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Abstract 

Müller glia arise from late-stage retinal progenitor cells (RPCs) as a distinct 

lineage that diverges from neurogenic trajectories. Here, we identify the mater-

nally imprinted gene Plagl1 as a key transcriptional regulator of gliogenesis in the 

murine retina. Plagl1 is expressed during the RPC-to-glia transition and is dynam-

ically regulated in Müller glia following injury. To define its developmental role, we 

analyzed Plagl1⁺/⁻pat null mutant retinas at postnatal day 7 (P7), when central retinal 

gliogenesis is complete. In the absence of Plagl1, Sox9 ⁺ glial/precursor cells were 

displaced and proliferated ectopically, with structural dysmorphologies, reactive 

gliosis, and impaired visual processing persisting into later postnatal stages. Bulk 

RNA-seq and ATAC-seq revealed widespread reductions in chromatin accessibil-

ity and transcriptional dysregulation affecting epigenetic modifiers, translational 
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machinery, fate-specifying transcription factors, cell cycle regulators, and signaling 

pathways. Single-cell pseudobulk analysis showed that Plagl1 loss disrupts chro-

matin, transcriptional, and translational programs specifically within Sox9 ⁺ cells, 

encompassing Müller glia and precursor populations, pinpointing these cells as the 

source of defects in Plagl1⁺/⁻pat retinas. Notch signaling was elevated in Plagl1- 

deficient glia, and genetic activation at P14 displaced Sox9 ⁺ glial cells, without 

inducing proliferation. Similarly, conditional deletion of Plagl1 in postnatal Müller 

glia at P14 disrupted positioning and not cell cycle exit, confirming a cell- 

autonomous requirement for Müller glia positioning that is independent of prolifera-

tion control. Since these conditional manipulations could only be performed at P14 

at the earliest, they reveal Plagl1’s later functions in postmitotic glia and comple-

ment, rather than mirror, the earlier P7 mixed RPC/glial null phenotype. Together 

these findings establish Plagl1 as a critical regulator of the late-stage RPC to 

Müller glia transition, acting through coordinated control of chromatin accessibility 

and gene expression programs to ensure timely cell cycle exit. This function aligns 

with Plagl1’s broader tumor suppressor role in stabilizing postmitotic, differentiated 

cell states across tissues.

Author summary

As the only glial cells in the retina, Müller glia play an essential role in main-
taining tissue homeostasis and supporting retinal integrity and function. During 
development, Müller glia are derived from multipotent RPCs, which also give 
rise to the six types of retinal neurons, all of which differentiate in a defined 
temporal order. Müller glia are among the last retinal cells to differentiate, 
transitioning from cycling RPCs into post-mitotic glial cells. Here, we show 
that the RPC-to-Müller glial cell transition is orchestrated by the maternally 
imprinted gene Plagl1. Plagl1 encodes a transcription factor that is initially 
expressed in RPCs and later persists in retinal Müller glia. In the absence of 
Plagl1, Müller glia initiate glial-specific marker expression but fail to form a 
mature monolayer and continue to proliferate ectopically. Mechanistically, loss 
of Plagl1 compacts open chromatin, induces widespread changes in gene 
expression, and elevates several signaling pathways including Notch, which, 
when activated, disrupts the Müller glial monolayer. Thus, Plagl1 guides the 
RPC-to-Müller glial cell transition, providing new insights into this unique de-
velopmental process.

Introduction

The retina is comprised of six neuronal cell types and a specialized glial popula-
tion known as Müller glia, all of which originate from a common multipotent pool 
of retinal progenitor cells (RPCs) [1–5]. In mice, retinal differentiation unfolds in a 
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defined temporal sequence between embryonic day (E) 11.5 and postnatal day (P) 11 [6–9]. Ganglion cells, horizontal 
cells and cone photoreceptors are primarily generated during embryonic development, while amacrine cells, bipolar 
cells, rod photoreceptors and Müller glia continue to emerge postnatally. Temporal identity transcription factors (TFs) 
such as Ikzf1/Ikzf4, Pou2f1/Pou2f2, Casz1 and Nfia/b/x, are expressed in RPCs and guide early versus late cell fate 
decisions [10–14]. However, the gene regulatory networks (GRNs) that direct Müller glia differentiation and maintain 
their identity remain incompletely defined.

RPCs are proliferative neuroepithelial cells that undergo interkinetic nuclear migration (INM), a cell cycle phase- 
dependent process in which nuclei translocate apically during G2/M-phase and basally during S-phase [15]. Upon 
differentiation, RPCs exit the cell cycle and halt INM. Single-cell multiomic analyses have stratified RPCs into  
pre-neurogenic neuroepithelial cells, early and late-stage RPCs and fate-restricted neurogenic RPCs [16,17]. Neuro-
genic RPCs generate the six principal neuronal types, whereas Müller glia are thought to emerge directly from late-
stage RPCs [16]. This model is supported by clonal analyses in zebrafish and time-lapse imaging of dissociated rat 
RPCs which show that Müller glia are typically the final cell type produced within clones [18,19]. While neuronal output 
appears stochastic, with RPCs adopting neuronal fates in ratios that reflect cell-type abundance [18,19], blastomere 
transplantation experiments in zebrafish reveal that each RPC generates a single Müller glial cell per clone, regard-
less of clone size, suggesting a deterministic mode of glial specification [20]. However, conventional lineage-tracing 
methods rely on observable mitoses and cannot resolve division-independent transitions, leaving open the possibility 
that glial commitment may occur through direct RPC conversion without intervening cell divisions.

Complementary single-cell transcriptomic and epigenomic analyses reveal distinct gliogenic trajectories that 
diverge from neurogenic lineages [16,17]. Several TFs are co-expressed in late-stage RPCs and Müller glia, including 
Nfia/b/x, Lhx2, Sox2 and Sox9 [14,21,22], suggesting that the GRNs governing late-stage RPC identity and gliogen-
esis are closely linked. In contrast, neurogenic RPCs express proneural factors such as Ascl1 and Hes6, which are 
absent from the Müller glial program [21]. These divergent transcriptional profiles underscore a molecular bifurcation 
between neurogenic and gliogenic trajectories.

Upon terminal differentiation, Müller glia acquire essential functions for retinal homeostasis, maintaining structural 
integrity, guiding light transmission to photoreceptors, and providing neurotrophic support to retinal neurons [23,24]. 
In cold-blooded vertebrates, Müller glia also function as stem cell-like cells capable of regenerating retinal neurons 
following injury. In zebrafish, retinal damage triggers Müller glia to delaminate, reposition their nuclei [25,26],  
de-differentiate into proliferative progenitor cells, and re-differentiate into retinal neurons that integrate into damaged 
neural circuits [27]. In contrast, mammalian Müller glia exhibit limited regenerative capacity. In rodents, injury induces 
reactive gliosis, with only transient, proliferation observed within the first two days post-injury [28–32]. In mice, nuclear 
displacement varies by injury type, with light damage causing greater disruption than chemical insults [33]. Bulk and 
single-cell RNA-seq and ATAC-seq profiling of injured retinas of fish and mice has identified three Müller glial states: 
resting, reactive, and restoration to resting, the latter unique to mice [28]. While reactive Müller glia upregulate a 
conserved, pro-inflammatory, rapid response across species, slow-response programs diverge: zebrafish activate cell 
cycle and neurogenic competence genes, whereas mice favor reversion to quiescence and ribosomal biogenesis [28].

Imprinted genes, which are mono-allelically expressed based on parent-of-origin, are regulated by selective 
methylation and silencing of either the maternal or paternal allele. Despite their functional diversity, including roles 
in transcription, signaling and cell cycle regulation, many imprinted genes converge on a shared role in maintaining 
cellular quiescence in mature somatic or stem cell populations across tissues, including lung, hematopoietic system, 
skeletal muscle, and brain [34–48]. A meta-analysis of imprinted gene expression identified co-regulated subnetworks, 
suggesting evolutionary pressure toward coordinated control of growth and differentiation [34,49]. Plagl1, a mater-
nally imprinted gene encoding a zinc finger transcription factor, is a member of one such network [34,49]. Numerous 
studies support the role of PLAGL1 as a negative regulator of cell division. PLAGL1 is located on human chromosome 
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6q24-25, a locus associated with growth suppression, with intrauterine grown restriction observed when the expressed 
paternal allele is duplicated [50,51]. PLAGL1 also functions as a bona fide tumor suppressor gene, with loss of 
PLAGL1 expression observed in breast, ovarian, prostate, pituitary, gastric, non-Hodgkin’s lymphoma and colorec-
tal cancers [51–56]. Finally, Plagl1 induces cell cycle arrest when expressed in epithelial, cortical and RPCs [57,58]. 
These properties position Plagl1 as a candidate regulator of fate transitions in the retina, where the balance between 
neurogenesis and gliogenesis depends on tightly controlled exit from the cell cycle.

During retinal development, Plagl1 is expressed in RPCs and coordinates neuronal differentiation, with Plagl1 
loss leading to ectopic proliferation and the overproduction of rod photoreceptors and amacrine cells in mice [58,59], 
consistent with its growth suppressive properties across tissues [52]. Here we show that in the early postnatal retina, 
Plagl1 expression persists in RPCs and is newly initiated in Müller glia. By P7, when differentiation is complete in the 
wild-type central retina, Plagl1 deficiency leads to ectopic proliferation accompanied by widespread changes in gene 
expression and chromatin accessibility. Together, these findings establish Plagl1 as a critical regulator of the late-
stage RPC-to-Müller glia transition, ensuring timely cell-cycle exit and stabilizing Müller glial identity through coordi-
nated transcriptional and epigenetic control.

Results

Plagl1 is expressed in Müller glia and dynamically regulated in response to retinal damage

Plagl1 is expressed in both early- and late-stage RPCs during embryonic and early postnatal development [58]. To 
assess whether Plagl1 expression persists in postmitotic retinal cells, we performed RNAscope in situ hybridization on 
P7 retinas, focusing on the central retina where cellular differentiation is complete. Plagl1 transcripts were detected 
in the inner nuclear layer (INL) and ganglion cell layer (GCL), overlapping with Sox9 expression (Fig 1A), a marker of 
RPCs, post-mitotic precursors and Müller glia in the INL and astrocytes in the GCL [60]. To further investigate Plagl1 
expression in mature glial populations, we analyzed an RNA-seq dataset derived from GFP-enriched Müller glia 
sorted from 2-month-old GLASTCreER;Sun1-sGFP mice [28]. Plagl1 and Sox9 were co-expressed in GFP+ Müller glia 
alongside additional late-stage RPC-glial markers, whereas transcripts associated with other retinal cell types were 
confined to GFP-negative fractions (Fig 1B). Immunohistochemical analysis confirmed robust co-expression of Plagl1 
and Sox9 at the protein level in P7 retinas; 91.8 ± 0.8% of Plagl1+ cells co-expressed Sox9, and 78.9 ± 2.2% of Sox9+ 
cells were Plagl1+ (Fig 1C). These findings demonstrate that Plagl1 transcription and translation persist in differenti-
ated retinal layers and largely overlap with Sox9+ populations, consistent with expression in Müller glia, RPCs, com-
mitted precursors and/or astrocytes.

