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SUMMARY

In response to retinal damage, the Muller glial cells (MGs) of the zebrafish retina have the ability
to undergo a cellular reprogramming event in which they enter the cell cycle and divide
asymmetrically, thereby producing multipotent retinal progenitors capable of regenerating lost
retinal neurons. However, mammalian MGs do not exhibit such a proliferative and regenerative
ability. Here, we identify Hippo pathway-mediated repression of the transcription cofactor YAP as
a core regulatory mechanism that normally blocks mammalian MG proliferation and cellular
reprogramming. MG-specific deletion of Hippo pathway components LatsZ and Lats2, as well as
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transgenic expression of a Hippo non-responsive form of YAP (YAP5SA), resulted in dramatic
Cyclin D1 upregulation, loss of adult MG identity, and attainment of a highly proliferative,
progenitor-like cellular state. Our results reveal that mammalian MGs may have latent regenerative
capacity that can be stimulated by repressing Hippo signaling.

In Brief

Rueda et al. identify the Hippo pathway as an endogenous molecular mechanism normally
preventing mammalian Maller glial reprogramming to a proliferative, progenitor-like state.
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INTRODUCTION

The adult retinae of several non-mammalian vertebrate species, such as the zebrafish, are
capable of a robust regenerative response that leads to the production of new photoreceptors
and vision restoration. This feat comes from the ability of resident Mdller glial cells (MGs)
to reenter the cell cycle and produce proliferative, multipotent progenitor cells (Bernardos et
al., 2007; Fausett and Goldman, 2006; Fimbel et al., 2007; Goldman, 2014; Qin et al., 2009;
Ramachandran et al., 2010; Thummel et al., 2008). Unfortunately, mammalian MGs lack
this regenerative response. Past studies have indicated that mouse MGs have some inherent
ability to reenter the cell cycle in response to retinal damage, but this response is short lived
and does not result in regeneration (Close et al., 2006; Dyer and Cepko, 2000; Karl et al.,
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2008; Ooto et al., 2004). In a landmark study, quiescent adult mouse MGs were shown to
simultaneously express the cell-cycle G1 and/or S phase-promoting CYCLIN D3 protein
and the cyclin kinase inhibitor p27KIP1 (Dyer and Cepko, 2000). p27KIP1 is known to
inhibit the CYCLIN D/cyclin dependent kinase (CDK) complex, thereby preventing the G1-
to S-phase transition (Dyer and Cepko, 2001a, 2001b). Coexpression of these proteins
suggests that quiescent mouse MGs are primed for cell-cycle entry upon retinal damage.
Indeed, 24 h after drug-induced retinal neuron death, a small subset of MGs entered S phase
coincident with loss of P27KIP1 expression while CYCLIN D3 expression persisted,
presumably in a derepressed state (Dyer and Cepko, 2000). Over an additional 24 h, through
an unknown mechanism, CYCLIN D3 expression was turned off and proliferation stopped
(Dyer and Cepko, 2000). These data indicate that the proliferative and regenerative
machinery that drives retinal self-repair in the zebrafish may be present in mammals, but it is
actively maintained in a dormant state.

Studies have shown that forced expression of transcription factors, as well as treatment with
growth factors and drugs targeting chromatin-modifying enzymes, have the ability to push
MGs to enter a proliferative state and transdifferentiate into retinal neurons. For example,
ectopic expression of the proneural transcription factor Asc/Z in adult mouse MGs, along
with intravitreal injection of the histone deacetylase inhibitor trichostatin-A, resulted in
direct transdifferentiation of adult MGs to new retinal neurons, albeit limited to bipolar and
amacrine-like identities (Jorstad et al., 2017). However, in contrast to zebrafish retinal
regeneration, these adult MGs did not initially reprogram to a proliferative, progenitor state.
This finding indicates that a full regenerative response, including the clonal expansion of a
multipotent cell population, requires additional, unidentified molecular players. In another
set of studies, adeno-associated virus (AAV)-driven expression of g-catenin in adult mouse
MGs promoted spontaneous cell-cycle reentry in uninjured retinae (Yao et al., 2016). When
these cells were subsequently exposed to AAV-driven rod-specifying factors OtxZ, Crx, and
Nrl, they were reported to differentiate into rods capable of vison restoration in a mouse
model of congenital blindness (Yao et al., 2018). While these studies establish the
transdifferentiation and regenerative potential of mouse MGs, they used primarily gain-of-
function approaches. Therefore, the precise cellular reprogramming mechanism driving the
regenerative response and the endogenous blocking mechanism normally preventing its
sustained activity remain unknown. Here, we report the identification of the Hippo pathway
as an endogenous blocking mechanism normally preventing MGs from adopting a
proliferative, progenitor-like state.

Originally identified in Drosophila, the Hippo pathway is a conserved kinase cascade that
regulates organ growth during development (Harvey et al., 2003; Heallen et al., 2011; Udan
etal., 2003; Wu et al., 2003). Within the core mammalian Hippo pathway, the MST%2
(Hippo) kinases phosphorylate the scaffold proteins SALV and MOB1A/B, which assist in
the recruitment and phosphorylation of the LATSYz kinases. Phospho-LATSYz in turn
phosphorylates YAP and TAZ, leading to phospho-YAP/TAZ binding by 14-3-3, which
causes cytoplasmic retention and eventually proteasomal degradation. The end result is that
YAP and TAZ are unable to translocate to the nucleus to function as TEAD cofactors. This
repression of YAP/TAZ-TEAD complex formation results in loss of expression of target
genes typically involved in processes such as the cell cycle, cell migration, and cellular
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potency (Moya and Halder, 2019). Beyond its role in developmental growth control, the
Hippo pathway is known to regulate cellular renewal in tissues such as the liver, lung, skin,
and intestine (Moya and Halder, 2019). In the most striking case, studies have shown that
disruption of Hippo signaling, or activation of its effector YAP, promotes adult mouse
cardiomyocyte regeneration in response to myocardial infarction (Leach et al., 2017; Lin et
al., 2014).

We show that in response to retinal damage, Hippo signaling prevents sustained YAP
activity in reactive MGs, leading to transcriptional downregulation of YAP target genes that
normally promote cell-cycle reentry. Genetic loss or bypass of Hippo signaling within adult
MGs causes spontaneous MG proliferation, along with the loss of MG identity and the
acquisition of a cellular state more reminiscent of a progenitor cell. These data provide an
essential molecular entry point from which to devise strategies to promote the MG-mediated
regeneration of the mammalian retina.

YAP Expression in Adult Mouse MGs

To investigate whether Hippo pathway activity is present within adult mammalian MGs, we
first performed YAP immunofluorescence and confocal microscopy on post-natal day 21
(P21) mouse retinal cryosections. Consistent with a previous report (Hamon et al., 2017),
nuclear-localized, active YAP was detected within the center of the inner nuclear layer (INL)
and colocalized with nuclear SOX9 expression, confirming MG identity (Figure 1A). In
addition, YAP was observed in the MG cytoplasm, suggesting negative regulation by the
Hippo pathway (Figure 1A, arrowheads). This finding was supported by
immunofluorescence with an antibody that specifically recognizes phosphorylated YAP
(pYAP). While no nuclear expression of pYAP was observed, colabeling with glutamine
synthetase (GS) (Figure 1B, arrowheads) and total YAP antibodies (Figures SLA-S1C)
confirmed expression specifically in MG cytoplasm. We also determined that the
transcription factor TEADL1 is specifically expressed in adult mouse MG nuclei and
coimmunoprecipitated with YAP in retinal lysates (Figures S1D and S1E). These data
indicate that YAP and TEADL form a transcription factor complex in quiescent mouse MGs
and that a steady state of Hippo regulation is present.

