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SoxC transcription factors in retinal development and 
regeneration

Glaucoma: Neurodegenerative Disease in the 
Eye
What are the molecular mechanisms that control retinal 
ganglion cell (RGC) development? During development, 
RGCs differentiate from multipotent retinal progenitor cells 
(RPCs) but little is known about the intrinsic and extrinsic 
mechanisms that control RGG fate specification and axon 
growth. In neurodegenerative diseases such as glaucoma 
and other optic neuropathies, RGCs’ failure to survive 
results in the deterioration of the optic nerve. The optic 
nerve, composed of RGC axons, connects the eye to targets 
in the brain that are required for visual processing. Unfor-
tunately, the loss of RGCs is irreversible and leads to vision 
impairment and blindness. Glaucoma affects roughly 60 
million people worldwide and is among the leading caus-
es of blindness. Currently, the only modifiable risk factor 
to treat glaucoma is lowering intraocular pressure (IOP); 
however, IOP reduction is not always sufficient to stop the 
underlying progression of RGC death. Therefore, neuro-
protection and cell-based therapies are critical therapeutic 
objectives for mitigating and ultimately eliminating vision 
loss from glaucoma and other optic neuropathies. Stimu-
lating developmental signaling pathways in adult animal 
models of injury and disease have demonstrated progress 
towards these goals; however, many important questions 
remain unknown.These questions must be addressed in or-
der to develop effective therapies. For example, can signal-

ing pathways controlling developmental RGC fate and axon 
growth be used to stimulate stem cells to generate a source 
of transplantable donor RGCs to replace or protect RGC 
loss due to disease or injury? Here, we review recently pub-
lished works that establish (1) SoxC transcription factors 
(TFs) as fundamental for RGC fate specification and axon 
growth during development and (2) how SoxC-dependent 
mechanisms may advance neuroprotective and cell-based 
therapies for glaucoma and other optic neuropathies.

SoxC Transcription Factors: Molecular Basis 
for RGC Fate Specification
The Sry-related high mobility box (Sox) superfamily genes 
encode families of TFs that all share the high mobility group 
(HMG) DNA binding domain. Sox TFs promote and repress 
the expression of complex networks of downstream genes 
that control mechanisms required for development includ-
ing pluripotent stem cell properties and cell fate specifica-
tion (Schepers et al., 2002). For example, the SoxC family of 
TFs, which include Sox4, Sox11 and Sox12, has been shown 
to play essential roles in skeletal and neural development 
(Schepers et al., 2002). More specifically SoxC TFs regulate 
important steps in retinal development. In an amphibian 
model, it was discovered that interference of Sox4 and Sox11 
expression results in significant defects during eye develop-
ment (Cizelsky et al., 2013). These studies firmly establish 
the importance of SoxC TFs during retinal development and 
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have encouraged further study into more specific functions 
controlled by SoxC TFs.  

What factors control RGC differentiation and axon growth 
during development? Recently, studies by three different labs 
uncovered novel SoxC-dependent functions that are both 
necessary and sufficient for RGC differentiation, including 
how RGC cell fate is specified and how RGCs regulate the 
direction of axon growth. In 2013, one study first reported 
that the deletion of Sox4 and Sox11 during retinal devel-
opment results in the complete absence of RGCs and optic 
nerve in a mouse model (Jiang et al., 2013). In early 2017, 
another rodent study uncovered that SoxC TFs control the 
differentiation of RGC axon guidance as well as further con-
firmed the importance of SoxC TFs in RGC fate specification 
(Kuwajima et al., 2017). More specifically, they demonstrated 
that SoxC TFs regulate contralateral RGC differentiation by 

antagonizing hes family bHLH transcription factor 5 (Hes5) 
previously shown to suppress RGC differentiation (Figure 1). 
They also found that SoxC TFs control contralateral but not 
ipsilateral RGC axon guidance via the regulation of encod-
ing plexin-A1 (Plexna1) and encoding neural cell adhesion 
molecule (Nrcam) expression. Both zic family member 2 
and EPH receptor B1 (EphB1) have been previously shown 
to be important for ipsilateral RGC axon projections (Figure 
1) (Kuwajima et al., 2017). Here, they discovered that the 
transcription factor Islet 2 suppresses ipsilateral RGC axon 
growth by repressing zic family member 2 (Zic2) and EPH 
receptor B1 (EphB1) gene expression. Taken together, these 
studies provide strong evidence that Sox4 and Sox11 are 
essential regulators of both RGC differentiation and axon 
growth.