Müller glia exhibit dynamic transcriptional responses following retinal injury, characterized by the upregulation of 
gliogenic markers such as GFAP [28–32]. To evaluate whether Plagl1 expression is modulated by injury, we analyzed 
transcriptomic data from enriched Müller glia isolated from two-month-old mice subjected to N-methyl-D-aspartate 
(NMDA) or light damage (LD) [28]. In this single-cell (sc) RNA-sequencing dataset, Plagl1 was expressed at the high-
est levels in activated followed by resting Müller glia (Fig 1D and 1E). Complementary bulk RNA-seq data collected at 
3-, 6-, 12-, and 36-hours following NMDA exposure, and 4-, 16-, and 24-hours following LD revealed a rapid induction 
of Plagl1 transcripts within 3–4 hours of damage, followed by a decline below baseline levels by 12–16 hours (Fig 1F). 
These temporal dynamics suggest that Plagl1 functions as an early injury-responsive gene in Müller glia.

To define the temporal dynamics of Plagl1 expression following photoreceptor degeneration, two-month-old wild-
type mice were treated with N-methyl-N-nitrosourea (MNU), which induces selective photoreceptor loss [61]. Retinal 
tissues were analyzed at 2-, 3-, 7-, and 21-days post-injection. Reactive gliosis was evident at all time points, marked 
by GFAP upregulation and disorganization of Sox9 ⁺ cells, as shown by immunostaining and RNAScope (Figs 1G, 1I, 
and S1A–S1D). Importantly, Sox9 ⁺ cell numbers remained unchanged, indicating that their disorganization did not 
arise from aberrant proliferation (Fig 1H).
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Fig 1.  Dynamic expression of Plagl1 in Müller glia in the healthy and injured postnatal retina. (A) RNAscope in situ hybridization (ISH) with 
Plagl1 (green) and Sox9 (red) riboprobes on P7 retina. Scale bar = 100 µm. Right side panels are high magnifications of boxed areas. Scale bars = 25 
µm. (B) RNAseq analysis of P60 Müller glia (GFP+ cells sorted from GLASTCreER;Sun1-sGFP mice) extracted from accession GSE135406, showing 
Plagl1 expression along with Müller glial markers (Sox9, Vim, Sox2, Glul, Rlbp), bipolar (Vsx1, Vsx2) and photoreceptor (Crx, Otx2) markers in GFP+ 
relative to GFP- cells. (C) Immunostaining with Plagl (green) and Sox9 (red) antibodies on P7 retina. Blue is DAPI nuclear stain. Scale bars = 25 µm. 
(D) tSNE-dimensionality reduction to represent retinal cell clustering following NMDA treatment (data extracted from [28]). Relative Plagl1 expression in 
astrocytes = 0.108, resting Müller glia = 0.236 activated Müller glia = 0.308. (E) Heat map showing Plagl1 transcript distribution in each of the clusters in 
panel D. (F) Temporal profiling of Plagl1 expression in Müller glia after 3, 6, 12, or 36 hr (NMDA damage) or 4, 16, or 24 hr (light damage). RNAseq data 
extracted from GSE135406. (G) Immunolabeling of GFAP, Rho, Arr3, and Sox9 on adult wild-type retinas at 3 days post-PBS or -MNU treatment. Blue is 
DAPI nuclear stain. Scale bars = 50 µm. (H) Sox9+ cell counts at 3 days post-MNU treatment. N = 3 control, N = 5 Plagl1+/-pat. Mean values and error bars 
representing s.e.m. were plotted. p-values were calculated with an unpaired t-test. (I) RNAscope ISH for Plagl1 and Sox9 on adult wild-type retinas at 3 
days post-PBS or -MNU treatment. Blue is DAPI nuclear stain. Scale bars = 50 µm. (J) Gfap and Plagl1 expression quantified by qPCR in retinas at 3-, 
6-, 12-, 24- and 72-hr post-treatment with MNU or PBS. N = 4 for all time points. Mean values and error bars representing the standard error of the mean 
(s.e.m.) were plotted. p-values were calculated with an unpaired t-test comparing individual time points to PBS control. GCL, ganglion cell layer; INL, 
inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

https://doi.org/10.1371/journal.pgen.1012020.g001
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MNU-induced photoreceptor degeneration progressed rapidly: by day 3, photoreceptor degeneration was already 
pronounced, and by days 7 and 21, the ONL was largely absent, as indicated by loss of Rhodopsin (Rho) protein 
and Rcvrn mRNA (rods), together with loss of Arr3 protein (cones) (Figs 1G, 1I, S1A and S1B). At day 3, RNAscope 
revealed ectopic Plagl1 and Sox9 transcripts in regions above the degenerating ONL that lacked DAPI+ nuclei, likely 
reflecting non-specific trapping of RNA within the debris-rich tissue and not true cellular expression (Fig 1I). Con-
sistent with this interpretation, such apical accumulation was absent at 7- and 21- days post-injury, when the retinal 
architecture had stabilized (S1A and S1B Fig). Within the INL, Plagl1 expression was downregulated by day 3 post- 
injury, as confirmed by RNAscope and qPCR (Figs 1I-1J and S1A-S1D). Notably, a transient upregulation of Plagl1 
was detected as early as 3 hours after MNU exposure, preceding GFAP induction, and remained elevated for approxi-
mately 12 hours before declining to baseline (Figs 1I-1J, S1C, and S1D).

Together, these findings demonstrate that Plagl1 is expressed in Müller glia and undergoes dynamic regulation fol-
lowing retinal injury, with transient early induction and sustained downregulation coinciding with the shift from resting 
to reactive states.

Plagl1 is required for timely cell-cycle exit and proper organization of Sox9 ⁺ Müller glia and glial precursors

Given its expression in late-stage RPCs and Müller glia, we hypothesized that Plagl1 regulates the transition from a 
progenitor to glial fate. To test this, we examined Plagl1+/-pat null mutant retinas, which lack Plagl1 expression due to 
maternal allele silencing and paternal allele mutation [34,49,58]. Since Plagl1 functions as a tumor suppressor gene 
that promotes cell cycle exit across tissues [51–56], including the embryonic retina [58], we first assessed proliferation 
at P7, when differentiation is complete in the central retina. A 30-minute BrdU pulse followed by Sox9 immunostaining 
showed that Sox9+ cells formed a compact monolayer of BrdU-negative cells in the center of wild-type retinas, com-
prising postmitotic committed precursors and Müller glia (Fig 2A). In contrast, some Plagl1+/-pat retinas displayed dis-
persed Sox9+ cells, particularly within dysmorphic regions of the central retina, where ONL rosettes formed (Fig 2A). 
Such rosettes are associated with defects in adherens junctions at the outer limiting membrane (OLM), where Müller 
glial endfeet normally anchor photoreceptor inner segments to maintain epithelial integrity [62,63]. Both dysmorphic 
and non-dysmorphic regions contained scattered ectopic BrdU+ cells, 73.9 ± 6.3% of which co-expressed Sox9, indi-
cating that they are Müller glia and/or late-stage RPCs that failed to exit the cell cycle (Fig 2B). Ectopic proliferation 
was not observed at P14 or P21, suggesting a transient defect restricted to the early postnatal period. Thus, loss of 
Plagl1 delays cell cycle exit and disrupts the spatial organization of Sox9+ glial and precursor cells, likely reflecting 
aberrant proliferation during the final stages of Müller glial maturation.

To determine whether the progeny of these ectopically proliferating cells persist, we performed BrdU birthdat-
ing by labeling dividing cells at P7 and examining retinas at P14. In wild-type central retinas, BrdU⁺ cells were 
absent, consistent with the cessation of central RPC proliferation by P7 (Fig 2C). In contrast, BrdU⁺ cells were 
readily detected in P14 Plagl1+/-pat central retinas, even outside of rosette-like structures (Fig 2C). Among these 
ectopic BrdU⁺ cells, 43.2 ± 1.6% expressed Sox9 (Fig 2D), indicating that the ectopically dividing glial precursors 
persist in the absence of Plagl1. To confirm that BrdU⁺ cells reflected active proliferation rather than passive 
BrdU uptake during apoptosis, we performed Sox9-Ki67 co-immunolabelling. In wild-type retinas, Sox9+ cells 
were present throughout the central-to-peripheral axis, whereas Ki67+ cells were confined to the peripheral cili-
ary margin (CM) at P7 (Fig 2E). In Plagl1+/-pat retinas, however, ectopic Ki67+ cells appeared in the central retina, 
often within rosettes, some of which co-expressed Sox9 (Fig 2E).

To assess whether cell death contributed to these abnormalities, we immunostained for cleaved caspase 3 (cc3). 
Apoptosis is a normal feature of embryonic and early postnatal retinal development [64], as confirmed by the pres-
ence of cc3+ cells in the P5 wild-type retina (S2A Fig). However, no cc3+ cells were observed in wild-type or mutant 
retinas at P7 or P21, despite the presence of ectopic cell proliferation at P7 (S2A Fig). This contrasts with embryonic 
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Fig 2.  Defects in the late RPC to Müller glia transition in Plagl1+/-pat retinas. (A) Co-immunostaining of Sox9 and BrdU on P7 wild-type and Plagl1+/-pat 
retinal sections injected with BrdU for 30 min prior to harvest (A). Blue is DAPI nuclear stain. Images in second row are high magnifications of the boxed 
areas in the upper panels. Scale bars: 100µm. (B) Graphs show quantification of BrdU+ cells, and the percentage of BrdU+ cells that are Sox9+ in P7 
wild-type and Plagl1+/-pat retinal sections injected with BrdU 30 min prior to dissection at P7. wild-type: N = 9, Plagl1+/-pat N = 8. Mean values and error bars 
representing s.e.m. were plotted. p-values calculated with one way ANOVA and post-hoc Tukey test. (C) BrdU birthdating (P7 BrdU to P14 dissection) in 
vivo, followed by BrdU co-immunostaining with Sox9 on P14 wild-type and Plagl1+/-pat retinal sections (C). Blue is DAPI counterstain. Scale bars: 75µm. 
(D) Quantification of BrdU birthdating (P7 BrdU to P14 dissection), showing the percentage of BrdU+ cells that are Sox9+ in P14 wild-type and Plagl1+/-pat 
retinas in vivo. wild-type: N = 5, Plagl1+/-pat N = 5. Mean values and error bars representing s.e.m. were plotted. p-values calculated with unpaired t-test. 
(E) Co-immunostaining for Sox9 and Ki67 in P7 wild-type retinas. Blue is DAPI nuclear stain. Scale bars: 200µm. (F) Co-immunostaining for Sox9 and 
Ki67 in P7 Plagl1+/-pat retinas. Blue is DAPI nuclear stain. Scale bars: 100µm. (G) Quantification of Ki67+ cells/field. wild-type: N = 3, Plagl1+/-pat N = 3. Mean 
values and error bars representing s.e.m. were plotted. p-values calculated with unpaired t-test.

https://doi.org/10.1371/journal.pgen.1012020.g002
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Plagl1+/-pat retinas, in which apoptosis is reduced [58]. Together, these findings indicate that, in the absence of Plagl1, 
a subset of Sox9 ⁺ cells fail to exit the cell cycle by P7, and become disorganized, likely as a secondary consequence 
of sustained proliferation rather than altered cell death.