The Hippo Pathway and Cyclin D1 Expression Are Responsive to Retinal Damage

Because YAP is expressed in quiescent MGs, we next asked whether YAP expression or
activity is affected in reactive MGs responding to retinal damage. We performed intravitreal
injections of the excitotoxin NMDA (N-methyl-D-aspartate). By 48 h post-injection, the
NMDA-damaged retinae were thinner than the PBS controls, suggesting loss of amacrine
and ganglion cells as previously described (Ueki et al., 2015; Yao et al., 2016). We also
confirmed that MGs upregulated GFAP expression, indicating reactive gliosis (Figures 1C
and 1D) (Karl and Reh, 2012). We occasionally observed SOX2+ MGs that labeled with
antibodies against phospho-histone H3 (PH3), consistent with previous reports of rare and
transient cell-cycle entry of reactive MGs (Figure 1E) (Close et al., 2006; Dyer and Cepko,
2000; Karl et al., 2008; Ooto et al., 2004). Western blot analysis of whole retinal lysates
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from NMDA-damaged retinae showed a progressive increase in YAP phosphorylation
beginning as early as 6 h post-damage (Figures 1F and 1G). Labeling of cryosections at 24 h
post-NMDA confirmed that YAP nuclear localization (indicated by SOX9 colabeling) is
reduced specifically within MGs while cytoplasmic localization of YAP and pYAP signal
intensity is increased (Figures 1H and 11). In addition, cellular fractions from retinal lysates
showed the expected increase in pYAP in the cytoplasm (Figures 1J and 1K). In total, these
data indicate that within 24 h of retinal damage, YAP activity in reactive MGs is repressed
by Hippo signaling. This finding also raised the possibility that sustained YAP activity may
be required for persistent MG proliferation.

In a previous study, quiescent adult mouse MGs were shown to simultaneously express the
cell-cycle G1 and/or S phase-promoting CYCLIN D3 protein and the cyclin kinase inhibitor
p27KIP1 (Dyer and Cepko, 2000). p27KIP1 normally inhibits the CYCLIN D/CDK
complex to prevent G1-to S-phase transition (Dyer and Cepko, 2001a, 2001b). 24 h after
retinal damage, P27Kip1 expression was shown to turn off while CYCLIN D3 expression
persisted and was presumed to drive a brief period of S-phase entry before being silenced
(Dyer and Cepko, 2000). These data indicated that mouse MGs have proliferative ability but
that within 24 h, it is suppressed by an unknown mechanism. Surprisingly, when we
independently analyzed CYCLIN D3 in response to NMDA damage /n vivo, we did not
observe significant changes in either protein or mMRNA (Figures 2A-2C). However, between
12 and 24 h, we observed a dramatic burst of CYCLIN D1 expression that was followed by a
sharp decline by 48 h post-damage (Figures 2A, 2D, and 2E). Immunofluorescence
confirmed that the CYCLIN D1 expression changes occur specifically in GS+/SOX2+ MGs
(Figure 2F; Figures S1F and S1G).

Yap and Taz Are Required for MG Expression of Cyclin D1 and CYCLIN D3

Because the observed transient increase Cyclin D1 expression post-NMDA damage
coincided with a progressive increase in YAP phosphorylation (Figures 1F-1K), we
hypothesized that Hippo pathway negative regulation of YAP activity is the means by which
Cyclin D1 expression is repressed. Therefore, we next sought to determine whether Yap and
Taz are required for Cyclin D1 expression in MGs. We generated adult Glast-CreERT2/%;
yapflox/flox  1azflox/flox: ROSA26R-mTmG*Y ( Yap/Taz conditional knockouts [CKOSs])
mice. Glast-CreERTZis a bacterial artificial chromosome (BAC) transgenic line that
expresses CreERT?2 under the control of the G/astpromoter (Nathans, 2010). Retinal
expression of Glast-CreERTZ has been reported to be specific to adult MGs (de Melo et al.,
2012; Rattner et al., 2014), and we have independently verified this finding (Figure S2).

To induce Cre activity in MGs, mice were given three injections of tamoxifen per week for 3
weeks. After an additional week, gRTPCR analysis of whole CKO retinal lysates confirmed
significant reduction of Yapand 7aztranscripts (Figure S3A). We next performed
immunofluorescence for YAP, CYCLIN D3, CYCLIN D1, and the MG nuclear marker
SOX9 or SOX2 (Poché et al., 2008; Taranova et al., 2006). Cre activity was visualized with
GFP fluorescence from the ROSAZ26R-mTmG reporter (Muzumdar et al., 2007). Retinal
sections showed clear loss of YAP expression in SOX9+ MGs, suggesting that Yapand 7az
are not required to maintain MG identity or survival (Figures 2G and 2H, arrowheads).
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However, when we stained for CYCLIN D3 and CYCLIN D1, we observed a cell-
autonomous loss in Yap/Taz CKO MGs (Figures 21-2L, arrowheads) that also coincided
with reduction in Cyclin D1 and CYCLIN D3 mRNA levels (Figure S3A). Broad CKO of
Yapand 7azduring retinal development using Chx10-Cre (Rowan and Cepko, 2004)
resulted in the same MG-specific loss of CYCLIN D1 and CYCLIN D3 without loss of
SOX9+ MGs (Figures S3B and S3C). In total, these data suggested that YAP/TAZ-TEAD
may be required to maintain CYCLIN D3and Cyclin D1 gene expression in quiescent MGs.
To investigate this possibility, we performed YAP chromatin immunoprecipitation (ChIP)
from the ImMM10 MG-like cell line (Otteson and Phillips, 2010), followed by qPCR analysis
of a putative TEAD binding sites approximately 3.7 kb upstream of the Cyclin D1 start
codon and another site in intron 3 (Figure S3D). We first confirmed that ImM10s express
YAP, CYCLIN D1, TEAD1, and SOX9 and that YAP and TEAD1 coimmunoprecipitate
(Figures S3E and S3F). ChlP-qPCR showed clear YAP enrichment at the upstream TEAD
motif, while the motif in intron 3 did not have such enrichment (Figure S3G). Therefore,
YAP/TEADL1 is likely a direct transcriptional regulator of Cyclin D1 in MGs.

The Hippo Pathway Suppresses Spontaneous MG Proliferation

To determine whether Hippo regulation of YAP activity is an endogenous mechanism
normally restraining persistent MG proliferation, we first generated Glast-CreERT24:
Lats1Tox/flox. | atspflox/flox (| atsi] [ ats2 CKOs) mice followed by assessment of CKO
efficiency (Figure S4A). We observed residual LatsZ and Lats2 expression in the CKOs.
This finding is likely due to mosaic Cre expression, inefficiencies in Cre-mediated
recombination of all four floxed loci, and Lazs? and Lats2 expression in retinal endothelial
cells (Neto et al., 2018; Sakabe et al., 2017), which do not express Glast-CreERTZ (de Melo
et al., 2012; Rattner et al., 2014). Despite the inefficiency in globally deleting LatsZ and
Lats2in MGs, immunofluorescence detected discrete MGs with increased CYCLIN D1
levels, which was confirmed by qRT-PCR (Figures SAA-S4E). We determined that these
MGs with upregulated CYCLIN D1 also had a more intense YAP nuclear
immunofluorescent signal, which indicates loss of the Hippo pathway’s negative regulation
of YAP (Figures S4F-S41).

To determine whether the increased CYCLIN D1 expression causes spontaneous cell-cycle
entry, we performed 5-ethynyl-2”-deoxyuridine (EdU) labeling and found that uninjured,
tamoxifen-treated Lars1/ L ats? CKO retinae contained EdU+ cells, which were never
observed in the corn oil controls (Figures 3A-3G). In addition to being localized to the INL
(Figure 3B, arrowheads), we observed EdU+ cells within the outer nuclear layer (ONL)
(Figure 3C, arrowhead), and some cells appeared to be undergoing cell division (Figure 3D,
arrowhead and inset). Labeling with MG marker SOX2 or SOX9 and cell-cycle marker K167
confirmed that the EAU+ cells in the Latsi/Lats2 CKOs are spontaneously proliferating MGs
(Figure 3E, arrowhead, and 3F; Figures S4J and S4K). In total, these data suggest that
sustained YAP activity in MGs responding to damage is required for persistent Cyclin D1
expression and successive rounds of MG cell division. However, this response is normally
blocked by Hippo signaling. If this is the case, bypassing Hippo regulation at the level of
YAP phosphorylation and degradation should drive MGs into a proliferative state.
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Genetic Bypass of Endogenous Hippo Signaling Results in Robust MG Proliferation

