration-
promoting genes, urocortin (Ucn), tissue inhibitor of metalloproteinases 2 (Timp2), and two
novel regeneration-suppressive genes, corticotropin-releasing hormone binding protein
(Crhbp) and Mmp9 [100]. Manipulating any of these four genes induced potent RGC axon
regeneration. In DR pathogenesis, MMP-2 and -9 are both activated in the early stage
and then destroy the mitochondria and augment retinal microvascular cell apoptosis,
therefore promoting the breakdown of the blood–retinal barrier [116]. In the retina of
the STZ-induced diabetic model, MMP-9 accumulates mostly in the nerve fiber layer and
ganglion cell layer [117], and Mmp9 knockout prevented DR development [41]. Thus,
MMP-9 inhibition holds promise for neuroprotection and neuro-regeneration in DR and
deserves further studies.

In two recent studies leveraging single-cell sequencing, transcriptome expression pat-
terns were compared between that of regenerating RGCs and surviving-but-not-regenerative
RGCs after optic nerve crush in a mouse model with PTEN-null RGCs [105,115]. Results
from the two studies revealed a series of pro-regenerative genes, including seven newly-
identified members: galanin (Gal), corticotropin-releasing-hormone (Crh), Wilms’ tumor 1
(Wt1), Annexin A2 (Anxa2), membrane palmitoylated protein 1 (Mpp1), Perilipin 2 (Plin2),
and acetyl-coenzyme A acyltransferase 2 (Acaa2) [105]. Of note, three of the seven pro-
regeneration genes are not tumorigenesis-related (Crh, Mpp1 and Plin2), suggesting that
tumor suppressor deletion-mediated regeneration, such as PTEN or/and SOCS3 knockout,
might be substituted with safer downstream factors. In the STZ-induced model, CRH
expression is upregulated in the retina, and knockdown of Crh enhances retinal inflamma-
tory response and visual impairment, suggesting CRH has a protective role against DR
progress [42]. Nevertheless, the exact contribution of CRH, as well as the other six factors
in DR pathogenesis, requires further investigation.

Single-cell sequencing has also been applied to identify gene expression spectrum in
the diabetic retina [118–122], and some reports showed transcriptional differences between
normal and diabetic RGCs [120,122]. Further studies may be required to compare different
gene expression patterns between injury-resilient and -susceptible RGCs after DR induction.
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Recently, the application of in vivo CRISPR screening on mouse optic nerve crush
models enables researchers to identify a great number of negative regulators of RGC axon
regeneration. Tian et al. reported 13 transcription factors as regeneration suppressors
after crush, confirmed by the results that knocking out any of those 13 genes in RGCs
led to significant axon regeneration [123]. They are transcription factor 3 (TCF3), PRKC
apoptosis WT1 regulator (PAWR), tumor growth factor-beta induced factor homeobox 1
(TGIF1), LIM Homeobox 6 (LHX6), retinoblastoma binding protein 7 (RBBP7), SIN3 tran-
scription regulator family member A (SIN3A), E1A Binding Protein P300 (EP300), early
B-cell factor 3 (EBF3), CCCTC-binding factor (CTCF), LIM homeobox gene 2 (LHX2), tran-
scription factor 24 (TCF24), collaborator of the alternate reading frame (CARF) and stromal
antigen 1 (STAG1). Seven of them are considered to be tumor suppressors, and four are
oncogenes. Regarding DR pathogenesis, the contributions of these transcription factors
need further investigation.

3.9. Promoting Regeneration by Modulating Intercellular Activities

In addition to direct manipulation of RGCs, regulating interactions between RGC and
other retinal cells provides another path to axon regeneration. An excellent example is the
regulation of Lin28, an oncogene. A previous study showed that Lin28 overexpression in
RGCs promoted mild axon regeneration after optic nerve crush [124]. Later then, however,
Zhang et al. reported that overexpression of Lin28 in amacrine cells, instead of RGCs,
greatly amplified IGF-1-mediated RGC axon regeneration which used to be minimal [125].
Next, they found that optic nerve injury hyperactivated the amacrine cells and inhibited
their synaptic activities. In addition, a large number of IGF-1 receptors (IGF-1Rs) enriched
in the cilia of RGCs were lost after injury. Lin28 removed the amacrine cell synaptic
inhibition and also prevented IGF-1R loss, which potentially potentiated the IGF-1-induced
axon regeneration.