Plagl1 is required to maintain retinal integrity and for proper visual function

To assess the long-term consequences of Plagl1 loss, we collected Plagl1+/-pat animals at juvenile (P14, P21, P30) and 
early adult (P45, P60) stages. At P21, we performed optical coherence tomography (OCT) imaging to obtain a non- 
invasive, high-resolution assessment of retinal morphology. Infrared en face images were used to capture fundus 
landmarks and to align scans across animals, ensuring that wild-type and mutant retinas were compared at similar 
eccentricities and along matched axes (Fig 3A). In wild-type retinas, cross-sectional OCT imaging revealed sharply 
defined laminar architecture, with clear contrast between hyperreflective synaptic layers and hyporeflective nuclear 
layers. (Fig 3A). In contrast, Plagl1+/–pat retinas exhibited focal hyporeflectivity within the inner plexiform layer (IPL), 
consistent with a disruption of the laminar architecture (Fig 3A). These changes suggest structural disorganization 
involving both nuclear and synaptic compartments.

Histological sections from Plagl1+/–pat retinas at P7, P14, P21, and P60 revealed additional dysmorphologies, includ-
ing ectopias, defined as protrusions of ONL nuclei into the subretinal space, and rosettes, which were focal ONL dys-
plasias that also deformed the adjacent INL (Figs 3B-3C and S2B). Rod (Rho+) and cone (Arr3+, S-opsin+,  
M-opsin+) photoreceptors were the most disrupted, with their outer segments internalized into the central lumens of 
retinal rosettes at P21 (Figs 3D and S2C). In contrast, amacrine (Pax6+, syntaxin+, calretinin+), bipolar (Vsx2+, PKC+), 
horizontal (calbindin+), and ganglion (Pax6+, Brn3a+) cells were generally retained in appropriate laminar positions, 
although local disruptions were evident near rosettes (S2C Fig). Rlbp1+ Müller glial processes were also abnormal 
in P21 Plagl1+/–pat retinas, as was the OLM, where Müller glial processes terminate, marked by ZO-1 immunostaining 
of adherens junctions (Figs 3E and S2C). Plagl1+/-pat retinas displayed additional spontaneous features of an injury 
response, including infiltration of CD11b+ macrophages and Iba1+ microglia (Fig 3F) and abnormal node-like structures 
and tortuosity of the Isolectin-B4+ vasculature (Fig 3G).

The morphological abnormalities observed in Plagl1+/–pat retinas resembled phenotypes reported in mutant mouse 
models with underlying Müller glial dysfunction [23,65,66]. To investigate whether Plagl1 loss induces reactive glio-
sis, we examined markers associated with stress-induced Müller glial activation, including the intermediate filament 
proteins glial fibrillary acidic protein (GFAP) and Vimentin (Vim). Vimentin labeled Müller glial cell bodies, processes, 
and endfeet in both P14 wild-type and Plagl1+/–pat retinas, however expression was markedly elevated in mutants (Fig 
3H). In wild-type retinas, GFAP expression was restricted to astrocytes lining the GCL, whereas in Plagl1+/–pat retinas, 
GFAP was also detected in Müller glial processes at P14, P21, and P45, particularly in near rosette-like structures (Fig 
3I). To further assess gliotic activation, we examined phosphorylation of ERK at T202/Y204 (pERK), a marker of cel-
lular stress. pERK levels were elevated in P14 Plagl1+/–pat retinas, as confirmed by immunostaining and Western blot 
analysis (Fig 3J and 3K). Additionally, expression of glutamate-ammonia ligase (Glul, or glutamine synthetase), a key 
Müller glial enzyme typically downregulated during gliosis, was reduced in P14 mutant retinas by both assays (Fig 3L 
and 3M). Together, these findings indicate that Plagl1 loss triggers a reactive gliosis response in Müller glia, marked 
by cytoskeletal remodeling, stress signaling, and metabolic dysregulation.

To evaluate functional consequences of Plagl1 loss, we recorded full-field electroretinograms (ERGs) in P30 
juvenile mice, after P25 when full visual acuity is normally acquired. Under both scotopic (Fig 3N) and photopic (Fig 
3O) conditions, a- and b-wave amplitudes were comparable between wild-type and Plagl1+/–pat animals, indicating that 
gross retinal circuitry remained intact. However, implicit times for both a- and b-waves were significantly prolonged in 
Plagl1+/–pat mice under both adaptation states, suggesting delayed activation of rod- and cone-driven phototransduc-
tion and impaired inner retinal signal modulation (Fig 3N and 3O). These functional delays, in the context of preserved 
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Fig 3.  Loss of Plagl1 function perturbs retinal architecture and function. (A) Infrared en face fundus images (left) and corresponding OCT-derived 
cross-sectional scans (right) from P21 wild-type (N = 5) and Plagl1+/–pat (N = 4) retinas. Green horizontal lines on the fundus images indicate the location of 
the cross-sectional OCT scans. Scale bars: 200 µm. (B) DAPI staining of P21 wild-type and Plagl1+/-pat retinas, showing retinal ectopias (asterisks) and 
rosettes (arrowheads). Right side panels are high magnification images of boxed areas. Scale bars: 25µm (C) Quantification of rosettes and ectopias in 
wild-type and Plagl1+/-pat retinas at P7, P14, P21 and P60. N = 5 for all stages. (D-F) Immunostaining of in P21 wild-type and Plagl1+/-pat retinas for Rho-
dopsin and Arr3 (D), ZO1 (E), Iba1 and CD11b (F). Arrowheads mark ectopias and rosettes. Blue is DAPI counterstain. Scale bars: 25µm (G) Staining 
for Isolectin B4 in P30 wild-type and Plagl1+/-pat flatmounted retinas. Arrowheads show nodes and tortuous vessels. Right images are high magnifications 
of the boxed area in left images. Scale bars: 25µm (H) Immunostaining for vimentin (Vim) in P14 wild-type and Plagl1+/-pat retinal sections. Arrow -heads 
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waveform amplitudes, point to a biochemical signal processing defect rather than a global synaptic failure. Together, 
these findings demonstrate that Plagl1 is required for maintaining retinal structural integrity, regulating Müller glial 
homeostasis, and ensuring timely transmission of visual signals.

Loss of Plagl1 thus disrupts laminar organization, induces reactive gliosis, and impairs the kinetics of retinal sig-
nal processing, highlighting its essential role in coordinating retinal development and function. Of note, the disrupted 
Sox9 ⁺ monolayer likely reflects a cell-autonomous effect of Plagl1 loss in Müller glia, where its expression is highest, 
rather than a secondary consequence of retinal dysmorphology. Moreover, the subtle ERG effects likely stem from 
localized structural defects rather than widespread retinal disruption, as also observed in Crb1 [62] and Dicer [67] 
mutant models.

Plagl1 regulates a large network of retinal genes controlling transcription, chromatin, translation, 
proliferation, and a glial fate

Plagl1 can function as a transcriptional activator or repressor depending on cellular context and target genes [52]. To 
investigate how Plagl1 regulates the transition from late-stage RPCs to Müller glia, we performed bulk RNA-seq on 
P7 wild-type (N = 4) and Plagl1+/-pat (N = 8) retinas, a stage when mutant cells exhibit ectopic proliferation. Differential 
expression analysis identified 2552 genes significantly altered in Plagl1+/-pat retinas, including 1410 upregulated and 
1142 downregulated transcripts (adjusted p value< 0.05; fold change < -1.2 or >1.2; Fig 4A and S1 Table). Transcript 
coverage across the Plagl1 locus confirmed the absence of reads mapping to exons 5 and 6 in Plagl1+/-pat retinas (Fig 
4B), consistent with the targeted deletion [49] and sustained maternal allele silencing previously observed in other cell 
types [68]. Thus, Plagl1 remains mono-allelically expressed in the postnatal retina, in contrast to some IGN genes that 
become biallelically expressed in adult somatic cells, such as Dlk1 [46] and Igf2 [45].

Gene ontology (GO) analysis revealed enrichment of biological processes related to “covalent chromatin modifi-
cation”, “positive regulation of neuronal differentiation”, “stem cell population maintenance” and “regulation of trans-
lation” (Fig 4C and S2 Table). Related terms were also enriched in Molecular Function and Cellular Component GO 
categories (S3A and S3B Fig). KEGG pathway analysis identified Notch signaling, implicated in both RPC proliferation 
[69–71] and Müller glial differentiation [69–73], as significantly enriched, along with AMPK signaling, which inhibits 
protein translation [74] (Fig 4D).

To assess whether Plagl1 loss affects genes enriched in Müller glia, we compared the Plagl1+/–pat DEGs to a Müller 
glia transcriptome generated from GLASTCreER;Sun1-sGFP mice [28]. Of the 2635 glial-enriched genes, 372 were 
differentially expressed, including 275 upregulated and 97 downregulated transcripts (Fig 4E). Genes significantly 
altered in Plagl1+/–pat retinas (padj<0.05) clustered into four major categories: transcription factors, translational regu-
lators, chromatin modifiers/transcriptional repressors, and Notch signaling components, reflecting broad disruption of 
developmental and regulatory programs (Fig 4F). Statistically significant genes from annotated categories included 
TFs from the Nfi [14], Sox [73] Lhx [75], and Tead [76] families [75], as well as components of the Notch (Notch1, 

point to ectopic Vim expression in Plagl1+/-pat retinas. Blue is DAPI counterstain. Scale bars: 25µm (I) Immunostaining for GFAP in P14, P21 and P45 
wild-type and Plagl1+/-pat retinal sections. Arrowheads point to ectopic GFAP expression in Plagl1+/-pat retinas. Blue is DAPI counterstain. Scale bars: 
25µm (J) Immunostaining for pERK in P14 wild-type and Plagl1+/-pat retinal sections. Arrowheads point to pERK upregulation in Plagl1+/-pat retinas. Blue is 
DAPI counterstain. Scale bars: 25µm (K) Western blotting for pERK in P14 wild-type and Plagl1+/-pat retinas. N = 6 wild-type and N = 6 Plagl1+/-pat retinas. 
Violin plots display the data distribution, with superimposed mean values and error bars indicating the s.e.m..p-values calculated with unpaired t-test. 
(L) Immunostaining for Glul staining in P14 wild-type and Plagl1+/-pat retinal sections. Arrowheads point to Glul gaps in Plagl1+/-pat retinas. Blue is DAPI 
counterstain. Scale bars: 25µm (M) Western blotting for Glul in P14 wild-type and Plagl1+/-pat retinas showing decrease of Glul protein levels. N = 6 wild-
type and N = 6 Plagl1+/-pat retinas. Violin plots display the data distribution, with superimposed mean values and error bars indicating the s.e.m. p-values 
calculated with unpaired t-test. (N,O) Full field ERG recordings of P30 wild-type and Plagl1+/-pat mice under scotopic (N) and photopic (O) conditions. N

 
= 6 

(wild-type), N = 5 (Plagl1+/-pat). Plots show a- and b-wave amplitudes and implicit times. Statistics: Kruskall-Wallis. GCL, ganglion cell layer; INL, inner 
nuclear layer; ONL, outer nuclear layer; OLM, outer limiting membrane.

https://doi.org/10.1371/journal.pgen.1012020.g003
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Notch2, Hes1, Hes5, Dll1, Jag2) and Shh (Smo, Gli2, Gli3) pathways (Fig 4G). While several of these factors are 
expressed in late RPCs and/or Müller glia, others are active in other retinal lineages, suggesting widespread transcrip-
tional deregulation. As cell-type attribution is not possible with bulk RNA-seq, these findings reflect changes in gene 
expression across the whole retinal tissue rather than specific cellular compartments.