To investigate the role of Hippo-dependent phosphorylation of YAP in blocking sustained
MG proliferation, we used the Yap5SA transgenic mouse (Monroe et al., 2019). YAP5SA is
a phosphodeficient form of YAP in which all serines targeted by LATSY: kinases have been
mutated to alanines, thereby rendering YAP5SA non-responsive to Hippo signaling (Figure
S5A) (Zhao et al., 2007). The Yap5SA transgene is randomly inserted into the genome and
is driven by the ubiquitous CAG promoter. It encodes a GFP-stop cassette flanked by /oxP
sites followed by an N-terminal FLAG-tagged Yap5SA cDNA and an internal ribosome
entry site (IRES)-LacZ. Upon Cre-mediated recombination, the GFP-stop is deleted, leading
to CAG-driven Yap5SA-IRES-LacZ (Figure 3H). Before using this line, we confirmed that
the uninduced transgene, indicated by GFP fluorescence, is mosaically expressed in adult
SOX2+ MGs (Figure S5B). This expression pattern allowed for a side-by-side comparison
of YAP5SA-negative and YAP5SA+ cells in the same retinal sections. In addition, we
generated Glast-CreERTZ"Y9: Yap5SA*Y9 mice and verified that a 5-day tamoxifen
treatment results in expression of YAP5SA and LacZ in the same subset of MGs (Figure
S5C). Retinae from Glast-CreERT2H1; Yap55A*%W mice injected with tamoxifen showed a
striking increase of EAU+/SOX9+ cells within the INL that was never observed in the corn
oiltreated controls (Figures 31 and 3J, arrowheads and insets from boxed region). This
finding indicated that YAP5SA is capable of spontaneously driving MGs into the cell cycle.
We also observed radial clusters of EdU+ cells that looked similar to clonally expanding
MG-derived progenitor cells in the zebrafish retina (Figure 3K, boxed region) (Powell et al.,
2016; Raymond et al., 2006; Wan et al., 2012). Upon NMDA damage, we found that G/ast-
CreERTZ29; Yap5SA*!1 retinae had more EdU+ cells versus PBS-injected controls
(Figures 3K and 3L). To quantify this difference, we generated Glast-CreERT2"Y: Yap5SA
*119 mice that also carried the ROSA26R-tdTomato reporter (Madisen et al., 2010).
TdTomato+/EdU+ MGs from NMDA-damaged and undamaged retinae were counted using
flow cytometry. We found that the average percentage of EdU+ tdTomato+ cells versus total
tdTomato+ cells was significantly greater in the NMDA-damaged retinae (16.98% + 2.50%)
versus the no-treatment controls (7.29% + 0.97%) (Figures 3M and 3N). This result suggests
that the YAP5SA+ MG proliferation is not completely deregulated and that the cells are still
capable of responding to damage cues. We also confirmed that the EdU+ cells exhibited the
same upregulation of CYCLIN D1 protein expression as in the Lats1/Lats2 CKOs (Figure
30, arrowheads) and that this occurred at the mRNA level (Figure 3P). From these data, we
conclude that forced expression of YAP5SA results in MGs that bypass regulation by the
Hippo pathway, thereby allowing persistent expression of Cyc/in D1 and successive rounds
of spontaneous cell-cycle reentry.

YAPS5SA Activity Drives MGs to a Proliferative, Progenitor-like State

To track the fate of YAP5SA+ MGs, we used the LacZ cassette that, upon Cre
recombination, is expressed from the Yap5SA transgene (Figure 3H). Consistent with our
data suggesting Cyclin D1 is regulated by YAP, immunofluorescence showed LacZ+ MGs
with a dramatic, cell-autonomous increase in CYCLIN D1 that was well above the level of
endogenous expression in the neighboring Yap5SA-negative MGs (Figure S6A). Analysis of
NMDA-damaged Glast-CreERTZ9; Yap5SA™9 retinae showed dramatic expansion of the
CYCLIN D1+/LacZ+ population (Figure S6B). The in vivorole of Cyclin DI was originally
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described in retinal progenitor cells (RPCs), which were found to have one of the highest
Cyclin D1 expression levels in the developing embryo (Sicinski et al., 1995). More recently
published data indicate that in addition to promoting RPC G1- to S-phase transition,
CYCLIN D1 functions as an RPC transcription factor (Bienvenu et al., 2010). Therefore, we
reasoned that the high level of prolonged CYCLIN D1 experienced by YAP5SA+ MGs
might be a sign of reprogramming to an RPC-like state. Consistent with this idea, when we
analyzed tamoxifen-induced and non-induced Glast-CreERTZ'9: Yap55A*4 retinae for
GFAP upregulation in response to NMDA damage, we found that the YAP5SA+ MGs failed
to express GFAP but the adjacent non-transgenic cells did express GFAP (Figures S6C—
S6E). This result indicated the possibility that YAP5SA+ cells lost MG identity.

To more precisely define the identity of the YAP5SA+ cells, we next performed unbiased
single-cell mRNA sequencing (SCRNA-seq) transcriptome analysis. Adult Glast-
CreERT2H1; Yap5SA*Y; ROSA26R-td Tomato'9 mice were induced with tamoxifen
followed by NMDA injection. After 2 days, tdTomato+ cells were isolated by fluorescence-
activated cell sorting (FACS) followed by scRNA-seq using the 10X Genomics platform
(Figure 4A). Because the Yap5SA transgene is mosaically expressed within the MG
population, the sorted cells contain both tdTomato+/YAP5SA+ cells and tdTomato+-only
cells, which serve as an internal negative control. After computational processing (see STAR
Methods), we performed graph-based clustering on all significant principal components,
which allowed us to identify 11 MG cell clusters. The data were visualized through a non-
linear dimensional reduction algorithm, t-Distributed Stochastic Neighbor Embedding (t-
SNE) (Figure 4B). Differential expression analysis supported the considerable heterogeneity
present in the injured mutant tissue. Moreover, we were able to clearly distinguish between
the YAP5SA+ and the YAP5SA-negative clusters, because the YAP5SA+ clusters expressed
many canonical YAP target genes, like Amotl/2, Birc5, and Vgl//3 (Figures S7A and S7B).
The YAP5SA-negative control MGs displayed a high degree of heterogeneity, with 7 unique
clusters identified (MGC-1 to MGC-7). The most obvious source of heterogeneity was
derived from the immune response being sensed by clusters MGC-5, MGC-6, and MGC-7,
suggesting different levels of immune activation and the interferon response (Figure S7A).
These data imply that reactive MGs respond to wounding by eliciting a robust transcriptional
immune response, although they do so in a heterogeneous manner.

The differential expression analysis revealed that much of the heterogeneity observed in the
YAP5SA+ clusters (YAP5SA1-YAP5SA14) could be attributed to cell-cycle genes (Table
S1). Thus, we next scored each tdTomato+ cell for S-, G1-, and G2- and/or M-phase
transition genes (Kowalczyk et al., 2015) and found enrichment of such genes in the
YAP5SA+ cluster, but not in the YAP5SA-negative cluster (Figure 4C). These data indicated
that only the YAP5SA+ cells were actively dividing. When comparing the expression of
known cell-type-specific markers, we determined that the YAP5SA+ clusters displayed the
expected upregulation of Cyclin D1 expression (Figure 4D; Figures STC-STE). Cyclin D2
and CYCLIN D3were also increased relative to the YAP5SA-negative population (Figure
4D). Analysis of known MG transcripts Gfap, Kcnj10, and G/ulindicated a dramatic
reduction within the YAP5SA+ cluster (Figure 4E; Figures S7F and S7G). Comparison of
markers that are expressed in both MGs and RPCs showed that the YAP5SA+ cluster had a
statistically significant increase in LAx2expression; other RPC markers, such as Pax6and
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Six3, were also expressed. However, we did not observe enrichment for other transcripts,
such as Visx2, Rx, and Notchl1 (Figures 4F and 4G). Altogether, these data indicate that
YAP5SA+ cells lose MG identity and acquire an identity more reminiscent of proliferative,
progenitor-like cells.

