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SUMMARY

In cold-blooded vertebrates such as zebrafish,
M€uller glial cells (MGs) readily proliferate to replenish
lost retinal neurons. In mammals, however, MGs lack
regenerative capability as they do not spontaneously
re-enter the cell cycle unless the retina is injured.
Here, we show that gene transfer of b-catenin in adult
mouse retinas activatesWnt signaling andMG prolif-
eration without retinal injury. Upstream of Wnt, dele-
tion of GSK3b stabilizes b-catenin and activates MG
proliferation. Downstream of Wnt, b-catenin binds to
the Lin28 promoter and activates transcription. Dele-
tion of Lin28 abolishes b-catenin-mediated effects
on MG proliferation, and Lin28 gene transfer stimu-
lates MG proliferation. We further demonstrate that
let-7 miRNAs are critically involved in Wnt/Lin28-
regulated MG proliferation. Intriguingly, a subset
of cell-cycle-reactivated MGs express markers for
amacrine cells. Together, these results reveal a key
role of Wnt-Lin28-let7 miRNA signaling in regulating
proliferation and neurogenic potential of MGs in the
adult mammalian retina.

INTRODUCTION

M€uller glial cells (MGs) are the primary glial cell type in the verte-

brate retina, serving to provide structural support and maintain

homeostasis for retinal neurons (Vecino et al., 2016). In cold-

blooded vertebrates such as zebrafish, MGs are a source of

retinal stem cells to replenish lost retinal neurons (Bernardos

et al., 2007; Fausett and Goldman, 2006; Fimbel et al., 2007;

Qin et al., 2009; Ramachandran et al., 2010b; Thummel et al.,

2008). In mammals, however, MGs do not spontaneously re-
Cell Re
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enter the cell cycle, and therefore they lack regenerative capa-

bility (Sahel et al., 1991). Recent studies suggest that the regen-

erative machinery exists in the adult mammalian retina, but injury

is required to restore the stem cell status of MGs (Close

et al., 2006; Dyer and Cepko, 2000; Karl et al., 2008; Ooto

et al., 2004), which is counterproductive for regeneration as it

massively kills retinal neurons (Dyer and Cepko, 2000; Karl

et al., 2008; Ooto et al., 2004). The molecular nature of injury-

induced signals that stimulates MG proliferation in mammals

remains poorly understood. We hypothesized that retinal injury

may induce signaling events to stimulate MG proliferation and

that direct activation of these pathways could allow MGs to

re-enter the cell cycle in the absence of injury. Wnt signaling reg-

ulates proliferation of adult hippocampal stem cells (Lie et al.,

2005). In the adult mammalian retina, injury enhances Wnt

signaling and Wnt activation promotes injury-induced MG prolif-

eration (Das et al., 2006; Liu et al., 2013). CanonicalWnt signaling

involves the binding of Wnt proteins to Frizzled receptors and

activation of Dishevelled, leading to the stabilization and nuclear

accumulation of b-catenin, a key effector of Wnt signaling that

regulates gene transcription (Logan and Nusse, 2004).

The serine/threonine kinase GSK3 (glycogen synthase ki-

nase 3) regulates Wnt signaling as inhibition of GSK3 leads to

increased b-catenin levels (Doble andWoodgett, 2003). Pharma-

cological studies have implicated GSK3 in the regulation of self-

renewal of embryonic stem cells (Sato et al., 2004; Ying et al.,

2008). In the developing nervous system, deletion of GSK3

causes excessive proliferation of early neural progenitors while

the generation of intermediate neural progenitors and postmi-

totic neurons is largely suppressed (Kim et al., 2009). Genetic

evidence is needed to examine the role of GSK3 in regulating

the proliferation of MGs in the adult mammalian retina.

Lin28, a RNA-binding protein consisting of Lin28a and Lin28b,

has emerged as a master regulator for cell proliferation through

inhibition of the biogenesis of let-7miRNA (microRNA) in embry-

onic stem cells and cancer cells (Shyh-Chang and Daley, 2013).
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Figure 1. Neurotoxic Injury Activates Wnt Signaling and MG Proliferation

(A) A time course analysis of MG proliferation by scoring the number of EdU+ cells/mm2 on retinal flatmount preparations following NMDA-induced neurotoxic

injury. Data are presented as mean ± SEM, n = 4.

(B) Representative images of EdU detection/anti-CyclinD3 or EdU detection/anti-p27kip1 immunohistochemistry at each time point. Arrowheads, EdU+ cells were

double positive for CyclinD3 or p27kip1 immunoreactivity. Scale bar, 25 mm.

(C andD) A time course analysis of the RNA levels forWnt genes, Wnt antagonistsDkk1 andWIF-1 (C), andWnt target genes following NMDA-induced neurotoxic

injury (D). Data are presented as mean ± SEM, n = 4.

(E) MGs are visualized as tdTomato+ cells in Rosa26-tdTomato reporter mice. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

(F) The RNA levels forWnt genes andWnt antagonistsDkk1 andWIF-1 in FACS-purified MGs and non-MGs at 18 hr after neurotoxic injury. Data are presented as

mean ± SEM, n = 3. ***p < 0.001, Student’s t test.

(legend continued on next page)
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Several signals upstream of Lin28 have been discovered,

including regulation of Lin28a expression by Sox2 based on sin-

gle-cell expression data analysis during cellular reprogramming

(Buganim et al., 2012) and transactivation of Lin28b by c-Myc

and NF-kB in transformed cancer cells (Chang et al., 2009; Ilio-

poulos et al., 2009). Interestingly, a recent study showed that

b-catenin activates the transcription of Lin28a, but not Lin28b,

by directly binding to the Lin28a promoter in breast cancer cells

(Cai et al., 2013), providing evidence that Wnt signaling may

directly regulate Lin28a expression to control cancer cell prolifer-

ation. Beyond the studies in cancer cells, how Wnt/b-catenin

signaling might interact with Lin28/let-7 to regulate cell prolifer-

ation in progenitor or stem cells is largely unknown.

In the present study, we characterized Wnt as an injury-

induced signaling event for stimulating the proliferative response

of MGs in the adult mammalian retina. Cell-type-specific gene

transfer of b-catenin is sufficient to stimulate MG proliferation

in vivo without retinal injury. GSK3b regulates Wnt signaling

through phosphorylation of b-catenin, targeting it for protea-

some degradation (Cohen and Frame, 2001). Deletion of

GSK3b resulted in b-catenin stabilization and MG proliferation

without retinal injury. Importantly, we found that b-catenin acti-

vates the transcription of Lin28a and Lin28b by binding to the

cis-regulatory elements of their promoters and that Lin28/let-7

miRNAs play an important role downstream of Wnt in regulating

MG proliferation. Intriguingly, after gene transfer of b-catenin or

Lin28, a subset of cell-cycle-reactivated MGs express markers

for amacrine cells, a type of retinal interneurons.

RESULTS

Neurotoxic Injury Leads to Transient Proliferation of
MGs in the Adult Mouse Retina
To examine MG proliferation induced by neurotoxic injury in

the adult mammalian retina, we injected 200 nmol NMDA into

the vitreous chamber of the mouse retina at 4 weeks of age.

This NMDA dose results in retinal injury and MG proliferation in

adult rat and mouse retina (Karl et al., 2008; Ooto et al., 2004).