Consistent with widespread transcriptional changes, several chromatin modifiers and transcriptional repressors 
(Arid1a, Kdm4a, Smarca4, Atn1, Rcor2, Ncor2) were elevated in Plagl1+/-pat retinas (Figs 4F and S3C). In contrast, 
ribosomal genes (e.g., Rpl14, Rps21, Rpl37a, Rpl7, Rps14, Rps7) were among the most downregulated, while 

Fig 4.  Transcriptomic profiling of P7 Plagl1+/-p retinas. (A) Volcano plot of DEGs from bulk RNAseq analysis of P7 wild-type and Plagl1+/-pat retinas. 
(B) RNAseq read coverage of Plagl1 genomic locus in wild-type and Plagl1+/-pat showing absence of coverage of exon 5 in Plagl1+/-pat indicating that all 
the sequenced transcripts are of paternal origin. (C,D) Gene ontology terms elevated in P7 Plagl1+/-p retinas associated with Biological Processes (C) 
and KEGG pathway analysis (D). (E) Venn diagrams showing Müller glia-specific genes that are differentially expressed, followed by Müller glia specific 
genes that are up and down-regulated in Plagl1+/-pat retinas. (F) padj values for Müller glia specific genes among the DEGs in P7 Plagl1+/-pat retinas. (G) 
Mean FPKM values for select DEGs in P7 Plagl1+/-pat retinas were plotted with s.e.m.. padj values were computed using DESeq2.

https://doi.org/10.1371/journal.pgen.1012020.g004
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Eif4ebp2, a key negative regulator of protein translation, was upregulated (Figs 4F and S3D). qPCR validation con-
firmed increased expression of late RPC/Müller glia markers (Sox9, Lhx2, Hes1) and decreased expression of ribo-
somal genes (Rpl13, Rpl26) in P7 Plagl1+/-pat retinas (S3E Fig).

Finally, because Sox9+ cells proliferate ectopically in Plagl1+/-pat retinas, to further investigate the transcriptional 
basis, we compiled a curated list of 616 cell cycle-associated genes and assessed their expression in our RNA-
seq dataset (S4A Fig and S3 Table). Of these, 90 genes were differentially expressed (14.6%) in Plagl1+/-pat retinas, 
including 50 down-regulated and 40 up-regulated (S4 Fig). Downregulated genes included known cell cycle progres-
sion inhibitors such as Cdkn2d, while upregulated genes included positive regulators such as Cdk6, Cdk11b, and 
Pak4. Of these, 64 deregulated genes (27 upregulated, 37 downregulated) are expressed in Müller glia, suggesting 
cell type-specific relevance (S4B Fig). We acknowledge that some canonical cell cycle drivers, including Ccne2 and 
Ccng1, were downregulated despite the presence of proliferating cells. This likely reflects the complexity of cell cycle 
regulation, as well as the cellular heterogeneity of the retina at P7, in which most cells are postmitotic. The mixed 
directionality of cell cycle gene expression may therefore reflect both cell type-specific regulation and dilution of signal 
in bulk tissue.

In summary, transcriptomic changes in Plagl1+/–pat retinas reflect dysregulation of key pathways governing chromatin 
remodeling, protein translation, and cell cycle control, collectively supporting a model in which Plagl1 orchestrates the 
coordinated exit from proliferation and initiation of glial differentiation.

Plagl1 loss results in a global reduction in chromatin accessibility

“Covalent chromatin modification” and “histone modification” were the two top GO Biological Process terms asso-
ciated with DEGs in P7 Plagl1+/-pat retinas (Fig 4C), suggesting potential epigenetic dysregulation. To determine 
whether these transcriptomic changes were accompanied by alterations to chromatin accessibility, we performed 
ATAC-seq on P7 wild-type (N = 3) and Plagl1+/-pat (N = 3) retinas to identify nucleosome-sparse (open) regions of 
genomic DNA. Globally, we identified 833 differentially accessible regions (DARs) in Plagl1+/-pat retinas, of which 
98% (814/833) showed decreased accessibility (Fig 5A), indicating widespread chromatin compaction. For down-
stream analyses, we focused on the 311 DARs located within ±5000 bp of transcription start sites (TSSs) that 
could be confidently assigned to genes. These DARs were predominantly centered around the TSS and enriched 
in promoter and intronic regions, with fewer located in intergenic, downstream, exonic, or 3′UTR regions (Fig 5B 
and 5C). This distribution reflects both the expected promoter bias of the ± 5 kb window and broader regulatory 
disruption across multiple genomic compartments.

Of the 311 gene-assigned DARs located within ±5 kb of TSSs, nearly all (308/311) exhibited decreased acces-
sibility in Plagl1+/-pat retinas. Among these, 15 overlapped with down-regulated DEGs and 36 with up-regulated 
DEGs in mutants (S4 Table). Although the overall overlap between DARs and DEGs was modest, a few genes 
known to be expressed in late-stage RPCs and early Müller glia, including Lhx2, were differentially expressed 
and associated with DARs in Plagl1+/–pat retinas. This limited concordance between chromatin accessibility and 
gene expression has been reported in other systems, supporting the notion that changes in chromatin state do 
not always translate directly into transcriptional output [77]. To further explore the functional relevance of these 
DARs, we performed GO term enrichment analysis on the gene-assigned regions. The top terms included “neg-
ative regulation of cell cycle,” “mitotic cell cycle phase transition,” and “regulation of translation” (Fig 5D). Thus, 
both bulk RNA-seq and ATAC-seq analyses converge on the same biological processes, cell cycle regulation and 
protein translation, as disrupted in Plagl1+/–pat retinas.

To investigate how Plagl1 regulates the biological processes disrupted in mutant retinas, we constructed a 
GRN by integrating differentially expressed genes (DEGs) from bulk RNA-seq, differentially accessible regions 
(DARs) from ATAC-seq, and a published Plagl1 ChIP-seq dataset [68]. This analysis revealed Plagl1 as a central 
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hub TF whose loss leads to increased expression of 39 DEGs identified as direct Plagl1 targets (S5 Table; blue 
nodes, and Fig 5E). Within the GRN, Plagl1 primarily functions as a transcriptional repressor, targeting genes 
involved in Müller glial activation and late-stage RPC identity, including Nfix, Lhx2, and Vsx2 (Fig 5E). In addition, 
Plagl1 represses key downstream effectors of multiple signaling pathways, including Notch (Hes1, Hes5), Hedge-
hog (Gli2, Gli3), Wnt (Tcf4, Tcf7l2), and Yap (Tead1), suggesting broad regulatory influence over gliogenic and 
proliferative programs. Taken together, these data support a model in which late-stage RPCs in Plagl1+/–pat retinas ini-
tiate gliogenic gene expression and begin transitioning toward a Müller glial fate, but fail to properly exit the cell cycle.

Single-cell transcriptomics maps Plagl1 expression to glial and precursor states

Bulk ‘omic’ analyses are ideal for gene discovery but lack the cellular resolution required to detect transcriptional 
changes within specific retinal cell types. To identify cell type-specific molecular alterations in Plagl1+/-pat retinas, we 

Fig 5.  Analysis of open chromatin in P7 Plagl1+/-p retinas and computational analysis of the Plagl1-associated GRN. (A) ATACseq MAplot show-
ing differentially accessible chromatin regions in P7 Plagl1+/-pat vs wild-type retinas. (B) Distribution of the 311/833 gene-assigned DARs identified around 
the TSS in P7 Plagl1+/-pat retinas. (C) Distribution of the 311/833 gene-assigned DARs in promoter regions, introns, intergenic regions, immediate down-
stream regions, exons, 3’UTRs and 5’UTRs in P7 Plagl1+/-pat retinas. (D) Biological process GO terms associated with the 311 gene-assigned DARs. (E) 
Gene regulatory network associated with the P7 retina, with associated changes in Plagl1+/-pat retinas. Red circled genes are down-regulated and blue 
circled genes are upregulated.

https://doi.org/10.1371/journal.pgen.1012020.g005
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performed single-cell RNA-sequencing (scRNA-seq) on P7 retinas from eight pups (cs1-cs8), including 5 wild-type 
and 3 Plagl1+/-pat samples. To reduce ambient RNA contamination, particularly from photoreceptors prone to lysis, we 
used a dead cell removal kit prior to library preparation and applied CellBender for computational correction. Quality 
control (QC) thresholds excluded low-quality cells and doublets, and QC metrics remained consistent before and after 
correction (S5A–S5C Fig).

A total of 8893, 8131, 7610, 17747, 19685, 22614, 23261 and 15615 cells passed QC in cs1-to-cs8, respectively, with 
an average of 5650 transcript reads per cell across all eight samples. Since biological sex is difficult to determine at P7, 
we assessed the expression of sex-specific markers, including Xist for female and Eif2s3y for male pups, revealing that all 
Plagl1+/-pat samples were male, while the wild-type group included two male and three female retinas (S5D and S5E Fig). 
Transcript coverage analysis confirmed that Plagl1 exon 5 was not transcribed in the three Plagl1+/-pat retinas (S5F Fig), indi-
cating that all Plagl1 transcripts detected in Plagl1+/-pat samples originated from the mutant paternal allele (S5G Fig).

Unsupervised clustering using Seurat and UMAP visualization identified 41 retinal cell clusters (Fig 6A). Canonical mark-
ers defined four Müller glial clusters (7, 11, 23, 37) and two precursor populations (16, 20), all expressing Plagl1 together 
with the glial markers Sox9 and Lhx2 (Fig 6B and 6C). Clusters 16 and 20 also expressed neuronal commitment markers 
Neurog2 and Gadd45g, consistent with their identity as fate-committed precursors (S6A Fig). The near absence of cell cycle 
marker (Mki67, Top2a, Ube2c) expression in clusters 16 and 20 further indicated that these cells are postmitotic and under-
going early lineage specification (S7A Fig).