We next performed Gene Ontology (GO) analysis between YAP5SA+ and YAP5SA-
negative cells (Table S2). To highlight gene categories outside of the canonical cell-cycle
pathway (S, G2, and/or M phase) and inflammatory response, we focused our analysis on
the YAP5SA-4 (G1 phase) cluster and the control MGC-1 to MGC-3 (non-inflamed) clusters
(Figure 4H). The most represented GO term was MY C target genes. In addition to being a
transcriptional target of YAP, MYC is known to cooperate with YAP to regulate genes
required for cell-cycle entry and organ growth (Cai et al., 2018; Croci et al., 2017).
MTORCI1 signaling was also enriched and is known to crosstalk with the Hippo pathway
(Tumaneng et al., 2012). The phosphatidylinositol 3-kinase (PI3K)-Akt-mTORC1 pathway
has been discovered to promote mouse RPC proliferation by regulating the synthesis and
degradation of CYCLIN proteins with the interesting exception of CYCLIN D1 (Choi et al.,
2018). MTOR was also shown to be required for chick MG proliferation in response to
damage (Zelinka et al., 2016). These data suggest that both MYC and mTORC1 activity
may function downstream of YAP to promote robust and sustained MG-cycle reentry.

Previous studies of the Asc/Z-GFP transgenic mouse retina have suggested that in response
to NMDA damage, a small subset of GFP+ MGs give rise to a population of HuUC/D+
amacrine and ganglion cells (Jorstad et al., 2017; Ueki et al., 2015). The HuC/D antibody
used in these studies (Invitrogen A-21271) recognizes the gene products of £/avi2, Elavi3,
and £/avi4, which are neuronal RNA binding proteins. In our sSCRNA-seq analysis, we
noticed a small percentage of YAP5SA+ cells that expressed E/av/2and Elavi4, suggesting
that a similar population of cells emerges from YAP5SA+ MGs (Figures 41 and 4J). Using
the HuUC/D antibody, we occasionally observed HuC/D+, EdU+ cells within injured G/ast-
CreERTZ29; Yap5SA*!Y retinae (Figure 4K, arrowhead and arrows). These data indicate
that a small subset of proliferative YAP5SA+ MGs may differentiate into neurons.

DISCUSSION

Our data have identified Hippo signaling as an essential regulatory mechanism normally
blocking mammalian MGs from adopting a proliferative, progenitor-like state. In our
proposed model, upon retinal damage, a YAP-dependent increase in Cyclin D1 transcription
drives an initial burst of MG proliferation. If this response were sustained over time, as in
the case of the GlastCreERTZ"9; yYap55A*'% mice, proliferative MGs would clonally
expand into a progenitor-like cell population. However, Hippo signaling normally represses
YAP activity, thereby blocking persistent Cyclin D1 expression to halt subsequent cell-cycle
reentries (Figure S8).

With forced YAPS5SA expression, we were able to drive MG proliferation spontaneously in
the absence of retinal damage. This finding is significant because typically, MG-cycle entry
depends on retinal damage cues (Close et al., 2006; Dyer and Cepko, 2000; Karl et al., 2008;
Ooto et al., 2004). Therefore, most experimental approaches to date have had to incorporate
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extensive retinal damage, leading to catastrophic neuron loss, into strategies to promote MG
proliferation. Such methods would not be useful as a therapeutic approach to reverse retinal
degeneration. Previously, in an attempt to bypass the requirement for damage to induce MG
proliferation, Wnt signaling was investigated as a potential target (Yao et al., 2016). The
rationale for this idea came from previous experiments showing that injury of the adult
retina promotes Wnt signaling and that Wnt activation is required for damage-induced MG
proliferation (Das et al., 2006; Liu et al., 2013). Others have suggested that Wnt signaling
potentiates hematopoietic stem or progenitor cell fusion-mediated reprogramming of both
MG and retinal neurons within damaged retinae (Sanges et al., 2013, 2016). When AAV was
used to drive B-catenin, a transcriptional effector of canonical Wnt signaling, in adult mouse
MGs, the cells underwent spontaneous cell-cycle reentry in uninjured retinae. Surprisingly,
when these cells were subsequently exposed to AAV-driven Otx2, Crx, and Nrl, the -
catenin-expressing cells redifferentiated into rods that were reported to restore vision in a
mouse model of congenital blindness (Yao et al., 2018). While this study suggests that
mammalian MGs may have regenerative potential, it did not establish the endogenous
molecular mechanism normally keeping that potential at bay.

Although we propose that the Hippo pathway blocks mammalian MG proliferation, it is
unclear why this occurs in mammals while the zebrafish can sustain a proliferative response
leading to regeneration. One possible explanation may stem from species differences in
CYCLIN D1 activity or expression. In adult mouse MGs, CYCLIN D1 protein levels are
normally maintained at a low level relative to CYCLIN D3. In contrast, during embryonic
development, Cyclin D1 is highly expressed in RPCs, where it is required to maintain
proliferation, whereas CYCLIN D3is not (Das et al., 2009, 2012; Fantl et al., 1995; Geng et
al., 1999; Sicinski et al., 1995). Furthermore, in this study, we showed that Cyc/in D1 gene
expression is highly, but transiently, upregulated in response to retinal damage. At this time,
expansion of multipotential progenitor cells would be beneficial; however, CYCLIN D3
levels did not change in response to retinal damage. This dichotomy in Cyc/in DI and
CYCLIN D3expression and activities may be due to one of the emerging non-canonical
roles for Cyclin D1. Specifically, in RPCs, CYCLIN D1 was shown to function as a
transcriptional regulator and to directly influence the expression of genes such as Notchi
(Bienvenu et al., 2010). Therefore, it is possible that CYCLIN D1 has dual roles. In addition
to driving cell-cycle entry, CYCLIN D1 may have the ability to broadly influence the MG
transcriptome and directly promote a progenitorlike identity. Transgenic expression of
Cyclin D1 in post-mitotic mouse photoreceptor precursors has been reported to induce
proliferation and prevent photoreceptor differentiation, eventually leading to death (Skapek
et al., 2001). While no RPC marker analyses were performed in that study, it is possible that
ectopic CYCLIN D1 activity forced photoreceptors toward a persistent progenitor-like state.
If this is the case, the mammalian retina would need to suppress prolonged CYCLIN D1
activity postretinal damage. Otherwise, large numbers of MGs would eventually undergo
transcriptome changes to reprogram into progenitor-like cells and the retinal neurons would
lose essential MG support roles (Reichenbach and Bringmann, 2013; Vecino et al., 2016).
Future studies should be aimed at precisely defining the role of Cyc/in D1 in reactive MGs
and whether its continued expression is necessary and sufficient for MG reprogramming to a
progenitor state.
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Based on our findings, and that of the accompanying report by Hamon et al. (2019) in this
issue of Cell Reports, we propose that MGs have reprogramming potential that can be
awakened by targeting endogenous Hippo signaling. In the future, it will be important to
elucidate whether there is crosstalk between the Hippo and the Wnt pathways in MG-
mediated retinal regeneration as has been described for other systems (Azzolin et al., 2012,
2014; Heallen et al., 2011; Li et al., 2013; Meng et al., 2016; Varelas et al., 2010; Wang and
Martin, 2017). In addition, the requirement of transcriptional and signaling mechanisms,
such as MYC and MTORC1 downstream of YAP, will need to be determined (Cai et al.,
2018; Croci et al., 2017; Tumaneng et al., 2012). Finally, it will be important to devise
methods to transiently bypass the Hippo pathway in reactive MGs, followed by the
introduction of differentiation factors coupled to lineage tracing, to determine whether bona
fide retinal regeneration occurs.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Ross Poché (poche@bcm.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Strains and Genotyping—Lats170X/flox and [ ats20x/flox (Heallen et al., 2011),
Yap/lox/flox (Xin et al., 2011), 7azoX/flox (Xin et al., 2013), ROSA26R-mTmG*9 (Gantz et
al., 2012; Muzumdar et al., 2007), ROSA26R-td Tomato™'®9 (Madisen et al., 2010), and
Glast-CreERT*!Y9 (Nathans, 2010) mice were PCR genotyped using published protocols.
Additionally, the Yap5SA*/%9 mice (Monroe et al., 2019), ROSA26R-mTmG*'%, and the
ROSA26R-nTnG*'Y (Prigge et al., 2013; Schmidt, 2013) fluorescent reporter mice were
genotyped by visualizing fluorescence from tail snips. All animal research was conducted
according to protocols approved by the Institutional Animal Care and Use Committee
(IACUC) of Baylor College of Medicine. All animals used were between post-natal day 21
(P21) and P120. Since there were no age- or sex-dependent differences in our observations,
male and female data were combined for presentation herein. All genotyping primer
sequences and references are included in Table S3 within the Supplemental Information.