We used anti-HuC/D immunohistochemistry to assay the time

course of NMDA-induced cell death in the ganglion cell layer

(GCL). Retinal ganglion and amacrine cells were progressively

lost with only �45% of HuC/D+ cells remaining 36 hr post-injury

(Figure S1). To assay cell proliferation, we injected 1mL of 1 mg/

mL of EdU into the vitreous chamber 5 hr before tissue collection

at 24, 36, 48, 60, 72, and 96 hr post-NMDA injection and quanti-

fied the number of EdU+ cells/mm2 in retinal flatmount prepara-

tions. No EdU incorporation was detected at 24 hr until a small

number (4.7 ± 0.8) of EdU+ cells appeared 36 hr post-NMDA in-

jection. This number continued to increase, reaching 264.5 ± 8.4

at 60 hr, before it was reduced to 5.8 ± 1.1 at 72 hr post-

NMDA injection (Figure 1A). The EdU+ cells were also CyclinD3

and p27kip1 positive (Figure 1B), MG-specific nuclear antigens
(G) The RNA levels for Wnt target genes in FACS-purifiedMGs and non-MGs at 18

***p < 0.001, Student’s t test.

(H and I) Inhibition of Wnt signaling suppresses neurotoxic injury-induced MG

treatment significantly reduced the number of EdU+ 60 hr after NMDA injection.

(J) Quantification of EdU+ cells after XAV939 treatment. Data are presented as m
(Dyer andCepko, 2000). Our results indicate that NMDA-induced

neurotoxic injury transiently stimulated MG proliferation in a time

window of 36–72 hr after injury.

Neurotoxic Injury ActivatesWnt Signaling Leading toMG
Proliferation
To examine whether Wnt signaling is activated by NMDA-

induced neurotoxic injury, we performed qPCR to assay the

RNA levels of Wnt genes at 3, 6, 12, 18, 24, 36, and 48 hr

post-NMDA injection, relative to the PBS injected retina as a

control. Several Wnt genes, including Wnt2b, Wnt8a, Wnt8b,

Wnt9a, and Wnt10a, were upregulated at least 3-fold between

6 and 24 hr post-injury (Figure 1C). Dkk1, a Wnt signaling antag-

onist, was downregulated to 13.2% ± 0.6% of the control 24 hr

post-injury (Figure 1C). The RNA levels forWIF-1, a secreted pro-

tein that binds to Wnt proteins and inhibits their activities (Hsieh

et al., 1999), were also reduced to 1.6% ± 0.2% of the control

12 hr post-injury (Figure 1C). The upregulation of Wnt genes

and concomitant downregulation of WIF-1 and Dkk1 would pre-

dict activation of the canonical Wnt/b-catenin signaling pathway.

Indeed, 24 hr post-injury, we detected a 3.4-fold upregulation of

CyclinD1 (Ccnd1; Figure 1D), a target gene of Wnt signaling

(Shtutman et al., 1999; Tetsu and McCormick, 1999) and key

regulator of the cell-cycle progression from the G1 to S phase

(Resnitzky et al., 1994). We also detected significant upregula-

tion of Lef1 and Axin2 (Figure 1D), two other Wnt target genes

(Filali et al., 2002; Hovanes et al., 2001). Our results indicate

that NMDA-induced neurotoxic injury led to activation of Wnt

signaling, which preceded MG proliferation.

To examine whether NMDA-induced Wnt activation is a cell-

autonomous response of MGs, we generated a MG-specific re-

porter mouse line by crossing the GFAP-Cre line to the Rosa26-

tdTomato reporter line (Kuzmanovic et al., 2003; Madisen et al.,

2010), resulting in cell-type-specific labeling of MGs with tdTo-

mato (Figure 1E), and used fluorescence-activated cell sorting

(FACS) to isolate tdTomato+ MGs after NMDA treatment. The

RNA levels for Wnt genes and Wnt antagonists were assayed

in tdTomato+ MGs and the non-MG population at 18 hr post-

injury. While the RNAs levels for Wnt genes (Wnt2b, Wnt8a,

Wnt8b, Wnt9a, and Wnt10a) and Wnt antagonists (Dkk1 and

WIF-1) remained largely unchanged in the non-MG group, even

greater fold changes were detected for these genes in MGs (Fig-

ure 1F). Robust activation of Wnt target genes (CyclinD1, Lef1,

and Axin2) was also detected in MGs (Figure 1G).

We next examined whether inhibition of Wnt signaling could

suppress NMDA-induced MG proliferation. We co-injected

NMDAwith XAV939, a selectiveWnt signaling antagonist (Huang

et al., 2009), and quantified the number of EdU+ cells per mm2

in retinal flatmount preparations 60 hr post-injection, when the

maximum number of EdU+ cells were detected (Figure 1A). The

number of EdU+ cells was significantly reduced when Wnt

signaling was inhibited by XAV939 relative to NMDA injection
hr after neurotoxic injury. Data are presented asmean ± SEM, n = 3. **p < 0.01,

proliferation. In comparison to NMDA treatment alone, Wnt inhibitor XAV939

Scale bar, 50 mm.

ean ± SEM, n = 4. ***p < 0.001, Student’s t test.
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alone (Figures 1H–1J). Taken together, our results indicate that

Wnt is an injury-induced signal to stimulate MG proliferation.

Gene Transfer of b-Catenin Stimulates MG Proliferation
without Retinal Injury
To develop a MG-specific gene transfer method, wemodified an

adeno-associated virus (AAV) variant, known as ShH10 (Klimc-

zak et al., 2009; Koerber et al., 2009), by replacing the ubiquitous

CAG promoter with the MG-specific promoter GFAP (Kuzma-

novic et al., 2003). ShH10-CAG-mediated gene transfer of GFP,

via intravitreal injections in adult mice, resulted in transgene

expression predominantly in MGs as well as a subset of retinal

ganglion cells and amacrine cells labeled by NeuN immunoreac-

tivity (Figures S2A–S2C). By contrast, ShH10-GFAP-mediated

gene transfer was highly specific for MGs as GFP expression

was not detected in retinal ganglion cells or amacrine cells (Fig-

ures S2D–S2F). In addition, ShH10-GFAP-mediated gene trans-

fer was highly efficient to transduce many MGs (Figures S2G–

S2O). We further dissociated ShH10-GFAP-GFP infected retinas

into single cells and analyzed the percentage of GFP+ cells that

express MG-specific nuclear antigens CyclinD3 and p27kip1.

Out of 524 GFP+ cells analyzed from 6 retinas, all of them

(100%) were immunoreactive for CyclinD3 or p27kip1 (data not

shown), indicating that ShH10-GFAP may only transduce MGs.

Previous reports indicate that retinal injury is a prerequisite

to stimulate the proliferative response of MGs in the adult

mammalian retina. We next examined whether activation of

Wnt signaling, without retinal injury, is sufficient to stimulate

MG proliferation using ShH10-GFAP-mediated gene transfer of

wild-type b-catenin. To assess the activation of the canonical

Wnt pathway, we made a ShH10-Wnt reporter in which the

GFP reporter gene is driven by Tcf/Lef-mediated transcriptional

activation. 2 weeks after viral infection in the adult mouse retina,

significant activation of the reporter gene was observed in MGs

co-infected with ShH10-GFAP-b-catenin, in comparison to

those infected with the ShH10-Wnt reporter alone (Figures S3A

and S3B). A time course study showed that Wnt target genes

were activated following gene transfer of b-catenin in MGs in

comparison to ShH10-GFAP-GFP infected retinas as a control

(Figure S3C). To examine whether Wnt activation leads to MG

proliferation, we analyzed EdU incorporation following ShH10-

GFAP-mediated gene transfer of wild-type b-catenin in adult

mouse retina at 4 weeks of age. Intravitreal injection of EdU

was performed 10 days post-viral infection, and the treated ret-

inas were collected 4 days later for analysis. EdU+ cells were de-

tected in retinal sections co-labeled by immunohistochemistry

for MG-specific antigens, including glutamine synthetase (Fig-

ures 2A–2F), CyclinD3 (Figures 2G–2L), and p27kip1 (Figures

2M–2R). Many EdU+ cells were detected following b-catenin

gene transfer, indicating that these cells re-entered the cell cy-

cle. The nuclear-localizing EdU signals were surrounded by the

MG cytoplasm labeled by glutamine synthetase immunoreac-

tivity (Figure 2F) and were co-localized with MG nuclear antigens

CyclinD3 (Figure 2L) or p27kip1 (Figure 2R). In these co-labeling

experiments, all EdU+ cells were positive for MG-specific anti-

gens, indicating that the proliferating cells were MGs. Notice-

ably, when MGs re-entered the cell cycle, their somas migrated

along their radial processes instead of being localized in the
168 Cell Reports 17, 165–178, September 27, 2016
middle of the inner nuclear layer (INL) as they normally do. A

quantitative analysis (Figure 2Y) showed that the EdU+ cells

were unevenly distributed in retinal layers, with a majority of

them (66.2% ± 2.1%) migrating to the outer nuclear layer

(ONL) where photoreceptors are localized. The migration of

cell-cycle-reactivated MGs to the ONL was further confirmed

by ShH10-GFAP-b-catenin infection in the MG-specific reporter

mice (Figure 1E), where EdU signals were detected in the

tdTomato+ MGs in the ONL (Figures 2S–2X). As a result of

Wnt-induced cell proliferation, more CyclinD3+ MGs were pre-

sent relative to the untreated retina (Figure 2Z).