Photoreceptor markers (Neurod1, Nrl, Nr2e3) were enriched in clusters 0–4, 6, and 9, which lacked cone markers 
(Opn1mw, Opn1sw, Arr3) and were therefore designated as rod photoreceptors (Figs 6B and S6B). These rod markers 
were also detected in cluster 16, which co-expressed Plagl1, Sox9, and Sox2, consistent with its designation as a committed 
precursor population (S6B Fig). In contrast, Müller glia and other differentiated cell types showed low photoreceptor gene 
expression, regardless of CellBender correction (S6B and S6D Fig). However, the broad distribution of Nr2e3 and Nrl tran-
scripts across clusters and genotypes suggested ambient RNA contamination or transcriptional overlap (S6C Fig), limiting 
interpretation of photoreceptor gene enrichment in Plagl1 mutants. Nonetheless, rod photoreceptor cluster assignments 
remained robust based on marker abundance (Fig 6A and 6B).

To refine annotation of Plagl1-expressing clusters, we examined mean transcript levels of Plagl1 alongside the glial 
markers Sox9 and Sox2 across all clusters (Fig 6D and S6 Table). Plagl1 expression was highest in Müller glia, lower in 
committed precursors and minimal in astrocytes and other differentiated cell types. Since Plagl1 is maternally imprinted, 
both wild-type and mutant animals express only a single allele, the wild-type or mutant copy, respectively. Nonetheless, 
mutants exhibited reduced Plagl1 RNA in cluster 7 Müller glia, cluster 16 precursors, and cluster 34 astrocytes, sugges-
tive of a cis-acting defect in transcription and/or RNA stability of the mutant allele in certain cellular contexts (Fig 6D and 
S7 Table). Sox9 was broadly expressed across glial lineages, whereas Sox2 showed a more restricted pattern, marking 
Müller glia, committed precursors, astrocytes, and a single amacrine population (S7B Fig). These patterns confirm that 
Plagl1 is co-expressed with established glial markers, supporting its potential role in regulating glial differentiation.

To assess genotype-dependent changes in retinal cell composition, we quantified the proportion of cells assigned to each 
cluster (Fig 6E and S8 Table). No statistically significant differences in cell representation were identified, indicating that 
major retinal cell populations are similarly represented in Plagl1+/–pat retinas (Fig 6E and S9 Table). Accordingly, overlayed 
UMAPs further showed near-complete superimposition of wild-type and mutant cells (Fig 6F), confirming that transcriptional 
differences between genotypes are not driven by gross changes in cell-type abundance or clustering structure.

At P7, a small population of proliferating RPCs is expected in the peripheral retina. However, we did not resolve a 
discrete RPC cluster, likely due to limitations of dimensionality reduction, which can obscure transcriptional gradients 
and compress transitional progenitor states into adjacent mature cell-type clusters. As a result, RPCs that share gene 
expression profiles with Müller glia, including Sox9, Lhx2 and Plagl1 (Fig 6C), may have been misclassified. To inves-
tigate this possibility, we examined the distribution of canonical cell cycle markers (Mki67, Ube2c, Top2a).  
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A subset of cells within clusters 11 and 23 displayed proliferative signatures in both genotypes (S7A and S7B Fig), 
suggesting that RPCs are embedded within these Müller glia clusters. At this resolution, however, proliferation marker 
expression did not differ significantly between genotypes (S7A and S7B Fig). We also detected cell-cycle gene 
expression in clusters 35 and 36, annotated as endothelial cells, suggesting they are proliferative (Fig 7A and 7B).

Fig 6.  Single cell transcriptomic analysis reveals the ectopic expression of phototransduction and photoreceptor differentiation genes in in 
P7 Plagl1+/-p Müller glia. (A) UMAP dimensional reduction plot showing clustering of P7 retinal cells. (B) Dot plot showing expression levels of genes 
used to assign cluster identities in P7 Plagl1+/-pat vs wild-type retinas. (C) Feature plots showing the distribution of Plagl1, Sox9 and Lhx2 in each cluster 
in P7 Plagl1+/-pat and wild-type retinas. (D) Mean transcript counts per cell for Plagl1 and Sox9 in each cluster in P7 Plagl1+/-pat vs wild-type retinas. 
p-values calculated with unpaired t-test for each cluster. Only Plagl1 transcript counts were different between wild-type and mutants in the clusters with 
p-values shown. (E) Proportion of sequenced cells per cluster in in P7 Plagl1+/-pat vs wild-type retinas. p-values calculated with unpaired t-test for each 
cluster, but none were significant. (F) Overlay of UMAP plots for P7 Plagl1+/-pat vs wild-type retinas. (G) PCA plot comparing the transcriptomes of all cells 
in P7 Plagl1+/-pat vs wild-type retinas. (H) PCA plot comparing the transcriptomes of Sox9 + cells only in P7 Plagl1+/-pat vs wild-type retinas. (I) Gene set 
enrichment analysis showing PANTHER Protein class terms that are enriched in P7 Plagl1+/-pat Müller glial clusters after pseudobulk analysis. (J) Gene 
set enrichment analysis showing PANTHER Protein class terms that are enriched in P7 Plagl1+/-pat Sox9+ cells after pseudobulk analysis. (K) Summary of 
log2-fold changes in gene expression among the top DEGs in Sox9 + cells in a pseudobulk analysis of P7 Plagl1+/-pat retinas.

https://doi.org/10.1371/journal.pgen.1012020.g006
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Fig 7.  Plagl1 inhibits Notch signaling and controls cell cycle genes in P7 Müller glia. (A) Dot plot showing over-representation of Notch signaling 
genes in Plagl1-expressing Müller glial clusters in P7 wild-type and Plagl1+/-pat retinas. (B) Mean transcript counts per cell for Notch signaling genes in 
all clusters in P7 wild-type and Plagl1+/-pat retinas. p-values calculated with unpaired t-test for each cluster, but none were significant. (C) RNAscope 
probe labelling of Hes1, Hes5, and Sox9 on P7 retinal cross sections from wild-type and Plagl1+/-pat containing rosettes and showing Hes1 and Hes5 
up-regulation is colocalized with Sox9 staining. Scale bars: 10µm. (D) Sox9 expression in P0 or P21 retinal explants cultured for 5 DIV and then an 
additional 2 DIV after treatment with DAPT or DMSO. Created in BioRender. Schuurmans, C. (2025) https://BioRender.com/3eaeonm. Scale bars: 25µm. 
Sox9+ cells were quantified (N = 6 for each treatment). Mean values and error bars representing s.e.m. were plotted. p-values calculated with unpaired 
t-test. (E) Schematic of iCre and mCherry AAVs injected into the vitreous of ICNflox/flox (floxed STOP) mice. Created in BioRender. Schuurman, C. (2025). 
https://www.biorender.com/zwr8ryy (F) Sox9 expression in P11 Rosa26+/+ and ICNflox/flox retinas co-injected with AAV2/8-GFAP-iCre and AAV2/8-GFAP-
mCherry at P11 and harvested after 10 days (P21). Scale bars: 25µm. (G) Quantification of the ratio of mCherry+Sox9+ cells in the INL versus ONL in 
P21 Rosa26+/+ and ICNflox/flox retinas at 10 days post-transduction. Mean values and error bars representing s.e.m. were plotted. p-values calculated with 
unpaired t-test. (H) Ki67 expression in Rosa26+/+ and ICNflox/flox retinas after transduction with mCherry expressing vector carrying iCre. Scale bars: 10µm.

https://doi.org/10.1371/journal.pgen.1012020.g007

https://BioRender.com/3eaeonm
https://www.biorender.com/zwr8ryy
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Together, these analyses establish a high-resolution cellular map of P7 wild-type and Plagl1+/–pat retinas, reveal the 
glial- and precursor-enriched expression of Plagl1, and demonstrate that Plagl1 haploinsufficiency does not grossly 
alter overall cell-type composition. Although histological analyses clearly show ectopic proliferation in Plagl1⁺/⁻pat reti-
nas, this phenotype is difficult to resolve by scRNA-seq because proliferating RPCs are rare at P7, transcriptionally 
similar to Müller glia, and readily compressed into adjacent glial clusters during dimensionality reduction.

Cell type-specific transcriptional differences in Plagl1+/-pat Müller glia and Sox9+ cells

Having established that Plagl1 haploinsufficiency does not overtly alter retinal cell-type composition, we next asked 
whether more subtle, cell type-specific transcriptional changes were detectable. We first performed principal compo-
nent analysis (PCA) to evaluate genotype-dependent variation across the entire dataset. Partial segregation along 
PC2 was observed: three of four wild-type replicates clustered separately from the three Plagl1 ⁺ / ⁻ pat samples, while 
one wild-type sample diverged from both groups (Fig 6G). Because the dataset contains only male mutants but a 
mixture of male and female wild-type samples, we assessed whether sex or sequencing depth contributed to this 
pattern. PCA of wild-type samples alone revealed separation of male and female retinas along PC1, indicating that 
sex contributes to global transcriptional variance, while read-depth differences also accounted for a modest propor-
tion of sample-level variation. However, neither factor aligned with the genotype-associated axis (PC2), demonstrat-
ing that sex- and depth-related variance do not explain the transcriptional divergence between wild-type and mutant 
retinas.

To determine whether genotype-dependent differences were concentrated within specific retinal populations, we 
repeated PCA using only Sox9 ⁺ cells, comprising Müller glia, fate-committed precursors, and astrocytes. In this subset, 
a clear segregation between genotypes emerged along PC2 (Fig 6H), indicating that Plagl1 loss-of-function induces a 
transcriptional shift specifically within glial and precursor lineages. To ensure that this divergence was suitable for differ-
ential expression analysis, we assessed data quality and dispersion in pseudobulk data from Müller glia and Sox9 ⁺ cells. 
Quarter-root mean deviance plots showed expected variability at low expression levels, while empirical Bayes-moderated 
values closely followed the fitted trend line, indicating stable variance modeling. Similarly, biological coefficient of variation 
(BCV) plots demonstrated that dispersion estimates were consistent across genes and appropriately trended (S5H, S5I 
Fig). Together, these metrics support the robustness of the pseudobulk datasets for downstream differential expression 
analysis.