Injections—To induce Glast-CreERT2, intraperitoneal (IP) injections of tamoxifen (Sigma,
T5648) (75 mg/kg body weight) were given for five consecutive days or every other day for
two weeks. To label cells in S phase, 5-ethynyl-2’-deoxyuridine (EdU) (Sigma 900584 or
Santa Cruz sc-284628A) was injected IP at a concentration of 50 mg/kg body weight and
mice were euthanized 2 or 24 hours later.

For intravitreal NMDA injections, mice were anesthetized using Isoflurane. One drop of
Proparacaine Hydrochloride (0.5%) was placed on to the eye to be injected. The
anesthetized mouse was positioned on its side under a dissecting microscope while on a
warming plate and a sterile 28G hypodermic needle in inserted in the post-limbus region,
with the bevel of the needle facing upward to avoid the lens. The puncture needle was then
carefully removed, and a small amount of vitreous fluid was wicked away from the puncture
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site using a twisted Kimwipe. Then, using a Hamilton syringe, a sterile blunt needle (33G)
was gently inserted into the hole, pass the lens, and into the vitreous chamber where 2 ul of
either PBS or NMDA (100 mM) (Sigma: M3262) was injected. Following injection,
veterinary ophthalmic antibacterial ointment (Bacitracin Zinc and Polymyxin B) was placed
on the eye and the animals were monitored continuously until recovered from anesthesia
(maintain sternal recumbency).

ImMM10 Cells—ImMZ10 cells were cultured and maintain as recommended (Otteson and
Phillips, 2010). Cells were thawed and incubated in neurobasal media containing 2% heat-
inactivated FBS, 1x B27 neuronal supplement with retinoic acid, 2mM L-Glutamine, and
50U/mL mouse recombinant interferon gamma. For immunofluorescence, cells were washed
in 0.1M PBS and fixed in 2% paraformaldehyde for 15 min at room temperature. Fixed cells
were permeabilized for 30 min at room temperature in 0.5% Titron-X100 and then washed
in 2% BSA before immunostaining.

METHOD DETAILS

Immunofluorescence, EdU labeling, and Confocal Microscopy—Enucleated eyes
were immersed in 4% paraformaldehyde (PFA) in 0.1M Phosphate Buffered Saline (PBS)
for 30 min at room temperature, corneas and lenses were removed. After fixation, eyecups
were washed in PBS 3 times for 10 minutes on ice and then cryoprotected by immersing in
30% sucrose until the tissue sank to the bottom of the tubes. Then, tissue was embedded in
OCT for 15-20 min and then flash-frozen in liquid nitrogen and stored at —80°C before
sectioning. Retinal sections from controls and mutant mice were immunolabeled in parallel
to insure identical processing. Cryosections were cut at 20 um on a cryostat and mounted on
Superfrost Plus slides (VWR Brand, Westchester, PA). Cryosections were thawed and post-
fixed in 4% PFA for 15 min and then washed 3 times in PBS. For EdU, sections were
permeabilized for 30 in 0.5% Titron-X100 diluted in 0.1M PBS and then washed using 3%
BSA diluted in 0.1M PBS. The Click-iT EdU Alexa 488, 555, or 647 (Thermo Fisher) was
used following the manufacturer’s instructions. For immunofluorescence, sections were
rinsed with PBS and incubated for 2 hours at 4°C with 5% normal goat serum, 2% bovine
serum albumin, and 0.3% Triton X-100 diluted in 0.1M PBS (pH 7.4). Slides were incubated
for 24 hours in primary antibodies in a humid chamber. The following antibodies and
concentrations were used: mouse-YAP (1:100, Santa Cruz, #101199,(Szymaniak et al.,
2017; Zanconato et al., 2015)), rabbit-pYAP (1:500, Cell Signaling, #4911, (Heallen et al.,
2013)), rabbit-SOX9 (1:500, Millipore, AB5535,(Poché et al., 2008)), mouse-TEAD1
(1:1000, BD transduction, 610923, (Cao et al., 2008)), mouse-SOX2 (1:500, Santa Cruz,
365823, (Xiao et al., 2018a)), rabbit-GFAP (1:1000, Dako, Z0334, (Poché et al., 2016)),
rabbit-PH3 (1:500, Millipore, 06-570) (Barrasso et al., 2018), rabbit-Ki67 (1:500, Abcam
15580, (Poché et al., 2016)), rabbit-Cyclin D1 (1:1000, Thermo Fisher, 9104, (Poché et al.,
2016)), mouse-CYCLIN D3 (1:200, Abcam, 28283, (Wang et al., 2017)), rabbit-GFP (1:500,
Rockland, 600-401-215, (Kovalchuk et al., 2015)), mouse-Flag (1:250, Sigma, F1804,
(Zanconato et al., 2015)), chick-beta-Gal (1:500, Abcam, 936, (Kim et al., 2018)), mouse-
GS (1:500, Chemicon, MAB302, (Rueda et al., 2016)), mouse-HuUC/D (1:100, Invitrogen,
A-21271, (Jorstad et al., 2017; Ueki et al., 2015)).
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Next, slides were rinsed three times in PBS and blocked for 30 minutes in 5% normal goat
serum, 2% bovine serum albumin, and 0.3% Triton X-100 diluted in 0.1M PBS (pH 7.4)
before incubation in secondary antibodies. 1:400 dilutions of Alexa Fluor 405, 488, 555,
and/or 647-conjugated secondary antibodies (Life Technologies) were applied and incubated
for one hour in the dark at room temperature. DAPI was included in the secondary antibody
solution at a 1:600 concentration. After incubation with secondary antibodies, slides were
rinsed 3 times in PBS. Slides were coverslipped with Fluoromount-G (SouthernBiotech).
Confocal images were acquired using a Zeiss LSM 780 20X and 40X objectives. For
standardization between samples, all images were acquired with the same laser power,
detector gain, scan speed, and pinhole size. Z stack images with an identical step-size and
thickness were acquired for each retinal section and a maximal intensity projection were
obtained.

RNA extraction and quantitative rtPCR—Retinae from control and mutant mice were
dissected and total RNA was purified using the RNeasy Mini Kit (QIAGEN). The purified
RNA was reverse transcribed using the SuperScript 111 first strand synthesis kit with Oligo
(dT)20 and random hexamer priming (Invitrogen). The Tagman gene expression assay from
Applied Biosystems was used for qrtPCR and the probes used to detect gene expression
were CYCLIN D3 (Mm01612362), Cyclin D1 (Mm00432359), Yap (Mm01143263), 7az
(Mm01289583), Lats1 (Mm01191886), and Lats2 (MmO00497217). Gapah (Mm4352932)
and Beta-actin (Mm4352933) were used for normalization. The conditions to perform
grtPCR using a StepOnePlus Real-Time PCR System (Life Technologies) were: 50°C for 2
minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15 s and 60C for 1 minute.

Western Blot Analyses—Retinae were dissected in PBS and briefly washed in PBS
containing protease inhibitor (Thermo Scientific 1862209) and phosphatase inhibitor
(Thermo Scientific 78420). The PBS was removed, and the retinae were flash-frozen and
kept at —80°C until used. Samples were thawed on ice for 10 minutes in ice cold lysis buffer
(Thermo Scientific 1861603) containing protease and phosphatase inhibitors. Retinae were
homogenized and centrifuged at 4°C (2,000 RPM, 10 minutes) and the supernatant was
transfer to a new tube. Clarified protein lysates were quantified by the Bradford assay. 20 to
25 g of protein was loaded onto a 4%—-15% Tris/Glycine precast gels (BioRad, 5671084)
for electrophoresis and subsequently transferred (30V, overnight) onto Immobilon-P PVDF
membranes using the Criterion™ System BioRad. Membranes were washed in TBS-T pH
7.4 (20 mM Tris, 137 mM NaCl, 0.1% Tween 20) and blocked for 1 hour at RT with 5%
non-fat milk solution to reduce non-specific antibody binding. At least 3 independent control
and treated samples were probed with the following primary antibodies (in 5% milk,
overnight at 4°C): YAP (1:2000, Santa Cruz, 101199) and pYAP (1:1000, Cell signaling,
4911). Vinculin (1:3000, Cell Signaling, 13901) was used as loading control. Following
primary antibody incubation, membranes were washed in TBS-T, incubated with HRP-
conjugated secondary antibodies (1-hour, room temperature), detected with Clarity™
Western ECL Substrate (Bio-Rad #170-5060) and imaged with the Chemidoc Touch Imager
(Bio-Rad).