Lin28a/b overexpression in mouse myoblasts promotes an insulin-sensitized state that
resists high-fat-diet induced DM, whereas mTOR inhibition abrogates Lin28a-dependent
insulin sensitivity [43], suggesting that Lin28a functions, in part, through similar signal-
ing pathways as PTEN knockdown does. Thus, we speculate that Lin28 may also be
neuroprotective against DR.

4. Relationship between Survival and Regeneration

In the past two decades, a lot more studies that have shown successful protection of
RGC survival through a variety of strategies, unfortunately, failed to induce robust axon re-
generation after optic nerve crush, demonstrating that simply maintaining RGC viability is
somehow insufficient for optic nerve regeneration [22,126]. Moreover, as mentioned earlier,
even under some conditions that ensure RGC survival and long-distance axon regeneration,
most surviving RGCs still do not regrow axons. For example, co-deletion of PTEN and
SOCS3, accompanied by CNTF administration, led to axon regeneration from less than
10% of all living RGCs following optic nerve crush [115]. Gene ontology (GO) analysis
showed that the axon-regenerating RGCs selectively expressed genes mostly related to
manipulating cell migration/motility and cell adhesion, and, in contrast, those surviving-
but-not-regenerating RGCs were enriched by genes related to synapse organization and
neuronal differentiation [115]. However, the exact mechanism regulating regeneration in
surviving RGCs remains to be uncovered.

Empirically, all successful pro-regenerative treatments also preserve RGCs after injury.
However, this may not always be the case, according to some recent reports. In the
aforementioned study of overexpressing three Yamanaka stem cell factors, no significantly
larger number of surviving RGCs was observed in a microbead-induced mouse glaucoma
model, although a reduced axon loss was suggested [87]. Another example is the case of
SOX11 overexpression, where even fewer RGCs survived the optic nerve crush compared
to untreated controls [71], although significant axon regeneration was induced. Conversely,
the downregulation of SOX11 led to more living RGCs in the same animal model [127],
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whereas no axon regeneration was observed. Further investigation demonstrated that
SOX11 overexpression kills α-RGCs, and protects the other subsets [71]. Moreover, when
SOX11 was manipulated by mutating a single residue at lysine 91 (K91), its overexpression
promoted a greater regeneration but further exacerbated the death of α-RGCs as well
ipRGCs [128]. In the aforementioned study using in vivo CRISPR screen, only one of the 13
identified anti-regenerative factors, EBF3, is RGC-protective upon knockout [123]. Taken
together, much more efforts still need to be made to understand more about the molecular
mechanisms modulating RGC survival and axon regeneration.

5. Relationship between Axon Guidance and Angiogenesis

In addition to the distance of axon regeneration, another critical contributor to func-
tional recovery after optic nerve injury is axon pathfinding: Do RGCs re-extend their axons
back to the original terminals and form connections with appropriate targets? In fact, many
papers that reported long-distance RGC axon regeneration also described axon misguidance
errors, mostly at the optic chiasm. Some regenerated axons were observed coursing into the
contralateral optic nerve [75,76,81,129,130], and some others even U-turned back towards
the lesion site [129,130]. Therefore, studies of guidance cues during regeneration are of vital
importance. Interestingly, similar pathfinding errors have also been reported in RGC axon
development lacking certain guidance cues [131,132], which gave us a crucial reference.