Pseudobulk differential expression analysis was performed on the four Müller glial clusters and on Sox9 ⁺ cells. This 
revealed 1,421 differentially expressed genes (DEGs; padj < 0.05) in Müller glia and 165 DEGs in Sox9 ⁺ cells. Gene 
set enrichment analysis using the Panther classification system revealed consistent enrichment of Protein Class terms 
related to chromatin-binding and chromatin-regulatory proteins, gene-specific transcriptional regulators, and trans-
lational machinery in both Müller glial clusters and Sox9 ⁺ cells (S10 and S11 Tables and Fig 6I and 6J). Within the 
Sox9 ⁺ population specifically, the enrichment reflected widespread deregulation of genes involved in chromatin regula-
tion, including histone demethylases (Kdm5c, Kdm5d, Kdm6a), nucleosome-binding proteins (Hmgn2, Hist1h1e), and 
chromatin remodelers (Chd6, Smarcd1, Rcor2), as well as numerous factors linked to RNA processing and translation, 
such as DEAD-box helicases (Ddx3x, Ddx3y), translation initiation factors (Eif2s3x, Eif2s3y), and multiple ribosomal 
proteins (Rps28, Rpl38, Rpl22l1, Rps29, Rps27) (S11 Table). Several transcriptional regulators central to glial identity 
and progenitor competence were also deregulated, including Plagl1, Sox9, and Id1 (Fig 6K and S11 Table).

Together, these findings indicate that Plagl1 haploinsufficiency induces a coordinated reorganization of  
chromatin-associated, transcriptional and translational programs specifically within Sox9 ⁺ cells, including Müller glia 
and precursor populations, providing a mechanistic basis for the altered cellular behaviors observed in Plagl1⁺/⁻pat 
retinas. Notably, these results parallel our earlier bulk RNA-seq analysis of whole retinas, which revealed differential 
expression of genes associated with “covalent chromatin modification” and “regulation of translation” (Fig 4C). While 
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bulk RNA-seq could not assign these changes to specific cell types, the scRNA-seq pseudobulk analysis confirms that 
Müller glia and Sox9 ⁺ cells are key contributors to these transcriptional shifts.

Notch signaling is elevated in Plagl1+/-pat Müller glia and is required to sustain a glial identity and sufficient to 
induce glial delamination

Several pathways were upregulated in conventional Plagl1+/-pat null mutants at P7 that could contribute to the aberrant 
developmental transition of late RPCs into Müller glia. We first investigated Shh signaling, which induces Müller glial 
proliferation in chick [78], and can stimulate the proliferation of mammalian Müller glia cultured in vitro [79]. In the 
scRNA-seq dataset, multiple Shh pathway genes, including Gli3, Smo and Ccnd1, were enriched in Plagl1- 
expressing Müller glial clusters 7 and 11 in both genotypes (S8A and S8B Fig). RNAscope confirmed Smo expression 
in INL Müller glia and its upregulation in Plagl1⁺/⁻pat retinas, consistent with bulk RNA-seq (Figs 4G, S8A, and S8B). To 
test whether elevated Shh signaling alters Müller glial behaviour, we activated the pathway using a conditional Smo 
(SmoM2) gain-of-function allele carrying an activating W539L point mutation [80]. Following 4-OHT induction between 
P14-P17, neither Müller glial positioning nor proliferation was affected in P21 Slc1a3-CreERT; SmoM2; Rosa-zsGreen 
retinas, which resembled Slc1a3-CreERT;Rosa-zsGreen control retinas (S8C Fig). Hyperactive Shh signaling is there-
fore not sufficient to alter the fate or organization of Sox9+ mature Müller glia (S8D Fig).

Notch signaling, a pro-proliferative pathway in RPCs [69–71] and later required for Müller glial differentiation 
[69,72-73–], also emerged as a candidate driver of the Plagl1⁺/⁻pat retinal phenotype. Bulk RNA-seq revealed increased 
expression of Notch pathway components in Plagl1⁺/⁻pat retinas (Fig 4G), prompting closer examination in the single-cell 
dataset. Dotplot analysis confirmed co-expression of Notch1, Notch2, Hes1, and Hes5 with Plagl1 in Müller glia clus-
ters 7, 11, and 37, with lower expression in cluster 23, in both genotypes (Fig 7A). Although mean transcript levels 
suggested shifts in Hes1 and Hes5 expression in specific clusters, particularly endothelial cells and cluster 23 Müller 
glia, these differences were not statistically significant (Figs 7B, S7A, and S7B, and S6 and S7 Tables). However, to 
directly assess Notch signaling levels in Plagl1⁺/⁻pat Müller glia, RNAscope was performed, which confirmed elevated 
Hes1 and Hes5 transcripts co-localizing with Sox9+ cells in P7 Plagl1⁺/⁻pat retinas (Fig 7C). Together, these data indicate 
that Notch signaling is increased in Plagl1⁺/⁻pat retinas at the tissue level, consistent with bulk RNA-seq and RNAscope 
validation, even though single-cell transcript counts lacked sufficient power to resolve significant changes within individ-
ual Müller glial clusters.

To determine the functional role of Notch signaling during the late RPC to Müller glial transition, we first inhibited the 
pathway in P0 retinal explants using DAPT, a γ-secretase inhibitor. DAPT treatment of P0 explants for 2 DIV nearly abol-
ished Sox9 expression, a Müller glial marker, demonstrating that Notch signaling is required not only to induce but also to 
maintain Müller glial identity at early postnatal stages (Fig 7D). In contrast, DAPT treatment of P21 retinal explants had no 
effect on Sox9+ cell number, indicating that Notch signaling is not required to maintain a Müller glial fate in mature retinas 
(Fig 7D).

We next tested whether hyperactive Notch signaling is sufficient to alter Müller glial behaviour using a conditional 
Notch intracellular domain (NICD) gain-of-function transgenic line (ICNflox/flox) (Fig 7E). To induce NICD expression in 
Müller glia, P11 Rosa26+/+ (wild-type) or ICNflox/flox animals were injected with two adeno-associated viruses (AAV2/8) 
carrying a GFAP promoter to drive iCre and/or mCherry (control) expression (Fig 7E). Notably, while the GFAP 
mini-promoter can exhibit leaky neuronal expression when paired with neurogenic TFs, ectopic expression is mini-
mal when coupled to Cre recombinase or fluorescent reporters [81,82]. In Rosa26+/+ retinas, 14 days-post transduc-
tion, mCherry+ Müller glia formed an INL monolayer (Fig 7I and 7F). Conversely, in ICN flox/flox retinas, mCherry+Sox9+ 
transduced cells were disorganized in the INL and 20% of these cells translocated into the ONL (Fig 7F). mCher-
ry⁺Sox9 ⁺ cells lacked Ki67 expression in both control and ICNflox/flox retinas, despite Ki67 labeling in the ciliary margin, 
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which served as an internal positive control (Fig 7G). These findings suggest that Sox9 ⁺ cells do not ectopically prolif-
erate following Notch activation.

Thus, elevated Notch signaling partially recapitulates the Plagl1 loss-of-function phenotype, inducing Müller glial 
translocation without promoting proliferation. These findings support a model in which Notch activation is sufficient to 
disrupt Müller glial positioning. Although mCherry expression was occasionally detected in the ONL, suggesting rare 
ectopic ICN activation in neurons, this was infrequent and does not account for the robust and reproducible Müller 
glial displacement observed across replicates.

Conditional Plagl1 knock-out disrupts Müller glial architecture in the postnatal retina

Since conventional Plagl1+/–pat mutants represent a global knockout, the Müller glial phenotypes observed could reflect 
secondary effects from earlier developmental disruptions, including ectopic proliferation, or non-cell-autonomous 
effects. To directly assess the cell-intrinsic role of Plagl1 in postnatal Müller glia, we generated a conditional knockout 
using the Slc1a3-CreERT driver and a floxed Plagl1 allele in which exons 5 and 6 were flanked by loxP sites  
(Fig 8 and 8C) [83]. The Slc1a3-CreERT driver line has previously been validated for glial specificity when activated 
by tamoxifen at P12 [84]. Since Müller glia only ectopically proliferate in conventional Plagl1+/–pat mutants prior to P7, 
we first tested the specificity of Slc1a3-CreERT;Rosa-zsGreen reporter mice following 4-OHT administration at P5, 
P7, or P14, with retinas analyzed at P21 (Fig 8A and 8B). zsGreen expression was restricted to Müller glia only when 
4-OHT was administered at P14; earlier injections resulted in widespread labeling of cells in the ONL, consistent with 
Cre activity in late-stage RPCs differentiating into rod photoreceptors (Fig 8B).

To restrict recombination to Müller glia, we administered 4-OHT daily from P14–P17 and analyzed retinas at P21. 
In control Slc1a3-CreERT;Rosa-zsGreen mice, zsGreen co-localized with Sox9 in a monolayer of Müller glia within 
the INL (Fig 8D). In contrast, Slc1a3-CreERT;Plagl1+/fl-pat (Plagl1-cKO) retinas showed disruption of the Sox9+ mono-
layer, indicative of altered nuclear positioning or structural disorganization. As expected, no BrdU-labeled cells were 
detected in wild-type or Plagl1-cKO retinas [58], consistent with our previous observation that Plagl1+/–pat mutants 
do not proliferate ectopically after E18.5 explants are cultured for 8 days in vitro [58]. These findings demonstrate 
that Plagl1 is required cell-autonomously to maintain Müller glial architecture in the postnatal retina. The conditional 
knockout recapitulates key structural features of the global mutant phenotype, validating our interpretation that Plagl1 
directly regulates Müller glial organization and cell cycle exit.

Discussion

Plagl1 is expressed in RPCs during embryogenesis, where it restricts cell number by limiting rod and amacrine cell 
production [58]. Here, we show that at perinatal stages, Plagl1 expression becomes enriched in Müller glia, consis-
tent with its inclusion in the adult Müller glial transcriptome [85,86]. Using Plagl1+/-pat retinas, we demonstrate that 
Plagl1 is required for the proper transition from late-stage RPCs to Müller glia. Loss of Plagl1 disrupts this process, 
leading to ectopic proliferation, nuclear mislocalization, and reactive gliosis of Müller glia, coupled with gross struc-
tural disorganization and impaired visual function. Although the visual deficits may partly reflect increased produc-
tion of rods and amacrine cells in Plagl1 ⁺ / ⁻ pat retinas, Müller glia also influence retinal extracellular resistivity [87], 
which can alter ERG a-wave timing, while not generating it, hence having no effect on its amplitude. Gliosis can 
also impair K⁺ siphoning and therefore delay extracellular K⁺ dynamics and influence ON bipolar cell depolariza-
tion timing [88]. Finally, Müller cell hyperactivity can also delay b-waves by altering field potentials as well as by 
modifying synaptic timing at the photoreceptor to ON bipolar cell synapse [23]. Thus, the physiological defects 
observed in Plagl1 mutants likely arise from a combination of altered neuronal output and disrupted Müller glial 
homeostasis.
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The Plagl1 mutant phenotype reveals a distinct failure in the final stage of retinal gliogenesis. Although Müller glia 
are specified, as late-stage RPCs undergo gliogenesis, they fail to exit the cell cycle, exhibiting elevated Notch signal-
ing, and displaying abnormal lamination. Notably, the Plagl1 mutant phenotype parallels that of Chd4 cKOs [89], with 
both models showing persistent RPC proliferation and chromatin remodeling, suggesting that Plagl1 and Chd4 may 
operate within a shared regulatory axis controlling late-stage gliogenesis. Comparison with other gliogenic mutants 
highlights the temporal specificity of Plagl1 function. Nfia/b/x triple mutants disrupt an earlier transition, preventing 