Cell Rep. Author manuscript; available in PMC 2019 May 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rueda et al.

Page 14

For western blots of nuclear or cytoplasmic fractions, sequential lysing was performed using
the Cell Fractionation Kit (Cell Signaling #9038). Two to four retinae per sample were
gently dissociated using a Wheaton tissue grinder and resuspended in lysis buffer as
recommended by manufacturer. Dissociated retinae were centrifuged at 800 g for 5 minutes
at 4°C to extract nuclear fractions. For cytoplasmic isolation, the supernatant was
centrifuged at 48,000 RPM for 1 hour at 4°C using a Beckman TLA 100.3 ultracentrifuge
rotor. 20 pg of nuclear or cytoplasmic fractions were loaded for YAP and pYAP western blot
analysis as described above. Histone H3 (1:3000, Abcam, 1791) and GAPDH (1:3000,
Millipore, MAB374) were utilized as loading and fractions validation controls. The blots
were washed with TBS-T and incubated with HRP-conjugated secondary antibodies (1-hour,
room temperature) from the appropriate species, detected with Clarity™ Western ECL
Substrate (Bio-Rad #170-5060) and imaged with the Chemidoc Touch Imager (Bio-Rad).

Co-immunoprecipitation (Co-IP)—Retinae were homogenized in lysis buffer (20mM
Tris-HCI [pH 7.5], 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton-X, 2.5mM sodium
pyrophosphate, 1mM Bglycerophosphate, 1mM Na3VO4). Aliquots of clarified protein
lysate (500mg per sample) were diluted in 500uL lysis buffer supplemented with HaltTM
Protease Inhibitor Cocktail (ThermoFisher, #78430) and incubated with 1ug of the following
antibodies overnight at 4°C: mouse-YAP (Santa Cruz, 101199 (Zanconato et al., 2015)) or
mouse-TEAD1 (BD Transduction, 610923, (Zanconato et al., 2015)), Rabbit 1gG (Millipore,
#12-370), Mouse 1gG (Millipore, #12-371) overnight at 4°C (Poché et al., 2016). The
protein/antibody complexes were captured using either Protein A/G Magnetic Beads
(ThermoFisher, #88802) or TrueBlot anti-Rabbit Ig IP Beads (Rockland, #00-8800-25) by
incubating for 1 hour at room temperature. The beads were then washed, and protein eluted
with SDS-PAGE reducing sample buffer (50uL 1X PBS plus 10uL 6X sample buffer) by
boiling for 10 minutes. Next, 2% of input protein and 15uL of IP reactions were loaded onto
a 4%-15% Tris/Glycine precast gels (BioRad, 5671084) and western blots performed as
described. The following secondary antibodies were used: True Blot HRP-conjugated anti-
mouse IgG (1:1000, Rockland, #18-8817-33) and True Blot HRP-conjugated anti-rabbit 1gG
(1:1000, Rockland, #18-8816-33).

Chromatin Immunoprecipitation (ChIP)-gPCR—The ChIP-IT High-Sensitivity Kit
(Active Motif, No. 53040) was used. Briefly, ImM10 cells grown to 50% confluency were
cross-linked in Complete Cell Fixation Solution for 15 minutes. Stop Solution was added to
stop the crosslinking, then cells were washed in icecold PBS Wash Buffer and centrifuged at
1,250 x g for 3 minutes at 4°C. Cell pellets were then resuspended and incubated in
Chromatin Prep Buffer for 10 minutes. Pellets were then transferred to a chilled dounce
homogenizer and using the Type A pestle, pellets were homogenized with 150 strokes.
Homogenized samples were then centrifuged for 3 minutes at 1,250 x g at 4°C. Pellets were
resuspended in ChIP Buffer supplemented with Protease inhibitor cocktail (PIC)/PMSF and
then transferred to a microcentrifuge tube, incubated for 10 minutes on ice. This was
followed by sonication of the resuspended pellets (25% amplitude pulse for 30 s on and 30 s
off) for a total sonication on-time of 5 minutes and centrifugation at 14,800 rpm for 2
minutes at 4°C. The supernatant was then transferred to a new tube for immunoprecipitation.
A rabbit, anti-YAP1 (Novus Biologicals, NB110-58358, (Lin et al., 2017)) or rabbit, anti-
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IgG antibody (Millipore, #12-370) was incubated with 10-20 pg chromatin per ChlP
reaction. ChIP reactions components were added according to the Kit protocol and then
incubated on a rotator overnight at 4°C. The next day the reactions were spun at 1250 x g for
1 minute. Protein G agarose beads were washed using TE buffer-pH 8.0 and then added to
the ChlIP reactions. The reactions were then incubated on a rotator at 4°C for 3 hours. After
incubation, 600 pl of ChIP Buffer were added to each reaction and then transferred to the
labeled ChlP Filtration Column. Columns were washed with Wash Buffer AM1 and then
transferred to microcentrifuge tubes and spun at 1250 x g for 3 minutes at room temperature.
Pre-warmed Elution Buffer AM4 was added to each column and, after 5 min incubation, the
samples were centrifuged at 1250 x g for 3 minutes at room temperature. To reverse the
crosslinking, each eluted ChlIP DNA sample was then transferred to 250ul PCR tubes and
2ul of proteinase K was added. Samples were then heated in a thermocycler at 55°C for 30
minutes and then at 80°C for 2 hours. After incubation, DNA Purification Binding Buffer
was added to each ChIP DNA sample and the pH was adjusted using Sodium Acetate.
Samples were then poured into the DNA purification columns and spun at 14,000 rpm for 1
minute. DNA Purification Wash Buffer was run through the columns, then columns were
spun at 14,000 rpm for 2 minutes and then transferred to microcentrifuge tubes. Prewarmed
DNA Purification Elution Buffer was added to the columns, allowed to incubate for 1 minute
at room temperature and then spun at 14,000 rpm for 1 minute. Purified DNA was then
analyzed using qPCR.

We used the following primer pairs: TEAD motif #1 F: 5"-TCCGGGGTCACGGCTT-3’

and TEAD motif #1R: 5'-CGT CGCGTCCAAGGTTTA-3’, and TEAD motif #2F: 5'-
CCCAACCCTAGCTAGCACATT-3" and TEAD motif #2R 5"-AAGGCCAGGA
GATCTGTCGT-3’. QPCR was performed using SYBR Green Master Mix (ThermoFisher,
#4309155) and the ViiA 7 Real-Time PCR system (Applied Biosystems) with the following
cycle conditions: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of [95°C for 15 s, 60°C
for 1 minute], 95°C for 15 s, 60°C for 1 minute, and 95°C 15s.

Tissue Dissociation and Cell Sorting—Retinae were dissected in ice-cold PBS and
dissociated in 10 units Papain/60 units DNase (500uL/30uL respectively for 3—6 retinae) for
25-30 min in a shaking water bath at 37°C. Dissociated retinae were triturated 10 times with
a polished pipette and EBSS-Ovomucoid-DNase was added to stop digestion. The cell
suspension was filtered using a 40um strainer and centrifuged at 900 RPM for 8-10 min. For
single cell analysis, cell pellets were resuspended and kept in DNase/Ovomucoid/
Neurobasal (1:1:10 respectively) during cell sorting. Cell sorting was performed using the
Avria Il cell sorter (BD Biosciences). Tomato positive and negative cells were sorted using
an 80-micron nozzle, captured in chilled tubes and resuspended in 0.04% ultrapure BSA in
0.1M PBS. Fresh cell suspensions were immediately subjected to the SCRNA-seq protocol.