Consistent with these studies, we observed that the double 

Figure 1 Functions of SoxC TFs in contralateral 
retina.
In contralateral retinal cells, SoxC TFs promote 
RGC differentiation by repressing Hes5 expression 
and control guidance of axon growth by interacting 
with PlexinA1 and Nrcam. In ipsilateral retinal cells, 
RGC differentiation is regulated by Zic2 and EphB1, 
which are suppressed by Islet2. Figure adapted by 
Kuwajima et al., 2017. EphB1: EPH receptor B1; 
Hes5: hes family bHLH transcription factor 5; Islet 
2: insulin related protein 2; Nrcam: neural cell ad-
hesion molecule; PlexinA1: plexin-A1; RGC: retinal 
ganglion cell; SoxC TFs: SRY-related HMG-box-C 
transcription factors; Zic2: zic family member 2.

Figure 2 Regulatory mechanism of Sox4 and Sox11 
in RGC fate specification.
REST negatively regulates Sox4-dependent RGC 
differentiation. Sox4 is predominantly found in 
cell nuclei and SUMOylated Sox11 predominant-
ly found in the cytoplasm. Loss of Sox4 triggers 
Sox11 deSUMOylation and translocation into the 
nuclei to potentially compensate for the loss of 
Sox4 for RGC fate. REST: RE1-silencing transcrip-
tion factor; RGC: retinal ganglion cell; Sox4: sex 
determining region Y-box 4; Sumo: small ubiqui-
tin-like modifier.
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knockout of Sox4 and Sox11 during retinal development 
results in a near complete loss of RGCs and the total loss of 
ON in mice (Chang et al., 2017). We also found that Sox4 
expression is repressed by RE1-silencing transcription fac-
tor (REST) and results in decreased RGC differentiation. 
Furthermore, we uncovered a novel mechanism between 
Sox4 and Sox11 that helps explain compensatory effects 
observed between these two TFs in RGCs. Sox4 and Sox11 
are expressed in an overlapping but sequential pattern in 
the mouse retina, and at least Sox4 expression is suppressed 
by Notch signaling early in retinal development (Usui et 
al., 2013). Interestingly, we found that small ubiquitin-like 
modifier (SUMO) modification of Sox11 proteins controls 
Sox11’s localization between the cytoplasm and the nucleus 
of RGCs (Chang et al., 2017). Through cytoplasmic and nu-
clear protein fractionation we found that cytoplasmic Sox11 
proteins are SUMOylated while nuclear Sox11 proteins are 
not. In Sox4 KO mice, we found SUMOylated cytoplasmic 
Sox11 proteins become deSUMOylated and translocate into 
the nucleus. These data suggest a relationship between Sox4 
and Sox11 in which the absence of Sox4 protein triggers the 
deSUMOylation of Sox11. This then results in translocation 
of Sox11 into the nucleus to potentially target Sox4-de-
pendent DNA binding sites and regulate the expression of 
downstream genes (Figure 2) (Chang et al., 2017). Prior 
to our work, one study showed that ubiquitin-conjugating 
enzyme 9 (Ubc9), a protein important for SUMOylation, 
interacts with Sox4 and represses its transcriptional activ-
ity through a SUMOylation-independent interaction (Pan 
et al., 2006). Whether Ubc9 regulates Sox11 SUMOylation 
remains unknown but is an interesting topic for future 
study. Taken together, these data elucidate a complex 
transcriptional regulatory network that controls RGC fate 
specification.