Fig 8.  Plagl1 conditional knock-out. (A) Establishment of a conditional transgenic approach to activate gene expression in perinatal/postnatal Müller 
glia using Slc1a3-CreERT driver mice and a Rosa-zsGreen reporter line. (B) 4-OHT treatment of Slc1a3-CreERT;Rosa-zsGreen mice at P5, P7 and 
P14, followed by analysis of the distribution of zsGreen+ cells at P21. Schematics created in BioRender. Schuurmans, C. (2025). https://BioRender.com/
n6p34rb. Scale bars: 50µm. (C) Targeting strategy to generate a floxed allele of Plagl1 (from [83]), and crosses to Slc1a3-CreERT to generate a Müller 
glia specific Plagl1-cKO. Schematics created in BioRender. Schuurmans, C. (2025). https://BioRender.com/gjcg2ar (D) Tamoxifen injections were admin-
istered at P14 every second day and animals were assessed at P21. Sox9 and zsGreen immunostaining in P21 Slc1a3-CreERT;Rosa-zsGreen control 
and Slc1a3-CreERT;Plagl1 floxed retinas (i.e., Plagl1-cKOs). Schematics created in BioRender. Schuurmans, C. (2025). https://BioRender.com/n6p34rb. 
Scale bars: 25µm. (E) Total zsGreen+ (ZsG+) and Sox9+ cells were quantified per field. Mean values and error bars representing s.e.m. were plotted. 
p-values calculated with unpaired t-test.

https://doi.org/10.1371/journal.pgen.1012020.g008
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RPCs from activating gliogenic programs and resulting in excess rods and reduced Müller glia and bipolar cells [14]. 
Lhx2 cKOs reveal an even more proximal block since RPCs are prematurely depleted and fail to acquire gliogenic 
competence due to rapid downregulation of Notch pathway components (Notch1, Dll1, Dll3) and gliogenic transcrip-
tion factors (Hes1, Hes5, Sox8, Rax) [22]. Together, these models delineate a temporal and mechanistic hierarchy of 
retinal lineage termination: Lhx2 establishes gliogenic competence, NFI factors initiate glial fate specification, Chd4 
regulates epigenetic transitions, and Plagl1 enforces cell cycle exit and structural maturation.

Chromatin accessibility profiling in Plagl1+/–pat retinas revealed widespread compaction, with differentially accessible 
regions (DARs) enriched near promoters as well as in intronic and intergenic compartments. These changes suggest 
distinct regulatory mechanisms, since promoter-proximal DARs are more directly linked to transcriptional initiation and 
often reflect changes in core regulatory machinery or TF binding. In contrast, DARs located in intronic and intergenic 
regions may correspond to enhancers, silencers, or architectural elements that modulate gene expression through 
chromatin looping, splicing regulation, or long-range interactions. The global reduction in accessibility across both 
proximal and distal elements indicates extensive chromatin remodeling, consistent with a role for Plagl1 in coordinat-
ing local and global regulatory programs during retinal maturation. Transcriptomic analyses further revealed wide-
spread dysregulation of genes encoding TFs, chromatin modifiers, translational regulators, and components of Notch 
and Shh signaling pathways, highlighting Plagl1 as a central regulator of gene expression dynamics in the devel-
oping retina. Future studies will be needed to identify direct transcriptional targets of Plagl1, which will help to map 
Plagl1-dependent regulatory circuits.

Among the affected pathways, Notch signaling emerged as a key Plagl1-responsive axis, correlating with increased 
expression of cell cycle genes and known roles in promoting RPC proliferation [69–71] and Müller glia-derived pro-
genitor cell formation in regenerative species [90–93]. Functional assays revealed that Notch activation in P11 Müller 
glia recapitulates nuclear translocation without inducing proliferation, while Notch inhibition impairs early but not late 
glial fate specification, consistent with its role in restricting neurogenic competence during reprogramming [94]. These 
findings underscore Plagl1’s influence on chromatin accessibility and transcriptional control of gliogenic and prolifera-
tive programs.

Plagl1’s role in enforcing cell cycle exit aligns with its function as a maternally imprinted tumor suppressor gene 
within the imprinted gene network (IGN), many members of which negatively regulate cell growth [34,49]. Our data 
establish Plagl1 as a key regulator of Müller glial quiescence in vivo, a function not observed in mouse embryonic 
fibroblasts [68], suggesting cell type-specificity. The role of Plagl1 in promoting cell cycle exit may be restricted to 
somatic cells with latent stem cell potential, such as Müller glia, or to late-stage precursor populations. Other IGN 
genes with similar roles include Dlk1 [46] and Cdkn1c [47], which maintain adult neural stem cell quiescence. Addi-
tionally, the role of Plagl1 in promoting cell cycle exit in the perinatal retina aligns with its tumor suppressor role. In 
humans, PLAGL1 localizes to a chromosome 6q24-25, a region linked to growth inhibition, and is frequently inacti-
vated in multiple cancers [51,53–56]. Accordingly, misexpression of Plagl1 in epithelial cell lines induces cell cycle 
arrest and apoptosis [50,51].

Prior studies suggest that Plagl1 functions as a temporal identity factor that biases RPCs toward late-born retinal 
fates, including Müller glia. In mouse E18.5 retinal explants, Plagl1 overexpression promotes bipolar and Müller glial 
differentiation while suppressing a rod fate [58], and in Xenopus, targeting the two dorsal blastomeres fate-mapped to 
give rise to the retina, enhances Müller glial specification and inhibits RGC formation by modulating cell cycle exit tim-
ing, similarly promoting a late temporal identity [59]. These findings contrast with in vivo electroporation at P0, where 
Plagl1 fails to induce gliogenesis in wild-type retinas and only partially rescues p27Kip1 expression in Lhx2-deficient 
RPCs [95]. This discrepancy may reflect differences in RPC competence windows, experimental context, or dosage 
sensitivity. Together, these data support a model in which Plagl1 modulates, but does not instruct, Müller glial fate, 
acting within a broader transcriptional network shaped by developmental timing and lineage context.
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In conclusion, Plagl1 is a critical regulator of mammalian Müller glia development, one of the few genes that, when 
mutated initiates both glial translocation and a proliferative response, at least in the early postnatal window. This 
study reveals that mammalian Müller glia may be prepared to rapidly exit quiescence, with strategies that increase 
both protein translation and Notch signaling being potentially beneficial to prepare these glial cells to initiate repair. 
Given that current strategies aimed at inducing Müller glia to regenerate require a stimulating injury to activate these 
glial cells [96], the identification of a gene that can instead be precisely targeted presents a new path forward for glial 
regeneration.

Materials and methods

Ethics statement

All animal experiments were approved by the University of Calgary Animal Care Committee (ACC) (AC11–0053) 
and later by the Sunnybrook Research Institute ACC (AUP 16–606) in compliance with the Guidelines of the Cana-
dian Council of Animal Care and conformed to the ARVO statement for the Use of Animals in Ophthalmic and Vision 
Research.

Materials availability

Plasmids generated in this study will be available upon request. Transgenic mouse lines generated in this study are 
not deposited in a central repository. As we are limited in the number of stock animals that we can maintain, the trans-
fer of animals is possible only with reasonable compensation for processing and shipping and a completed Materials 
Transfer Agreement if there is a potential for commercial application.

Experimental models and subject details

None of our experimental animals had been previously used for other procedures. All animals were healthy.
Mice.  Animal sources and maintenance. Most transgenic lines were purchased from Jackson Laboratory, ME, 

USA unless indicated. Plagl1+/-pat animals were considered null mutants due to maternal imprinting of the wild-type 
allele, and were generated by crossing Plagl1+/-mat males (received from Laurent Journot) [49] with C57/Bl6 wild-type 
females (JAX#000664). The mutant allele corresponds to the targeted deletion described in Varrault et al. (2006), which 
removes the translation start site located in exon 5 and the entire zinc-finger domain encoded in exon 6, extending 
to the 3′ Ava I site located 601 bp into the 1963 bp coding sequence of exon 6. This eliminates approximately 30.6% 
of the coding sequence, including all C2H2 zinc-finger motifs required for DNA binding and transcriptional activity 
(i.e., functionally null). Plagl1fl/+ males (received from Pengpeng Bi) [83] were crossed with Slc1a3-CreERT females 
(JAX:012586) to generate Plagl1 cKOs. To activate Slc1a3-CreERT, 100 μg of 4-hydroxy-tamoxifen (4-OHT) was 
administered to P14 pups for 3 consecutive days and retinas were collected 7 days after the last injection. A Rosa-
ZsGreen reporter (Jackson Lab: 007906) was used for lineage tracing. B6;129-Gt(ROSA)26Sortm(Notch1)Dam mice 
(JAX:008159) [97] were backcrossed to C57BL/6J for >15 generations. The resulting B6.ICN1fl/+ strain was intercrossed 
to generate B6.ICN1fl/fl mice, abbreviated ICN1fl/fl.Gt(ROSA)26Sortm1(Smo/EYFP)Amc/J (JAX:005130) males were 
crossed with Slc1a3-CreERT females as described above. CD1 mice (#022; Charles River Laboratories, Senneville, QC, 
Canada) were used for MNU experiments. Male and female pups were pooled for all experiments as very few animals 
were double and triple transgenics.

Method details

Electroretinogram (ERG).  Animals were dark-adapted for 1 hr prior to ERG recordings. ERGs were recorded under 
dim red light. Stimulation and acquisition were performed with an Espion E2 system (Diagnosys LLC) (flash duration 10 
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µs, bandpass filtering 0.3Hz-300Hz), as described [98,99]. Briefly, scotopic intensity responses were measured using 
increasing light flash pulses of increasing incremental strengths (-5.22 to 2.86 log cds/m2), followed by photopic intensity 
responses (30 cd/m2 background light) with flash strengths spanning -1.6 to 2.9 log cds/m2.

Optical coherence tomography (OCT).  Mice were anesthetized with 2% isoflurane. Pupils were dilated using 
tropicamide topical drops (Mydriacyl 1%; Alcon Canada Inc). Eyes were imaged using OCT performed with a confocal 
scanning laser ophthalmoscope (cSLO) mounted with a 25-diopter lens (Heidelberg Engineering, Germany). Normal 
saline was applied to the cornea every 2 minutes to keep it hydrated. OCT was performed on a 30° × 20° area, 
acquiring a total of 31 scans at an average of 20 frames per scan. Infrared cSLO scans (IR-cSLO) were also acquired 
(λ = 815 nm) with an average of 30 frames per scan to assess the retinal fundus. Retinal scans were exported from the 
HEYEX software (Heidelberg Engineering, Germany) as tiff images and processed using ImageJ software (NIH, USA).