For flow cytometry and quantification of EdU positive cells after retinal dissociation, cell
pellets were washed in 0.1M PBS and resuspended in 2% paraformaldehyde for 30 min at
room temperature. Fixed cells were permeabilized for 30 min at room temperature in 0.5%
Titron-X100 and then washed in 2% BSA before EdU detection. Cells were incubated for 30
min in the Click-iT reaction cocktail using the Plus EdU Alexa Fluor 647 kit
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(ThermoFisher), washed in 2% BSA, and resuspended on 0.1M PBS. Tomato+ cells and
EdU+ cells were quantified using the Attune NXT cell cytometer (Life Technologies).

Single-cell mMRNA sequencing (scRNA-seq)—FACS sorted TdTomato+ cells were
counted and diluted in 1X PBS with 0.04% BSA (Sigma Cat# SRE0036) before being
loaded onto the 10X Genomics Chromium instrument. The sScRNA-seq libraries were
generated using the 10X Chromium Single Cell 3" v2 reagent kit according to the
manufacturer’s instructions and were sequenced on an Illumina Nextseg500.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of nuclear YAP immunofluorescence (Figure 11), MATLAB was used to
quantify YAP pixel intensities when coincident with SOX9+ pixels (to denote nuclear
localization). Cytosolic YAP pixel intensities were quantified by non-zero intensities not
coinciding with SOX9+ pixels (to denote non-nuclear/cytosolic localization). For EdU
quantification of confocal images (Figure 3G), EdU+ cells were manually counted in each
image and retinal area was measured in MATLAB to determine EdU+ cells per mm2. To
measure pixel co-localization across MGs within a given retina (Figures S1C, S41, and S6E)
MATLAB was used to plot pixel intensities along a line drawn across the image and
Pearson’s Correlation Coefficient (R) was calculated. For quantification of relative pixel
intensity per um? (Figure S4E), total pixel intensity was measured in MATLAB and divided
by the total area of each image. For all figure panels, images were imported into Adobe
Photoshop CS software for identical and minimal processing. For each control, mutant, or
treated experimental group, three to six independent retinae from different mice were
examined and the results shown are representative images from at least three separate
experiments. A Student’s t test was used to compare measurements between controls and
mutant mice. P values < 0.05 were considered significant.

For quantification of western blots (Figures 1F, 1G, 1J, 1K, 2A, 2B, and 2D), images were
taken with the Chemidoc Touch Imager (Bio-Rad Laboratories Inc, Hercules CA) and
scanned at high-resolution for protein band size and signal intensity. Densitometry
measurements were obtained using the Image Lab™ software (Bio-Rad). All bands were
normalized to their corresponding loading control. The results shown are from 3 biological
replicates. The Student’s t test was used to determine differences between mutants and
controls. P values < 0.05 were considered significant.

For quantification of mMRNA by grtPCR (Figures 2C, 2E, and 3P; Figures S3A and S4A),
each grtPCR reaction was performed in triplicate for each independent control (N = 3), CKO
(N = 3), or treatment group (N = 3) cDNA samples. The mean ACt values were normalized
against the housekeeping genes Gapdh or Beta-actin and corresponding AACt values were
log2-transformed to obtain fold change values. For data analysis, the Pfaffl method was used
to determine relative gene expression ratios and a p value of < 0.05 was considered
significant (Pfaffl, 2001).

For quantification of sorted cells (Figure 3N), td-Tomato positive cells and EdU positive
cells were quantified using the Attune NXT cell cytometer (Life Technologies). The
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Student’s t test was used to determine differences between cells from treated and untreated
tissue. A p value of < 0.05 was considered significant.

For single cell mMRNA sequencing analysis (Figure 4; Figure S7), the scRNA data was
analyzed as previously described with minor modifications (Li et al., 2018; Xiao et al.,
2018b). Briefly, raw sequencing data were handled using the 10X Genomics Cellranger
software (https://www.10xgenomics.com/). Fastq files were mapped to the mm10 genome,
and gene counts were quantified using Cellranger count function. Subsequently, expression
matrices from each experiment were merged and were then imported into Seurat (version
2.3.4) where log normalization was performed (Butler et al., 2018). We corrected for batch
effects by regressing out the number of molecules per cell and the batch identity with the
Seurat implementation of regression (ScaleData function). Next, we performed a principle
components analysis (PCA), and significant principle components (PCs) were used as input
for graph-based clustering. We used tSNE for 2-dimensional visualization of the multi-
dimensional dataset. Differential expression of the individual clusters was achieved by using
the Wilcoxon rank sum test (FindMarkers, default). To avoid over-clustering, we merged
clusters that were not transcriptionally distinct into a single cluster. Clusters composed of
doublets (2 different cell types within a single droplet) were removed from the dataset. And
clusters that were not MGCs were also removed, including rod cells, cone cells, and
astrocytes. Gene ontology analysis was performed using Metascape (http://
metascape.org/gp/index.html). The approximate cell cycle phase of each cell was calculated
using Seurat by scoring individual cells on their expression for S-phase, G1, and G2M
genes. (Kowalczyk et al., 2015).

DATA AND SOFTWARE AVAILABILITY

The accession number for the sScRNA-seq data reported in this paper is GEO: GSE121707
and is accessible through the NCBI’s Gene Expression Omnibus (GEO) (Edgar et al., 2002).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Hippo represses YAP activity in Miller glial cells of the damaged mammalian
retina

Genetic bypass of Hippo signaling causes spontaneous Miiller glial
proliferation

Single-cell transcriptomic analysis of reprogrammed Miiller glia

Hippo prevents Muller glial reprogramming to a proliferative, progenitor-like
state
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Figure 1. Negative Regulation of YAP in Response to Retinal Damage
(A) P21 retinal immunofluorescence with an antibody against total YAP and Muller glial

cell (MG) nuclear marker SOXO.

(B) Labeling with an antibody specific to phosphorylated YAP (pYAP) and MG marker
glutamine synthetase (GS).

(C and D) Immunofluorescence for MG markers SOX2 (magenta) and GFAP (green) 48 h
after intraocular injection of PBS or A-methyl-D-aspartate (NMDA).

(E) SOX2/PH3 immunofluorescence 48 h after NMDA injection.
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(F and G) Time course western blots (F) and quantification (G; normalized to vinculin) of
pYAP and YAP after NMDA injection.

(H and 1) YAP (magenta)/SOX9 (cyan) and pYAP immunofluorescence (green) (H) and
quantification (1) 24 h post-NMDA.

(J and K) Cell fraction time course western blots (J) and quantification (K) of YAP and
pYAP 24 and 48 h post-NMDA.

For western blots, levels are given as a.u. = SEM relative to PBS or no-treatment (NT)
controls harvested at the 6-h time point (set to 1) (n = 3 independent pooled samples per
group; Student’s t test). For pixel intensity measurements, levels are given as mean £ SEM
(n = 3 per group; Wilcoxon rank-sum test). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. CYCLIN D3 and Cyclin D1 Expression in Response to Retinal Injury and CKO of Yap
and Taz

(A) CYCLIN D1 and CYCLIN D3 western blot time course of NMDA-damaged retinae.
(B and C) Quantification of CYCLIN D3 western blots (B) and qRT-PCR (C) analysis of
mRNA.

(D and E) Quantification of CYCLIN D1 western blots (D) and gRT-PCR (E) analysis of
mRNA.

(F) CYCLIN D1 immunofluorescence 12, 24, and 48 h post-injury.
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(G and H) YAP (magenta) and SOX9 (cyan) immunofluorescence on control (G) and CKO
MGs (H) (labeled with GFP from the ROSE26R-mTmG Cre reporter).

(I'and J) CYCLIN D3 (magenta) and SOX9 (cyan) immunofluorescence on control (1) and
CKO MGs (J).

(Kand L) CYCLIN D1 (magenta) and SOX2 (cyan) immunofluorescence on control (K) and
CKO MGs (L).