Semaphorins, ephrin/Eph families and netrins have been regarded as major axon
guidance molecules during axon development [131,133]. Of note, these cues also regulate
vascular outgrowth and death, which play a key role in DR pathogenesis. RGC-derived
Sema3A is upregulated in early DR and then induces vascular hyperpermeability through
its receptor Neuropilin-1 (Nrp1), subsequently participating in blood-retinal barrier (BRB)
breakdown [134]. Ojima and colleagues intravitreally injected ephrinA1 in a VEGF-induced
rat neovascular retinopathy model resembling manifestations of proliferative DR and found
that ephrinA1 inhibited retinal neovascularization and BRB breakdown [135]. The impact
of netrins on angiogenesis remains seemingly contradictory, as netrin-1 and -4 have been
reported as either pro- or anti-angiogenic, presumably depending on the receptors they
bind [136]. In the STZ-induced rat DR model, Yu et al. intravitreally injected 0.1 µg/mL or
5 µg/mL netrin-1 and found the neovascularization effects were opposing: 0.1 µg/mL of
netrin-1 increased the numbers of new retinal vessels, while 5 µg/mL of netrin-1 repressed
retinal neovascularization [137]. In another study using the same model, Cao and colleagues
intravitreally injected 2 µL of 100 µg/mL netrin-1 or -4 and showed that either of the
treatments inhibited VEGF expression and suppressed retinal vascular leakage, suggesting
the therapeutic potential of netrin-1 and netrin-4 [138]. Taken together, further studies are
required for the proper regulation of the guidance cues that avoid misguiding regenerated
axons and also suppress vasculopathy in DR.

6. Summary

In the past two decades, optic nerve regeneration, as a premier model of regenerative
treatment in the CNS, has been successfully induced in numerous studies under the
optic nerve injury models. Nonetheless, it should be noted that promoting RGC axon
regeneration is a much more complex issue in the context of DR, and more questions
remain to be answered. First, the exact mechanism of RGC degeneration in DR is not
clear yet, and the association between RGC death and retinal microvascular injury needs
further study. Second, the proper therapeutic window for regeneration treatment is still
elusive. Considering the early onset of RGC malfunction in DR, performing function tests
such as ERG at an early time point should be preferred, and immediate neuroprotective
medical intervention may fight against diabetic RGC death [11]. Moreover, perhaps the
most challenging task is the combination of regeneration induction and angiogenesis
blockade, as some of the identified pro-regenerative factors, such as osteopontin, may have
a counterforce in the form of DR progression, e.g., promoting vessel growth. Furthermore,
considering the counteracting role of VEGF in DR progression, it would be interesting to
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study if those pro-regenerative strategies will enhance retinal vascular repairment, and a
combination of neuroprotection and anti-neovascularization approach may be suggested.
In basic research settings, the Cre-LoxP system might help with knocking out a targeted
gene in selected cell type(s), and viral transfections with specific vector(s) and promoter(s)
may enable targeting treatments. However, the safety and efficacy of these techniques
require further validation in translational research settings.

The most crucial issue that limits the axon regenerative study in DR might be the
lack of a suitable animal model. To deal with this short board, 1) it becomes increasingly
important to monitor the functional improvement of retinal neurons via in vivo tests; for
example, pattern ERG could be a useful tool to assess new drugs on RGC function [139];
and 2) combining classical DR induction with optic nerve injury may be an alternative
approach, as similar combinations have already been used for years in studying peripheral
nerve regeneration in diabetic neuropathy [140].

In addition to promoting endogenous RGC survival and axon regeneration, the area
of RGC replacement, such as axon regeneration, has also advanced in recent years. Exoge-
neous primary RGCs or stem cell-derived RGC-like cells have been reported to survive,
integrate into the host retinal circuity and present a certain extent of electrophysiological
function after transplant [141–144]. However, it may be much more challenging to achieve
a more advanced state of vision recovery, as visual function is usually shaped during early
childhood. One major barrier is how to provide a better milieu that is suitable for the
survival and integration of transplanted cells [145], and it will become even more complex
when it comes to DR, in which neural and vascular systems are both damaged.

In short, optic nerve regeneration in DR, facing its potential and challenges ahead, is
likely to keep fruitful for a long time as the progress is just started compared to regeneration
studies in other diseases such as glaucoma and optic nerve trauma.
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