Characterization of Cell-Cycle Progression,
Distribution, and Efficiency of MG Proliferation
following b-Catenin Gene Transfer
EdU is incorporated into the newly synthesized DNA during the

S phase of the cell cycle. To examine the progression of EdU-

labeled MGs through other active phases of the cell cycle, we

performed co-labeling experiments (Figure S4) for EdU detection

and immunohistochemical analysis of cell proliferation antigens

Ki67 (Figures S4A–S4D) and phospho-histone H3 (PH3) (Figures

S4E–S4H), expressed in the active phases (G1, S, G2, and

Mitosis) of the cell cycle for Ki67 (Scholzen and Gerdes, 2000),

and late G2 and the actual phases of mitosis for PH3 (Hendzel

et al., 1997). We quantified the percentage of Ki67 or PH3 posi-

tive cells that were also EdU positive, and vice versa (Figure S4I).

While the vast majority of Ki67 or PH3 positive cells were EdU

positive, only a small portion of EdU positive cells were positive

for Ki67 or PH3, indicating that most EdU+ MGs did not proceed

to the later phases of the cell cycle in the 4-day time frame

between EdU injection and tissue collection.

To further analyze the efficiency and distribution pattern of

MG proliferation following b-catenin gene transfer, we examined

EdU-labeled cells in retinal flatmount preparations. In the

ShH10-GFAP-GFP infected retina as a control, neither the viral

infection nor the injection procedure itself led to cell proliferation

(Figures 3A and 3B). By contrast, many MGs re-entered the cell

cycle in the b-catenin treated retina, labeled by ShH10-GFAP-

GFP co-infection (Figures 3C and 3D). We quantified the number

of EdU+ cells/mm2 in four retinal quadrants (dorsal, ventral, tem-

poral, and nasal) at three distances (700, 1,400, and 2,100 mm)

from the center of the retina (Figure 3E). Although the number

of EdU+ cells in each of the four quadrants was not significantly

different from one another as long as their distance from the

center remained the same, it appeared that there was a slight

gradient of an increasing number of EdU+ cells from the center

to the periphery (Figure 3F). Our results show that Wnt activation

was highly efficient to stimulate MG proliferation in an uninjured

retina.

EdU incorporation assay can only label a small fraction of cell-

cycle-reactivated MGs when they are proceeding through the

S phase of the cell cycle at the time of EdU injection. After retinal

dissociation, we quantified the number of EdU+ cells as a per-

centage of all Wnt-activated MGs labeled by ShH10-GFAP-

GFP co-infection (Figures 3G–3I). As expected, all EdU+ cells

were GFP+. However, only �8% of GFP+ cells were labeled by

EdU, indicating that the majority of Wnt-activated MGs were

not at the S phase of the cell cycle at the time of EdU injection.



Figure 2. MGs Re-enter the Cell Cycle following ShH10-GFAP-Mediated Gene Transfer of b-Catenin without Retinal Injury

(A–R) Analysis of EdU incorporation by immunohistochemistry co-labeling for MG-specific antigens glutamine synthase (GS in A–F), CyclinD3 (G–L), and p27kip1

(M–R). The boxed areas in (B), (H), and (N) are enlarged in (D)–(F), (J)–(L), and (P)–(R), respectively. Arrowheads in (F), (L), and (R) show that EdU signals were

detected specifically in MGs.

(S–X) EdU incorporation in theMG-specific reporter mice. The boxed area in (T) is enlarged in (V)–(X). Arrowheads in (X) show that the EdU signals were detected in

the tdTomato-labeled MGs in the ONL.

(Y) Distribution of EdU+ cells in retinal layers. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer. Data are presented as mean ± SEM, n = 38.

(Z) Anti-CyclinD3 immunohistochemistry in untreated and b-catenin treated retinas at 2 weeks after viral infection. The number of CyclinD3+ cells was quantified

per 100 mm in retinal sections. Data are presented as mean ± SEM, n = 4.

Scale bars in (C), (O), (I), and (U), 25 mm. Scale bars in (F), (R), (L), and (X), 10 mm. Scale bars in (Z), 20 mm.
Interestingly, gene transfer of a dominant active form of b-cate-

nin did not result in a significant increase in MG proliferation rela-

tive to wild-type b-catenin (data not shown).

GSK3b Deletion Stimulates MG Proliferation without
Retinal Injury
GSK3b regulates Wnt signaling by phosphorylation of b-catenin,

resulting in its degradation by the ubiquitin-proteasome system
(Logan and Nusse, 2004). To investigate whether GSK3b plays

a role in regulatingWnt signaling andMGproliferation in the adult

mammalian retina, we deletedGSk3b by infectingGSK3bloxp/loxp

mice at 4 weeks of age with ShH10-GFAP-Cre. In comparison to

GSK3bloxp/loxp mice infected with ShH10-GFAP-tdTomato as a

control (Figures S5A–S5F), deletion of GSK3b resulted in stabili-

zation and nuclear accumulation of b-catenin in MGs, labeled

by ShH10-GFAP-tdTomato co-infection (Figures S5G–S5L). To
Cell Reports 17, 165–178, September 27, 2016 169



Figure 3. ShH10-GFAP-Mediated Gene

Transfer of b-Catenin Is Highly Efficient to

Stimulate MG Proliferation in Adult Mouse

Retina

(A and B) ShH10-GFAP-GFP infection itself did not

lead to detection of EdU+ cells in the whole retina.

(C and D) Many MGs re-entered the cell cycle

2 weeks after ShH10-GFAP-mediated gene

transfer of b-catenin and GFP (co-infection

marker).

(E) The number of EdU+ cells/mm2 in each of the

four retinal quadrants (Dorsal, Ventral, Nasal, and

Temporal) was quantified at 700 mm, 1,400 mm,

and 2,100 mm from the center of the retina. Data

are presented as mean ± SEM, n = 21.

(F) Quantification of the number of EdU+ cells/mm2

at different distances from the center of the retina.

Data are presented as mean ± SEM, n = 21.

*p <0.05, ***p <0.001, Student’s t test. Scale bar,

1 mm.

(G–I) 2 weeks after ShH10-GFAP-mediated gene

transfer of b-catenin and GFP (co-infection

marker), retinas were dissociated for EdU incor-

poration analysis. Arrowheads, GFP+ cells that

were also EdU+. Scale bar, 20 mm.
further assess whether GSK3b deletion activates Wnt signaling,

we infected GSK3bloxp/loxp mouse retina with ShH10-GFAP-Cre

and the ShH10-Wnt reporter. In comparison to GSK3bloxp/loxp

mice infected with the ShH10-Wnt reporter alone (Figure S5M),

significant activation of the reporter gene was observed 2 weeks

after ShH10-GFAP-Cre co-injection (Figure S5N).