For western blots, levels are given as a.u. £ SEM relative to the 6-h post-injection PBS
control (set to 1) (n = 3 independent pooled samples per group; Student’s t test). For qRT-
PCR, mRNA levels are relative to the no-treatment (NT) control (set to 1) and depicted as
fold change £ SEM (n = 3 independent pooled samples per group; Student’s t test). *p <
0.05, **p < 0.01.
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Figure 3. Genetic Loss or Bypass of Hippo Signaling Results in Spontaneous MG Proliferation
(A-D) EdU labeling (magenta) of Lats1/Lats2on control (A) and CKO (B, C, and D)

retinae.

(E and F) EdU labeling (magenta) and immunofluorescence for SOX2 (green) and KI67

(cyan) in CKO (E and F). (F) shows the same nuclei as in (E) (arrowhead).

(G) Quantification of EdU+ cells in tamoxifen-injected mice versus corn oil vehicle

controls.
(H) Map of the Yap5S5A transgene.

Cell Rep. Author manuscript; available in PMC 2019 May 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rueda et al.

Page 29

(I'and J) EdU labeling (magenta) and SOX9 (green) immunofluorescence on control (1) and
YAP5SA-expressing (J) retinae (the boxed nucleus in J is shown in the insets).

(K) EdU labeling of radially oriented nuclear clusters.

(L) EdU labeling of YAP5SA+ retinae that were also exposed to NMDA damage.

(M and N) Flow cytometry (M) and quantification (N) of EdU-labeled, tdTomato+ cells
from untreated and NMDA-damaged retinae expressing YAP5SA.

(O) CYCLIN D1 immunofluorescence and EdU labeling of YAP5SA+ retinae.

(P) Cyclin D1 gRT-PCR from three independent pools of tamoxifen-induced Glast-
CreERT21; Yap5SA*/Y retinae (green bars) compared to tamoxifen-induced Glast-
CreERTZ"1 retinae (black bar).

For gRT-PCR, mRNA levels are relative to the control (set to 1) and depicted as fold change
+ SEM (n = 3 independent pooled samples per group; Student’s t test). *p < 0.05, **p <
0.01, ***p < 0.001.
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Figure 4. Single-Cell mMRNA Sequencing of YAP5SA+ Cells
(A) Approach for unbiased single-cell mMRNA sequencing (SCRNA-seq) transcriptome

analysis of YAP5SA+ MGs.

(B) Two-dimensional colored t-SNE representation of 13,511 single-cell transcriptomes.

(C) Cell-cycle phase analysis of single tdTomato+ cells. The approximate cell-cycle phase
was calculated by scoring individual cells on their expression for S-,G1-, and G2- and/or M-
phase transition genes as defined by Kowalczyk et al. (2015).
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(D-F) Feature plots showing the expression of D-type cyclin genes (D) and known MG (E)
and RPC (F) genes projected across t-SNE. Red indicates high gene expression. (G) Dot plot
showing significant enrichment of L/Ax2expression within the YAP5SA+ cell cluster
compared with the control. The color represents the average expression level, and the size
represents the percentage of cells expressing L/Ax2.

(H) GO-term enrichment of the YAP5SA-4 cluster over the MCG-1 to MGC-3 clusters.

(I and J) Feature plots (1) and dot plots (J) showing the presence of a rare population of
YAP5SA+ cells that express the neuronal transcripts E/avi2and Elav/4.

(K) HuC/D immunofluorescence confirming the presence of the ElaviZl Elavi4+ cell
population (arrowhead and arrows).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-YAP Santa Cruz Cat# sc-101199; RRID: AB_1131430
Rabbit anti-YAP Novus Bio Cat# NB110-58358; RRID: AB_922796
Rabbit anti-pYAP (Ser 127) Cell Signaling Cat# 4911; RRID: AB_2218913

Rabbit anti-SOX9 Millipore Cat# AB5535; RRID: AB_2239761

Mouse anti-TEAD1

BD Biosciences

Cat# 610923; RRID: AB_398238

Mouse anti-SOX2

Santa Cruz

Cat# sc-365823; RRID: AB_10842165

Rabbit anti-GFAP

Dako/Aligent

Cat# 70334, RRID: AB_10013382

Rabbit anti-PH3

Millipore

Cat# 06-570; RRID: AB_310177

Rabbit anti-CYCLIN D1

Thermo Fisher

Cat# 9104; RRID: AB_149911

Mouse anti-CYCLIN D3 Abcam Cat# Ab28283; RRID: AB_2070798
Rabbit anti-Vinculin Cell Signaling Cat# 13901; RRID: AB_2728768
Rabbit anti-GFP Rockland Cat# 600-401-215; RRID: AB_828167
Rabbit anti-Ki67 Abcam Cat# Ab16667; RRID: AB_302459
Mouse anti-FLAG Sigma Cat# F1804; RRID: AB_262044
Chicken anti-B-GAL Abcam Cat# Ab9361; RRID: AB_307210
Mouse anti-Glutamine Chemicon Cat# MAB302; RRID: AB_2110656
Synthetase (GS)

Rabbit anti-HISTONE 3 Abcam Cat# Ab1791; RRID: AB_302613

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma Cat# T5648
5-ethynyl-2”-deoxyuridine (EdU) ~ Sigma Cat# 900584
N-methyl-D-aspartate (NMDA) Sigma Cat# M3262

Critical Commercial Assays

Click-iT EdU Alexa Fluor®
488;555; and
647 Imaging Kit

Thermo Fisher Scientific

Cat# C10337; C10338; C10340

ChIP-1T-Sensitivity Kit

Active Motif

Cat# 53040

Papain Dissociation System Kit

Worthington

Cat# LK003150

Single Cell 3" v2 Kit

10X Genomics

REF: PN-120267

Single Cell A Chip v2 Kit

10X Genomics

REF: PN-120236

TG NextSeq 500/550 High lumina Cat# FC-404-2005
Output Kit v2

Deposited Data

Single cell mMRNA sequencing NCBI’s Gene GEO: GSE121707

Expression Omnibus

Experimental Models: Cell Lines

ImM10 Cells

Otteson and Phillips,
2010

N/A

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER
R26R-mTmG*%9 The Jackson Laboratory — Cat# JAX:007676,
(Muzumdar et al., 2007)  RRID:IMSR_JAX:007676
R26R-nTnG*% The Jackson Laboratory — Cat# JAX:023035;
(Prigge et al., 2013; RRID:IMSR_JAX:023035
Schmidt, 2013)
R26R-tdTomato*'9 The Jackson Laboratory — Cat# JAX:007909,

(Madisen et al., 2010)

RRID:IMSR_JAX:007909

Glast-CreERT2'Y

The Jackson Laboratory
(Nathans, 2010)

Cat#JAX:012586,
RRID:IMSR JAX:012586

Chx10-Cre*'9

The Jackson Laboratory
(Rowan and Cepko,
2004)

Cat# JAX:005105,
RRID:IMSR_JAX:005105

Yapflox/fiox (Xinetal., 2011) N/A

Tazlox/flox (Xinetal., 2013) N/A

Latsflox/flox The Jackson Laboratory — Cat# JAX:024941,
(Heallen et al., 2011) RRID:IMSR_JAX:024941

LatsHox/flox The Jackson Laboratory  Cat# JAX:025428,
(Heallen et al., 2011) RRID:IMSR_JAX:025428

Yap5SA* (Monroe et al., 2019) N/A

Oligonucleotides

CYCLIN D3-Tagman Thermo Fisher, Applied ~ Mm01612362
Systems

Cyclin D1 -Tagman Thermo Fisher, Applied ~ Mm00432359
Systems

Yap -Tagman Thermo Fisher, Applied ~ MmO01143263
Systems

Taz -Tagman Thermo Fisher, Applied ~ Mm01289583
Systems

Lats1 -Tagman Thermo Fisher, Applied  Mm01191886
Systems

Lats2 -Tagman Thermo Fisher, Applied ~ Mm00497217
Systems

Beta-actin -Tagman Thermo Fisher, Applied ~ Mm4352933
Systems

Gapdh -Tagman Thermo Fisher, Applied ~ Mm4352932

Systems

Software and Algorithms

10X Cellranger 2.0.0

10X Genomics

https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome

Seurat (version 2.3.4)

Butler et al., 2018

https://github.com/satijalab/seurat/tree/develop
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