Control of RGC Differentiation for Cell-Based 
Therapies
Can RGCs be replaced in diseased retina or following in-
jury? In glaucoma and other optic neuropathies, RGC loss 
is irreversible because the adult retina is unable to endog-
enously generate new RGCs. Cell-replacement therapies 
whereby RGCs are generated in vitro and transplanted 
into injured or glaucomatous retina may provide a source 
of ‘replacement RGCs’. Pluripotent stem cells are capable 
of differentiating into specific cell types including RGCs 
(Tanaka et al., 2015; Gill et al., 2016; Chang et al., 2017; 
Teotia et al., 2017). The discovery that adult human fibro-
blasts can be reprogrammed into induced pluripotent stem 
cells (iPSCs) in vitro and subsequently differentiated into 
specific cell types, including RGCs, is a paradigm shift for 
the advancement of cell-based therapies (Ohlemacher et 
al., 2016). Although numerous methods for differentiating 
and transplanting RGCs in vitro from stem cells have been 
published, integration of these cells into theretina following 

transplantation has been insufficient for measureable reti-
nal repair (Chamling et al., 2016). In addition, the efficien-
cies or qualities of RGC-like progeny might be too variable 
or unreliable in the hiPSCs. For example, immunoselection 
of RGC-like progeny by Thy1 expression dose not yield 
adequate cell numbers if Thy1 expression is not turned on 
during differentiation. Work from our lab demonstrated 
significant improvements in the integration of transplanted 
RGCs in the retina. We first found that the transplantation 
of acutely purified RGCs from developmental ages but not 
adult were able to survive, migrate and extend neurites 
following transplantation in retinal explants and to a lesser 
degree in vivo following intravitreal injection (Hertz et al., 
2014). In a subsequent study, significant improvements in 
the integration of transplanted primary RGCs in vivo were 
observed. RGCs extended neurites  towards the optic nerve 
head and into the optic nerve. Furthermore, using electro-
physiological techniques, transplanted RGCs demonstrate 
electrical excitability and are responsive to light similarly 
to their host RGCs (Venugopalan et al., 2016). Both studies 
provide significant and encouraging evidence for the po-
tential of RGC replacement therapies; however, generating 
RGCs with similar properties to those found in vivo re-
mains an area for study.

Can RGCs, capable of functional integration into the 
adult retina, be generated in vitro from stem cells? Although 
methods for generating iPSC-derived RGCs have been 
uncovered, the efficiency of RGC differentiation remains 
low, and it remains unknown to what extent these cells 
are RGC-like. One hypothesis for these deficiencies is that 
these cells are missing signals necessary for generating 
RGC-like cells with more complete RGC properties. In our 
recent study, we found that Sox4 overexpression in human 
iPSCs results in a significant increase in RGC differentia-
tion. Furthermore, these cells were capable of firing action 
potentials similarly to acutely purified RGCs (Chang et 
al., 2017). Therefore, RGCs generated by Sox4 overexpres-
sion may target developmental signals missing in previous 
methods of stem cell derived RGC differentiation. Does the 
combined overexpression of Sox4 and Sox11 work together 
synergistically to generate RGCs that have more RGC-like 
properties? And, do these cells exhibit an enhanced capac-
ity for integration following transplantation? Both of these 
questions remain unknown but are of great interest for fu-
ture study.

Conclusions and Perspectives
The work reviewed here demonstrates that SoxC TFs are 
master regulators of RGC development by controlling 
multiple facets of RGC development including RGC fate 
specification and axon guidance. While a majority of these 
studies were conducted in animal models and many of these 
questions remain unknown for human cells, these recent 
data from mouse development and human iPSCs suggest 
that these signals are indeed critical. Advances in human iPS 
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cell biology, combined with progress of our understanding 
of RGC development and integration into adult retina, gives 
hope for the possibility of stem cell derived RGC-replace-
ment therapies to repair or restore vision lost in glaucoma 
and other optic neuropathies.
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