In zebrafish, pharmacological inhibition of GSK3b leads to

b-catenin stabilization and MG proliferation (Ramachandran

et al., 2011). In cultured mouse retinal explants, GSK3 inhibitor

treatment enhances MG proliferation in SvJ129 mice (Suga

et al., 2014). To investigate whether GSK3b deletion is sufficient

to stimulate MG proliferation without retinal injury, we assayed

EdU incorporation in the GSK3bloxp/loxp mouse retina infected

with ShH10-GFAP-Cre at 4 weeks of age. While no EdU signal

was detected in theGSK3bloxp/loxp mouse retina with sham injec-

tion (Figures S6A–S6C and S6G–S6I), many EdU+ cells were

detected 2 weeks after ShH10-GFAP-Cre injection, co-labeled

by immunohistochemistry for CyclinD3 (Figures S6D–S6F)

and p27kip1 (Figures S6J–S6L). Our results demonstrate that

GSK3b deletion is sufficient to stimulate MG proliferation without

retinal injury.

Wnt Regulates Lin28 Expression through
Transcriptional Activation in MGs
The pluripotency factor Lin28 is highly expressed in mammalian

embryonic stem cells and cancer cells (Moss and Tang, 2003).
170 Cell Reports 17, 165–178, September 27, 2016
Lin28 was used together with Oct4,

Sox2, and Nanog to reprogram human

somatic fibroblasts to pluripotent stem

cells (Yu et al., 2007). In zebrafish, Lin28

regulates MG proliferation in response

to retinal injury (Ramachandran et al.,

2010a). To determine the role of Lin28 in
MG proliferation in mammals, we first examined whether Wnt

signaling regulates Lin28 expression by analyzing Lin28 RNA

levels following gene transfer of b-catenin in adult mouse retina.

In comparison to ShH10-GFAP-GFP infection as a control, the

RNA levels for both Lin28a and Lin28bwere significantly upregu-

lated at 2 weeks after ShH10-GFAP-b-catenin infection (Fig-

ure S7A). We further assessed Lin28 protein levels using immu-

nohistochemistry in retinal sections. In the ShH10-GFAP-GFP

infected retina as a control, Lin28a (Figures S7B–S7D) or

Lin28b (Figures S7H–S7J) was not detected. By contrast,

ShH10-GFAP-mediated gene transfer of b-catenin resulted in

detection of Lin28a (Figures S7E–S7G) and Lin28b (Figures

S7K–S7M) in MGs, labeled by ShH10-GFAP-GFP co-infection.

Our results indicate that Wnt activation induces the expression

of both Lin28a and Lin28b in adult mouse MGs.

To determine whether Lin28 is a direct transcriptional target of

Wnt/b-catenin signaling, we cloned a 3-kb promoter sequence

of the mouse Lin28 to drive the expression of a GFP reporter,

namelyLin28a-GFPandLin28b-GFP.Wefirst tested thepromoter

activity in HEK293T cells transfected with Lin28a-GFP or Lin28b-

GFP andCAG-tdTomato (a transfectionmarker), with or without a

Flag-tagged b-catenin. In the absence of b-catenin, the reporter

geneexpressionwasbarelydetectable for eitherLin28a-GFP (Fig-

uresS8A–S8C) or Lin28b-GFP (FiguresS8J–S8L). In the presence

of b-catenin, however, the reporter gene expression markedly

increased for both Lin28a (Figures S8D–S8F) and Lin28b (Figures



S8M–S8O). To further examine whether b-Catenin activates

Lin28a and Lin28b transcription by direct binding to their pro-

moters as a co-activator of LEF/TCF in the canonical Wnt/b-Cat-

enin pathway, we performed chromatin immunoprecipitation

(ChIP) assays in HEK293T cells transfected with an expression

vector encoding a Flag-tagged b-catenin or a Flag-tagged GFP

as a control, together with the Lin28 promoter construct. Analysis

of multiple independent clones from the ChIP assay using an anti-

Flag antibody revealed b-catenin-specific binding to both Lin28a

and Lin28bpromoters, proximally locatedwithin 500bpupstream

of the ATG start codon. Examination of the proximal promoter se-

quences using MatInspector (Cartharius et al., 2005) led to the

identification of two putative b-catenin binding sites for Lin28a

(Figure S8S) and Lin28b (Figure S8T), which were confirmed by

additional ChIP assay experiments using primers flanking the pu-

tativebindingsites forLin28a (FigureS8U)andLin28b (FigureS8V).

To further validate these binding sites, we generated Lin28-GFP

reporter constructs with the binding sites mutated (Figures S8S

andS8T), dubbedLin28amut-GFPand Lin28bmut-GFP.Mutation

of thesebinding sites abolishedb-catenin-activated reporter gene

expression for Lin28a (Figures S8G–S8I and S8W) and Lin28b

(Figures S8P–S8R and S8X). Taken together, our results demon-

strate that b-catenin activates the transcription of Lin28a and

Lin28b through binding to the cis-regulatory elements of their

promoters.

To further test whether b-catenin activates the promoters of

Lin28a and Lin28b in MGs, we infected adult mouse retinas

at 4 weeks of age with ShH10-Lin28a-GFP or ShH10-Lin28b-

GFP, in the presence or absence of ShH10-GFAP-b-catenin

co-infection. 2 weeks after viral infection, the reporter gene

expression was detected only in the presence of b-catenin for

Lin28a (Figures 4A–4F) and Lin28b (Figures 4J–4O). Mutation

of the b-catenin binding sites abolished the reporter gene

expression for Lin28a (Figures 4G–4I) and Lin28b (Figures 4P–

4R). The binding of b-catenin to the Lin28 promoters was further

confirmed by ChIP assays using viral infected retinal tissues for

Lin28a (Figure 4S) and Lin28b (Figure 4T).

Lin28 Plays an Essential Role in Controlling MG
Proliferation via let-7 miRNAs
As a direct transcriptional target of Wnt/b-catenin signaling, we

decided to examine the role of Lin28 in MG proliferation. To

determine whether gene transfer of Lin28 is sufficient to stimu-

late MG proliferation without retinal injury, we performed EdU

incorporation analysis of adult mouse retinas infected with

ShH10-GFAP-Lin28a (Figure 5A) or ShH10-GFAP-Lin28b (Fig-

ure 5B). 2 weeks after viral infection, many MGs re-entered

the cell cycle with greater than 1,000 EdU+ cells per mm2 at

1,400 mm from the retinal center in Lin28a or Lin28b infected ret-

inas, a robust effect relative to b-catenin gene transfer or GSK3b

deletion (Figure 5C). We next investigated whether Lin28 is

required for b-catenin-induced MG proliferation by co-deletion

of Lin28a and Lin28b in Lin28aloxp/loxp; Lin28bloxp/loxp double

floxed mice. MG proliferation induced by gene transfer of b-cat-

enin was largely neutralized in ShH10-GFAP-Cre infected retinas

(Figures 5D–5F). We next examined whether Lin28 plays a role

in NMDA-induced MG proliferation. Lin28aloxp/loxp;Lin28bloxp/loxp

double floxed mice were infected with ShH10-GFAP-Cre
2 weeks before NMDA injection. EdU was administered 5 hr

before tissue collection at 60 hr post-NMDA injection. The num-

ber of EdU
+

MGs induced byNMDAdamagewas largely reduced

when Lin28a and Lin28bwere co-deleted (Figures 5G–5I). These

results demonstrate that Lin28 serves as a key molecular switch

downstream of the canonical Wnt pathway to regulate MG pro-

liferation in both injured and uninjured retinas.

Lin28 plays a central role in regulating proliferative growth of

cancer cells and embryonic stem cells through inhibition of post-

transcriptionalmaturation of let-7miRNAs (Heo et al., 2008; New-

man et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008).

let-7 miRNAs suppress cell proliferation pathways through

mRNAdegradationor translation inhibitionof a networkof cell-cy-

cle regulators (Shyh-Chang and Daley, 2013). Therefore, Lin28

promotes cell proliferation through let-7 repression (Viswanathan

et al., 2009). Asa furtherdownstreameffector ofWnt signaling,we

first examined whether Wnt activation regulates let-7 miRNA

levels using qPCR assays. As expected, ShH10-GFAP-mediated

gene transfer of Lin28a or Lin28b in the adult mouse retina,

compared to ShH10-GFAP-GFP infection as a control, led to a

significant reduction in let-7a, 7b, and7fmiRNA levels 2weeks af-

ter viral infection (Figure 6A). Significantly, a marked decrease in

let-7a, 7b, and 7f miRNA levels was also observed in retinas in-

fected by ShH10-GFAP-b-catenin (Figure 6A). To determine

whether b-catenin-induced downregulation of let-7 miRNAs is

mediated by Lin28, we co-deleted Lin28a and Lin28b by injection

of ShH10-GFAP-Cre together with ShH10-GFAP-b-catenin in

Lin28aloxp/loxp;Lin28bloxp/loxp double floxed mice. Co-deletion of

Lin28a and Lin28b largely neutralized b-catenin-mediated effects

on let-7 miRNA downregulation (Figure 6B), indicating that Wnt/

b-catenin acts through Lin28 to regulate let-7miRNA expression.

To determine whether Wnt/Lin28-regulated let-7miRNA expres-

sion occurs in MGs, we constructed a let-7 miRNA-responsive

GFP sensor, with three perfectly complementary let-7 binding

sites inserted in the 30-UTR of the GFP sensor (Cimadamore

et al., 2013; Rybak et al., 2008), and packaged it into ShH10-

GFAP for MG-specific delivery. In the viral transduction area

labeled by ShH10-GFAP-tdTomato co-infection, the GFP sensor

expression was barely detectable, indicating a high level of let-7

miRNAs inMGs to suppress proliferation under normal conditions

(FiguresS9A–S9C).Asexpected, co-infectionwithShH10-GFAP-

Lin28a (Figures S9D–S9F) or ShH10-GFAP-Lin28b (Figures S9G–

S9I) activated the GFP sensor in MGs. Significantly, ShH10-

GFAP-mediated gene transfer of b-catenin also activated the

GFP senor in MGs (Figures S9J–S9L).

To examine whether let-7 miRNA is critically involved in

Wnt/b-catenin-mediated effects on MG proliferation, we co-

expressed let-7b miRNA with b-catenin in MGs using ShH10-

GFAP-mediated gene transfer in the adult mouse retina at

4 weeks of age and observed that b-catenin-induced MG prolif-

eration was largely suppressed (Figures 6C–6E). Taken together,

our results delineate a key role of the Wnt/Lin28/let-7 signaling

module in regulating the proliferative response of MGs in adult

mouse retina.

Neurogenic Potential of Cell-Cycle-Reactivated MGs
To analyze the fates of cell-cycle-reactivated MGs, we injected

EdU at 10 days after ShH10-GFAP-mediated gene transfer of
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Figure 4. Wnt/b-Catenin Transactivates Lin28a and Lin28b in MGs in Adult Mouse Retina

(A–F) Lin28a-GFP reporter analysis in retinas infected with ShH10-GFAP-tdTomato (infection marker), in the absence (A–C) or presence (D–F) of ShH10-GFAP-

b-catenin co-infection.

(G–I) Mutation of the b-catenin binding sites in the Lin28a promoter abolished the reporter activity.

(J–O) Lin28b-GFP reporter analysis in retinas infected with ShH10-GFAP-tdTomato (infection marker), in the absence (J–L) or presence (M–O) of ShH10-GFAP-

b-catenin co-infection.

(P–R) Mutation of the b-catenin binding sites on the Lin28b promoter abolished the reporter activity. Scale bars, 20 mm.

(S and T) ChIP analysis reveals direct binding of b-catenin to the Lin28a (S) or the Lin28b (T) promoter. Adult mouse retinas were infected with ShH10-Lin28-GFP

or Lin28mut-GFP, in the presence or absence of ShH10-GFAP-b-Catenin co-infection. Chromatin, immunoprecipitated with an antibody specific to b-Catenin,

was assayed by PCR with primers flanking the putative b-catenin binding sites 1 and 2.
b-catenin, Lin28a, or Lin28b in the 4-week-old adult mouse

retina, and quantified the number of EdU+ at 4, 7, and 10 days

after EdU injection. Although many EdU+ cells were scored per

mm2 in retinas treated with b-catenin (970.3 ± 40), Lin28a

(1,325.3 ± 64.4), or Lin28b (1,177.3 ± 94.2) at 4 days after EdU

injection, the number of EdU+ cells declined over time for all three

treatment groups, with only a small number of EdU+ cells remain-

ing at 10 days after EdU injection (Figure S10). Our results are

consistent with the previous report that the majority of cell-cy-

cle-reactivatedMGs die, resulting in a time-dependent decrease

in the number of BrdU labeled cells (Ooto et al., 2004). To

examine the neurogenic potential of cell-cycle-reactivated
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MGs, we analyzedwhether EdU+ cells express cell-type-specific

markers after retinal dissociation at 4 days after EdU injection in

retinas infected with ShH10-GFAP-b-catenin, Lin28a, or Lin28b.

We did not detect the expression ofmarkers for rods (rhodopsin),

cones (red/green or blue cone opsins), bipolar cells (PKCa), and

ganglion cells (Tuj1 or Brn3) in EdU+ cells in the three treatment

groups (data not shown). Intriguingly, a small number of EdU+

cells were immunoreactive for amacrine cell markers (Figure 7).

In b-catenin-treated retinas (Figures 7A–7C and 7J), 33.1% ±

4.3% of EdU+ cells were positive for Pax6 (progenitors and ama-

crine cells), 6.5% ± 1.5% were positive for Syntaxin1 (amacrine

cells), and 6.0% ± 0.9% were positive for NeuN (amacrine and



Figure 5. Lin28 Plays an Essential Role in

MG Proliferation in the Adult Mouse Retina

(A–C) Lin28 is sufficient to stimulate MG prolifer-

ation without retinal injury. ShH10-GFAP-medi-

ated gene transfer of Lin28a (A) or Lin28b (B) led to

proliferative response of MGs, analyzed by EdU

incorporation and quantified (C) in comparison to

b-catenin gene transfer and GSK3b deletion.

(D–F) Co-deletion of Lin28a and Lin28b abol-

ishes b-catenin-induced MG proliferation, and

Lin28aloxp/loxp;Lin28bloxp/loxp double floxed mice

were infected with ShH10-GFAP-b-catenin, in the

absence (D) or presence (E) of ShH10-GFAP-Cre

co-infection. MG proliferation was analyzed and

quantified (F) by EdU incorporation.

(G–I) Co-deletion of Lin28a and Lin28b largely

suppresses NMDA-induced MG proliferation.

Lin28aloxp/loxp;Lin28bloxp/loxp double floxed mice

were infected with ShH10-GFAP-GFP (G) or

ShH10-GFAP-Cre (H) 2 weeks before NMDA

damage. MG proliferation was analyzed and

quantified (I) by EdU incorporation.

Scale bars, 50 mm. Data are presented as mean ±

SEM, n = 4. ***p < 0.001, Student’s t test.
ganglion cells). In Lin28a-treated retinas (Figures 7D–7F and 7J),

51.0% ± 4.0% of EdU+ cells were positive for Pax6, 6.1% ±

1.1% were positive for Syntaxin1, and 5.1% ± 1.0% were

positive for NeuN. In Lin28b-treated retinas (Figures 7G–7J),

49.5% ± 2.6% of EdU+ cells were positive for Pax6, 5.5% ±

0.9% were positive for Syntaxin1, and 5.9% ± 2.0% were posi-

tive for NeuN. Using confocal microscopy in intact retina, we

further confirmed the expression of amacrine cell markers in a

small subset of cell-cycle-reactivated MGs located in the lower

part of the inner nuclear layer where amacrine cell somas are

located, following ShH10-GFAP-mediated gene transfer of

b-catenin, Lin28a, or Lin28b (Figure S11). Our results signify

neurogenic potential of Wnt/Lin28-activated MGs in the adult

mammalian retina.

DISCUSSION

Previous studies have indicated that retinal injury is required for

restoring the stem or progenitor cell status of adult mammalian

MGs, evidenced by cell-cycle re-entry (Close et al., 2006; Dyer

and Cepko, 2000; Karl et al., 2008; Osakada et al., 2007; Takeda

et al., 2008; Wan et al., 2007, 2008). However, neurotoxin-

induced retinal injury inevitably causes death of amacrine and

ganglion cells and therefore is counterproductive to the aim of

restoring regenerative capabilities in the mammalian retina. An
Cell Rep
injury-free strategy that would not neces-

sitate inflicting further damage to a

diseased retina is highly desirable. We

found that retinal injury elicited a transient

activation of Wnt signaling, prior to the

proliferative response of MGs. Activation

of Wnt signaling was manifested by an

upregulation of multiple Wnt genes,

downregulation of Wnt antagonists Dkk1
and WIF-1, and transcriptional activation of Wnt target genes

(Ccnd1, Lef1, and Axin2). Furthermore, pharmacological inhibi-

tion of Wnt signaling by XAV939 significantly reduced injury-

induced MG proliferation. Consistent with studies in zebrafish

that demonstrate that Wnt plays an indispensable role in injury-

induced proliferation of MG-derived retinal progenitors (Rama-

chandran et al., 2011; Wan et al., 2014), our results indicate

that Wnt is a conserved pathway for MG proliferation in

mammals.

To directly activate Wnt signaling without retinal injury, we

developed a MG-specific gene transfer tool (ShH10-GFAP) to

deliver wild-type b-catenin and observed a robust proliferative

response of MGs that was equivalent to retinal injury in combina-

tion with mitogenic growth factor treatment (Karl et al., 2008). In

addition to the high efficiency in stimulatingMG proliferation, tar-

geting the intracellular signaling pathway(s) of MGs also elimi-

nates the need for a global treatment of the entire retina with

growth factors, which could cause undesirable side effects

from untargeted cells. GSK3 regulates Wnt signaling by promot-

ing b-catenin degradation. GSK3 plays an important role in the

maintenance and self-renewal of human and mouse embryonic

stem cells (Bone et al., 2009; Sato et al., 2004; Ying et al.,

2008). Genetic evidence is required to determine whether

GSK3 participates in regulating the progenitor or stem cell status

of MGs in mammals. Our study showed that deletion of GSK3b
orts 17, 165–178, September 27, 2016 173



Figure 6. Wnt/b-Catenin Acts through let-7

miRNAs to Regulate MG Proliferation

(A) ShH10-GFAP-mediated gene transfer of

b-catenin downregulates let-7a, let-7b, and let-7f

miRNA levels in the adult mouse retina. Data are

presented as mean ± SEM, n = 3. ***p < 0.001,

Student’s t test.

(B) Co-deletion of Lin28a and Lin28b largely neu-

tralizes b-catenin-induced suppression of let-7a,

let-7b, and let-7f miRNAs. Data are presented as

mean ± SEM, n = 3. ***p < 0.001, one-way ANOVA

analysis.

(C–E) Co-expression of let-7b miRNA abolishes

b-Catenin-mediated effects on MG proliferation,

analyzed and quantified (E) by EdU incorporation.

Scale bar, 25 mm. Data are presented as mean ±

SEM, n = 4. ***p < 0.001, Student’s t test.
resulted in b-catenin stabilization and MG proliferation without

injury. Controlling GSK3b kinase activity appears to be an

additional regulatory mechanism that tunes the proliferative

response of MGs in the adult mammalian retina.

Lin28 has emerged as a master control gene that defines

‘‘stemness’’ in multiple tissue lineages (Shyh-Chang and Daley,

2013). As an RNA-binding protein, Lin28 represses let-7 miRNA

biogenesis and thus regulates the self-renewal of mammalian

embryonic stem cells. Upstream factors regulating Lin28 remain

largely unexplored relative to the effectors and targets down-

stream of Lin28/let-7miRNAs. In breast cancer cells, Wnt/b-cat-

enin binds to the promoter of Lin28a, but not Lin28b, and acti-

vates its transcription (Cai et al., 2013). We found that gene

transfer of b-catenin in MGs induced the expression of both

Lin28a and Lin28b. Using ChIP assays, we identified distinct

b-catenin binding sites in the proximal region of Lin28a and

Lin28b promoters that are critical for transcriptional activation.

Mutation of these binding sites abolished b-catenin-induced

Lin28a and Lin28b promoter activity. Interestingly, the two b-cat-

enin binding sites in the Lin28a promoter we identified are

different from the one reported for augmenting cancer cell

expansion (Cai et al., 2013), suggesting that distinct b-catenin

binding sites may be used to drive Lin28a transcription in pro-

genitor or stem cells. We further demonstrate that Lin28a and

Lin28b are essential factors in regulating MG proliferation in vivo,

as gene transfer of Lin28a or Lin28b was sufficient to stimulate

MG proliferation, and co-deletion of Lin28a and Lin28b abol-

ished b-catenin-induced MG proliferation. Navigating down-

stream, b-catenin suppressed let-7 miRNA expression, and

co-deletion of Lin28a and Lin28b neutralized b-catenin-medi-

ated effects on let-7 miRNA expression, indicating that Wnt/
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b-catenin acts through Lin28 to suppress

let-7 miRNA biogenesis. Importantly,

let-7 miRNA regulation is functionally

relevant for Wnt-activated MG prolifera-

tion as b-catenin-mediated proliferation

effects were suppressed by let-7bmiRNA

co-expression.

Previous studies in mice used retinal

injury, in combination with growth factor
treatment (Karl et al., 2008) or transgenic expression of the pro-

neural transcription factor Ascl1 (Ueki et al., 2015), to stimulate

MG proliferation, reprogramming these cells to a neurogenic

competent state. The neurogenic competence of cell-cycle-re-

activated MGs after injury decreases in an age-dependent

manner (Löffler et al., 2015). Without retinal injury, a subset of

MGsmigrated to the lower part of the inner nuclear layer and ex-

pressed amacrine cell markers after gene transfer of b-catenin,

Lin28a, or Lin28b. Taken together, our results provide compel-

ling evidence that GSK3-Wnt-Lin28-let-7 miRNA constitutes a

central signaling axis in regulating proliferation and neurogenic

potential of MGs in the adult mammalian retina.

EXPERIMENTAL PROCEDURES

Animals

All procedures involving theuseof animals in this studywereperformed inaccor-

dance with NIH guidelines implemented by the Yale University Animal Care and

Use Committee. Wild-type mice (strain C57BL/6J), Rosa26-tdTomato reporter

mice (strain B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J), and Lin28aflox/flox;

Lin28bflox/flox mice (strain Lin28atm2.1Gqda Lin28btm2.1Gqda/J) were obtained

from The Jackson Laboratory. GSK3bflox/flox mice were kindly provided by

Dr. James R Woodgett (McMaster University, Ontario, Canada).

AAV Production and Intravitreal Injection

Adeno-associated virus (AAV) was produced by plasmid co-transfection and

iodixanol gradient ultracentrifugation. Purified AAVs were concentrated with

Amicon Ultra-15 Filter Units (Millipore) to a final titer of 1.0–5.03 1013 genome

copies/mL. Intravitreal injectionwas performed using amicrosyringe equipped

with a 33-gauge needle. The tip of the needle was passed through the sclera,

at the equator and next to the dorsal limbus of the eye, into the vitreous cavity.

Injection volumewas 1 mL per eye for AAVs or other chemicals including NMDA

(Acros Organics, 100 mM) and XAV939 (Sigma, 10 mM).



Figure 7. A Subset of Cell-Cycle-Reactivated MGs Express Markers for Amacrine Cells

Adult mouse retinas were treated with EdU 10 days after infection with ShH10-GFAP-b-Catenin, Lin28a, or Lin28b. Treated retinas were dissociated 4 days after

EdU treatment and analyzed for EdU incorporation and immunohistochemistry for amacrine cell markers Pax6, Syntaxin1, and NeuN.

(A–C) Co-detection of EdU and the expression of amacrine cell markers in ShH10-GFAP-b-catenin infected retinas.

(D–F) Co-detection of EdU and the expression of amacrine cell markers in ShH10-GFAP-Lin28a infected retinas.

(G–I) Co-detection of EdU and the expression of amacrine cell markers in ShH10-GFAP-Lin28b infected retinas. Arrows, EdU positive but marker negative cells.

Arrowheads, cells double positive for EdU and marker. Scale bars, 40 mm.

(J) Statistical analysis of the percentage of EdU+ cells that were also Pax6+, Syntaxin1+, or NeuN+. Data are presented as mean ± SEM, n = 4.
Retinal Cell Dissociation and Fluorescence-Activated Cell Sorting

Retinal dissection was performed in Hank’s balanced salt solution (HBSS).

Dissected retinas were incubated at 37�C for 20 min in the activated Papain

mix composed of 40 mL Papain (Worthington, 500 U/mL), 40 mL Cysteine/

EDTA mix (25 mM cysteine + 5 mM EDTA [pH 7.0]), and 320 mL HBSS/HEPES

(normal HBSS + 10 mM HEPES). Cell pellet was collected after centrifugation

for 3 min at 3,000 rpm and treated with 10 mL DNase I (Roche, 10 U/mL) in

400 mL HBSS at room temperature for 3 min with gentle trituration. Dissociated

cells were resuspended in an appropriate volume of HBSS for further experi-

ments. To purify tdTomato+ MGs, retinas were isolated from MG-specific re-

porter mice. After retinal dissociation, cells were washed in DPBS before cell

sorting using a BD FACS Aria cell sorter. After cell sorting, both tdTomato+

MGs and non-MGs were subject to RNA isolation and reverse transcription.

Immunohistochemistry and Imaging

Retinas were fixed with 4% paraformaldehyde in PBS for 30 min at room tem-

perature and sectioned at the thickness of 20 mm. Sample slides were washed

with PBS before incubation with a blocking buffer containing 5% normal

donkey serum, 0.1% Triton X-100, and 0.1%NaN3 in PBS for 2 hr at room tem-
perature. Primary antibodies were added for overnight incubation at 4�C. Pri-
mary antibodies used were CyclinD3 (Thermo Scientific), Rhodopsin (Thermo

Scientific), NeuN (Millipore), p27kip1 (BD Transduction Laboratories), GS (Milli-

pore), Ki67 (Thermo Scientific), phospho-histone H3 (PH3) (Millipore), HuC/D

(Thermo Scientific), Pax6 (BioLegend), and Syntaxin1 (Santa Cruz). Sections

were washed with PBS and incubated with secondary antibodies (Jackson

ImmunoResearch) for 2 hr at room temperature. Cell nuclei were counter-

stained with DAPI (Sigma). Confocal images were acquired using a Zeiss

LSM 510 EXCITER microscope.

RNA Isolation, RT-PCR, and Real-Time qPCR

Total RNA was extracted from retinas using TRIzol (Invitrogen) according to

manufacturer’s instructions. Reverse transcription (RT) was performed at

42�C for 2 hr in a volume of 20 mL containing 0.5 mg of oligo(dT), 13 RT buffer,

0.5mMeach deoxyribonucleotide triphosphate, 0.1mMDTT, and 200U of Su-

perscript II reverse transcriptase (Invitrogen). Real-time qPCR was performed

in triplicate with SsoFast EvaGreen supermix (Bio-Rad) using an iCycler real-

time PCR detection system (Bio-Rad). The amplification protocol was 30 s

at 94�C, 30 s at 56�C, and 30 s at 72�C, with a signal detection period of 7 s
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at 80�C. A melt curve analysis was performed at the end of the reaction to

check the reaction specificity. Results were obtained after normalization to

the expression level of b-actin. All experiments were performed at least twice

to ensure repeatable results.

EdU Injection and Incorporation Assay

EdU solution (1 uL) was intravitreally injected into the vitreous chamber at the

concentration of 1mg/mL. Analysis of EdU incorporation was performed using

Click-iT EdU Kit (Invitrogen). In brief, retinal sections or flatmount preparations

were washed in PBS for 10 min and then washed twice in PBS containing 3%

BSA, followed by permeabilization in PBS containing 0.5% Triton X-100 for

20 min. EdU detection components were resuspended according to manufac-

turer’s instructions and applied directly to the samples. The EdU reaction

solution contains 215 mL 1XClick-iT reaction buffer, 10 mLCuSO4, 0.6 mL Alexa

Fluor azide, and 25 mL 1X Reaction buffer additive. After incubation in the

reaction solution for 30 min at room temperature, samples were washed

with PBS and mounted for detection.

miRNA Analysis

Small RNAs were extracted with the mirVana miRNA Isolation Kit and reverse

transcribed using TaqMan MicroRNA Reverse Transcription Kit (Invitrogen)

according tomanufacturer’s instructions. qRT-PCRwas performed using spe-

cific primers and probes for snoRNA-202, has-let-7a, 7b, and 7f supplied in

TaqmanMicroRNA Assay Kits (Invitrogen). Fold changes were determined us-

ing theD(DCT) method after normalization tomouse snoRNA-202 endogenous

controls.

Chromatin Immunoprecipitation Assays

HEK293T cells were transfected with the corresponding promoter and expres-

sion constructs using PEI (Polysciences). Cells were fixed 48 hr after transfec-

tion using 1% formaldehyde for 10 min at room temperature. Cross-linking re-

actions were terminated by adding glycine to a final concentration of 0.125 M.

ChIP assays were performed according to manufacturer’s instructions (Santa

Cruz Biotechnology). In brief, cells were resuspended in 6 mL Lysis Buffer.

Crude nuclear extract was collected after centrifugation and resuspended in

1.9 mL Lysis Buffer High Salt. After sonication, the supernatant was pre-

cleared by protein A/G PLUS-Agrose beads and then incubated with the pri-

mary antibody overnight at 4�C. After incubation with beads for 2 hr at 4�C,
beads were washed twice with 1 mL Lysis Buffer High Salt and Wash Buffer

and resuspended in 400 ml Elution Buffer, followed by incubation overnight

at 65�C for reverse cross-linking. DNA was isolated using QIAGEN Qiaquick

PCR purification Kit (QIAGEN) and analyzed by PCR.

Statistical Analysis

Statistical differences between different experimental groups were analyzed

by a Student’s t test or one-way ANOVA test using Prism 6 (GraphPad

Software). Data are presented as mean ± SEM. A value of p < 0.05 is consid-

ered significant.
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Figure S1. Related to Figure 1. 
A time course analysis of NMDA-induced cell death. (A-K) Adult mouse retinas were collected 
at 0, 3, 6, 12, 18, 24, 36, 48, 60 and 72 hours after NMDA injection and immunostained with an 
anti-HuC/D antibody. Confocal images of the retinal ganglion cell layer are presented to show the 
loss of ganglion and amacrine cells after NMDA damage over time. Scale bar: 20 μm. (L) Statistical 
analysis of the number of HuC/D+ cells as a percentage relative to the onset of the treatment. Data 
are presented as mean±sem, n=4. 

 

 

 

 

 

 

 



 

Figure S2. Related to Figure 2. 
ShH10-GFAP-mediated gene transfer is specific for MGs. Transduction of retinal cells by 
ShH10-CAG-GFP (A-C) or ShH10-GFAP-GFP (D-F) via intravitreal injections in adult mouse retina 
at 4-weeks of age. ShH10-CAG-mediated gene transfer resulted in transduction of NeuN 
immunoreactive retinal neurons indicated by arrows in (C). By contrast, ShH10-GFAP-mediated 
gene transfer confers MG-specific transduction, eliminating GFP expression in NeuN-labeled cells. 
Scale bar: 20 µm. (G-O) ShH10-GFAP-GFP infected retinas were immunostained for MG-specific 
antigens: glutamine synthase (GS in G-I), p27kip1 (J-L), and CyclinD3 (M-O). ShH10-GFAP-
mediated gene transfer of GFP was detected in the MG processes indicated by arrows in (I), as 
well as in the MG nuclei indicated by arrows in (L) and (O).  Scale bars: 25 μm. 



 

Figure S3. Related to Figure 2. 
ShH10-GFAP-mediated gene transfer of β-catenin activates the canonical Wnt signaling 
pathway in MGs. (A, B) Assay of Wnt reporter activation in the presence or absence of β-catenin. 
Scale bar: 20 μm. (C) Gene transfer of β-catenin in MGs activates the expression of Wnt target 
genes: Ccnd1, Lef1, and Axin2. RNA levels were quantified in comparison to ShH10-GFAP-GFP 
infected retinas as a control using quantitative PCR at 1, 2, and 4 weeks post-viral infection. Data 
are presented as mean±sem, n=4. **p<0.01, ***p<0.001, Student’s t test.  

 

 

 

 

 

 

 

 

 



 
 

Figure S4. Related to Figure 2. 
Analysis of cycle progression of MGs following ShH10-GFAP-mediated gene transfer of β-
catenin in adult mouse retina. (A-D) Co-detection of EdU and cell proliferation antigen Ki67. (E-
H) Co-detection of EdU and cell proliferation antigen phospho-histone H3 (PH3). The boxed areas 
in (A) and (E) are enlarged in (B-D) and (F-H), respectively. (I) Statistical analysis of the percentage 
of Ki67+ cells that were also EdU+, the percentage of PH3+ cells that were also EdU+, and vice 
versa. Data are presented as mean±sem, n=5. Scale bars in (A, E): 20 μm; Scale bars in (D, H): 5 
μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure S5. Related to Figure 3. 
GSK3β deletion stabilizes β-catenin and activates Wnt signaling in MGs. Adult GSK3βloxp/loxp 

mouse retinas were infected by ShH10-GFAP-tdTomato (infection marker) in the absence (A-F) or 
presence (G-L) of ShH10-GFAP-Cre co-infection. Retinal tissues were analyzed two weeks after 
viral infection by β-catenin immunohistochemistry. The boxed area is (B) is enlarged in (D-F), and 
the boxed area in (H) is enlarged in (J-L). Arrows in (K) show stabilized β-catenin in transduced 
MGs labeled by tdTomato (J). (M, N) GSK3β deletion activates Wnt reporter gene. ShH10-Wnt-
GFP reporter was injected intravitreally into adult GSK3βloxp/loxp mice in the absence (M) or presence 
(N) of ShH10-GFAP-Cre co-infection. Scale bars: 20 µm. 



 

Figure S6. Related to Figure 3. 
GSK3β deletion stimulates MG proliferation without retinal injury. ShH10-GFAP-Cre was 
injected intravitreally in adult GSK3βloxp/loxp mice. EdU was injected 10 days after viral infection. 
Retinal tissues were collected 4 days later for co-detection of EdU and immunohistochemistry for 
MG-specific antigens. (A-F) Co-detection of EdU and anti-CyclinD3 immunoreactivity in the 
absence (A-C) or presence (D-F) of ShH10-GFAP-Cre infection. (G-L) Co-detection of EdU and 
anti-p27kip1 immunoreactivity in the absence (G-I) or presence (J-L) of ShH10-GFAP-Cre infection. 
The boxed areas in (F, L) are enlarged to show co-labeling of EdU and MG-specific antigens. 
Arrows: EdU+ cells were also positive for anti-CyclinD3 (F) or anti-p27kip1 (L) immunoreactivity. 
Scale bars: 50 µm. 



 
Figure S7. Related to Figure 4. 
ShH10-GFAP-mediated gene transfer of β-catenin induces Lin28a and Lin28b expression in 
MGs. (A) Gene transfer of β-catenin, or GFP as a control, resulted in an increase in the RNA levels 
for Lin28a and Lin28b measured by quantitative PCR. Data are presented as mean±sem, n=5. 
***p<0.001, Student’s t test. (B-M) Immunohistochemistry to detect Lin28a (B-G) or Lin28b (H-M) 
at two weeks after ShH10-GFAP-β-catenin infection. Scale bars: 20 µm. 



 

Figure S8. Related to Figure 4. 
Wnt/β-Catenin transactivates Lin28a and Lin28b through direct binding to their promoters 
in HEK293T cells. (A-F) Lin28a-GFP promoter reporter analysis in HEK293T cells transfected with 
pCAG-tdTomato (transfection marker), in the absence (A-C) or presence (D-F) of pCAG-Flag-β-
catenin co-transfection. (G-I) Mutation of the β-catenin binding sites in the Lin28a promoter 
abolished the reporter activity. (J-O) Lin28b-GFP reporter analysis in HEK293T cells transfected 
with pCAG-tdTomato (transfection marker), in the absence (J-L) or presence (M-O) of pCAG-Flag-
β-catenin co-transfection. (P-R) Mutation of the β-catenin binding sites in the Lin28b promoter 
abolished the reporter activity. (S, T) A schematic illustration of the putative β-catenin binding sites 
in the Lin28a (S) and Lin28b (T) promoter, which were mutated (red letters) to generate Lin28amut-
GFP and Lin28bmut-GFP in the promoter reporter analysis. (U, V) ChIP analysis reveals direct 
binding of β-catenin to the Lin28a (U) or the Lin28b (V) promoter. Chromatin, immunoprecipitated 
with an antibody specific to Flag, was assayed by PCR with primers flanking the putative β-catenin 
binding sites 1 and 2. (W, X) Quantification of the promoter reporter activity, represented by 
normalized GFP intensity, for Lin28a (W) and Lin28b (X).  Scale bars: 20 µm. Data are presented 
as mean±sem, n=4. ***p<0.001, One-way ANOVA. 



 
Figure S9. Related to Figure 6. 
Wnt/Lin28 signaling regulates let-7 miRNAs specifically in MGs. Adult mouse retinas were 
infected with ShH10-GFAP-GFP-let-7 miRNA sensor, ShH10-GFAP-tdTomato (infection marker), 
and in the absence (A-C) or presence of ShH10-GFAP-Lin28a (D-F), ShH10-GFAP-Lin28b (G-I), 
or ShH10-GFAP-β-catenin (J-L) co-infection, and analyzed two weeks later by confocal microscopy. 
Scale bar: 20 µm. 



 

Figure S10. Related to Figure 7. A time course analysis of cell cycle reactivated MGs. Adult 
mouse retinas infected with ShH10-GFAP-β-catenin, Lin28a, or Lin28b were treated with EdU 10 
days after viral infection. Treated retinas were collected at 4, 7, 10 days after EdU injection for 
analysis in retinal flatmount preparations. Data are presented as mean±sem, n=3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S11. Related to Figure 7. 
Wnt-activated MGs express amacrine cell markers. Adult mouse retinas infected with ShH10-
GFAP-β-catenin (A-F), ShH10-GFAP-Lin28a (G-L), or ShH10-GFAP-Lin28b (M-R) were treated 
with EdU 10 days after viral infection. Treated retinas were collected 4 days after EdU injection for 
immunohistochemistry and confocal microscopy analysis. Confocal images of the amacrine cell 
layer showing that a subset of EdU+ MGs express amacrine cell markers: Pax6 and NeuN. 
Arrowheads show that EdU+ cells were also Pax6+ or NeuN+. Arrows show that EdU+ cells were 
NeuN-. Scale bar: 20 μm. 
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