Tissue processing.  Retinal tissues were drop fixed in 4% paraformaldehyde (PFA)/1X phosphate buffered saline 
(PBS) at 4°C overnight for dissected retinas or eyes or for 3 hr for retinal explants. Tissues were then rinsed 3 x 10 
min in 1X PBS, cryopreserved in 20% sucrose/1X PBS overnight at 4°C, and embedded and frozen in O.C.T (Tissue-
Tek, Sakura Finetek U.S.A. Inc., Torrance, CA). Cryosections were cut at 10μm on a Leica CM3050s cryostat (Leica 
Biosystems, Buffalo Grove, IL, USA) and collected on Fisherbrand Superfrost Plus slides (Thermo Fisher Scientific, 
Markham, ON).

Immunohistochemistry.  Cryosections were blocked for 1 hr at room temperature in blocking solution: 10% 
normal goat serum in PBST (1X PBS/0.1% Triton X-100). Primary antibodies were diluted in blocking solution and 
incubated at 4ºC overnight. Primary antibodies included: rabbit anti-Arr3 (1/500, Millipore #AB15282), rat anti-BrdU 
(1/500, Serotec #OBT0030S), mouse anti-Brn3a (1/500, Chemicon #5945), mouse anti-calbindin (1/1000, Sigma 
#9848), rabbit anti-calretinin (1/2000, Swant #76699/4), rabbit anti-Caspase3 (1/500, Abcam #ab2302), rat anti-CD11b 
(M1/70, 1/500, Abcam #ab8878), rabbit anti-GFAP (1/500, Sigma #G9269), rabbit anti-Glul (1/500, Abcam #73593), 
rabbit anti-Iba1 (1/500, Wako Chemicals USA #019–19741), rat anti-mKi67 (1/250, Invitrogen 14-5698-82), rabbit 
anti-M-opsin (1/250, Millipore #5405), rabbit anti-Pax6 (1/500, Convance #PRB-278P), rabbit anti-pERK (Map kinase 
p44/42 phospho-Thr202/Tyr204) (1/500, Cell signaling #4370), mouse anti-rhodopsin (1/500, Chemicon #MAB5356), 
mouse anti-Rlbp1 (1/500, Abcam #15051), rabbit anti-S-opsin (1/250, Millipore #5407), rabbit anti-Sox9 (1/500, 
Millipore #AB5535), mouse anti-syntaxin (1/500, Sigma #S 0664), mouse anti-vimentin (1/500, Sigma #V5255), and 
mouse anti-ZO1-1A12 (1/100, ThermoFisher Scientific #33–9100). Slides were washed 3 x 10 min in PBST and then 
incubated in secondary antibodies conjugated to Alexa-568, Alexa-488 or Alexa-647 diluted at 1/500 in PBST for 1 
hr at room-temperature, followed by 3 x 10 min washes in PBST. Sections were coverslipped in Aqua-Poly/Mount 
(Polysciences #18606).

Isolectin staining.  Eyes were dissected and retinas were flatmounted or processed for sectioning as described. 
Wholemount retinas were fixed in 4% PFA/1X PBS for 2 hours. Flatmounted retinas or cryosections were fixed in 
ice cold 70% ethanol for 30 min. Fixed tissue was then incubated in Isolectin B4 (1/250, Sigma #L2140) in PBST 
overnight at 4°C, washed 3 X 10 min in PBST. Wholemount retinas were mounted on microscope slides and mounted 
tissues or sections were coverslipped in Aqua-Poly/Mount.

BrdU labeling.  To label S-phase cells, animals were injected intraperitoneally with 100 g/kg body weight BrdU 
(Sigma, Oakville ON) either 30 min before sacrifice for proliferation assays or at P7 for birthdating assays. Tissues 
were processed for anti-BrdU staining as described above except for the addition of a pre-treatment step with 2N HCl 
for 15 min at 37°C prior to blocking.

RNAscope.  Double fluorescent in situ hybridizations were performed using a RNAscope Multiplex Fluorescent 
Detection Kit v2 (ACD; #323110) according to the manufacturer’s directions. ACD probes used included: Mm-Sox9 
(C2: 401051-C2), Mm-Hes1 (#417701), Mm-Hes5 (400991 -C2), Mm-Plagl1 (C1: 462941), Smo (C2:318411), and 
Ccnd1 (C2:442671). Opal 570 (Akoya; #FP1488001KT; 1:1500) was applied for channel 1 and Opal 520 (Akoya; 
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#FP1487001KT; 1:1500) was applied for channel 2. Retinal sections were counterstained with DAPI and mounted in 
Aqua-Poly?Mount as described.

Intravitreal injection.  Mice were anesthetized with 2% isoflurane and their body temperature was kept at 37°C 
using a heated blanket, with saline applied to keep the eye moist. A 30G needle was used to puncture the sclera at 
the margin and cornea level, then a Hamilton syringe was inserted through the sclera into the vitreous body. We then 
injected into the vitreous 1.2 μl containing 3.5x10^13 GC of pAAV2/8-GFAP-iCre and 3.5x10^13 GC of pAAV2/8-
GFAP-mCherry [100,101], diluted in 0.1 Fast Green dye.

4-OHT administration.  4-OHT was first dissolved in Ethanol at 20 mg/ml, sonicated for 15 min, and diluted to 
10mg/ml in peanut oil. Excess ethanol was evaporated for 30 min using a speed vacuum concentrator. 20mg/kg of 
4-OHT was administered intra-peritoneally for 3 consecutive days using a 1ml syringe and 23G needle.

Retinal explants.  Retinas were dissected and the RPE was removed from P0 eyes in ice-cold PBS. Retinas 
were flattened on 0.25 μm Nucleopore membranes (Whatman # 110409) in 6 well plates and cultured for 5 days in 
vitro (DIV) at 37°C, 5% CO

2
 in retinal explant medium. (50% Dulbecco’s Modified Eagle Medium (DMEM, Wisent; 

#319–005-CL), 25% Hanks’ Balanced Salt Solution (HBSS, Gibco; #24020–117), 25% heat inactivated horse serum 
(ref), 200 μM L-Glutamine (Wisent; #609–065-EL), 0.6 mM HEPES (Wisent; # 330–050-EL), 1% Pen/Strep (Wisent; # 
450–201-EL). DAPT (565770, Calbiochem Milipore Sigma) or equivalent volume of DMSO were added to the retinal 
explant media at 10μM final concentration for 2 days. Explants were harvested after 5 DIV.

Western blotting.  Retinas were collected from adult and postnatal pups at the indicated stages, lysed in RIPA 
buffer with protease (1x protease inhibitor complete, 1 mM PMSF) and phosphatase (50 mM NaF, 1 mM NaOV) 
inhibitors, and 10 µg of lysate was run on 10% SDS-PAGE gels for Western blot analysis as described previously (Ma 
et al., 2007). Primary antibodies included pERK (Map kinase p44/42 phospho-Thr202/Tyr204; Cell Signaling #4370), 
ERK (Map kinase p44/42; Cell Signaling #9102), Glul (Abcam, #ab73593, 1/10.000) and Actin (Abcam; #ab8227, 
1/10.000). Densitometries were calculated using ImageJ. The average values of normalized expression levels were 
plotted from N = 6 per genotype.

RT2 real-time quantitative reverse transcription-PCR.  Total RNA was extracted from dissected retinas using 
Trizol RNA Isolation Reagent (Thermo Fisher Scientific; #15596–026), following the manufacturer’s instructions. 
For complimentary DNA (cDNA) synthesis, 0.5 µg of total RNA was converted using an RT2 first strand kit (Qiagen, 
#330401) following the manufacturer’s instructions. qPCR reactions were performed using a CFX384 cycler 
(Biorad Laboratories, Canada) using an RT2 SYBR Green PCR Master Mix (Qiagen; #330500) following the 
manufacturer’s instructions. The following RT2 qPCR primers were used: Sox9 (PPM05134D), Lhx2 (PPM31533A), 
Hes1 (PPM5647A), Hes5 (PPM31391A), Plagl1 (PPM37555A), Gfap (PPM04716A), Recoverin (PPM31906A), 
Rpl13 (PPM40286A), Rpl26 (PPM24941A) and three reference genes for normalization: Gapdh (PPM02946E), B2m 
(PPM03562A), and Hrpt (PPM03559F). The ΔΔCt method was used to determine relative gene expression using the 
Biorad CFX manager software.

RNA extraction and bulk RNA-seq.  Total RNA was extracted from dissected retinas using Trizol RNA Isolation 
Reagent (Thermo Fisher Scientific; #15596–026), following the manufacturer’s instructions except the overnight 
incubation step was reduced to 30 min at -80oC. RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA). For RNA-Seq, 8 Plagl1+/-pat and 4 wild-type littermates were analyzed. 500 ng RNA 
per sample was sequenced on Illumina NextSeq500 Platform. 75 base single-end sequence reads were generated 
on NEBNext Ultra II Directional RNA Library Prep Kit for Illumina. Basecalling and demultiplexing were done using 
IIllumina CASAVA 1.9 pipeline. Reads were mapped to the mouse genome (Ensembl, GRCm38) using hisat2 version 
2.1.0 with a mapping rate close to or over 98% in each sample.

Bulk RNA-seq data analyses.  DEGs were detected using DESeq2 1.24.0 Bioconductor package as described in 
the package vignette [102]. Genes with adjusted p-values (Benjamini-Hochberg adjustment for multiple comparisons) 
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[103] less than 0.05 (5% chance of gene being a false positive) and over 1.5-fold change in either direction were 
selected as DEGs. Over-represented GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) [104] 
pathways were detected using clusterProfiler 3.12.0 Bioconductor package [105]. Cell cycle-related genes were 
selected from the Gene Ontology (GO) category “GO0007049: cell cycle” and from a functional classification of 
additional cell cycle genes based on GO categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways using DAVID.

ATAC-seq.  ATAC-seq was performed using 75,000 cells as input material for the library preparation with Active 
motif kit (Catalog No. 53150) following the manufacturer’s instructions. 75 bp paired-end sequencing was performed 
on Illumina NEXTSEQ500. Reads were mapped to the reference genome (Ensembl, GRCm38) using Bowtie2 short 
read aligner version 2.3.5.1. Areas of open chromatin were predicted using Macs2 v.2.2.7.1 based on alignment files 
filtered of mitochondrial reads. Differential enrichment was detected using DiffBind Bioconductor package. Data was 
normalized using Trimmed Mean of Medians (TMM) normalization native to EdgeR Bioconductor package. In total, 
differential binding tests were applied to 56771 peaks. The peak had to be present in at least 2 samples within the 
experimental group to be included in the analysis. False discovery rate (FDR) below 0.05 was a threshold to consider 
the peak differentially bound. No peaks were below 0.05 FDR threshold. DiffBind results were annotated with nearest 
promoter, gene symbol, entrez_id and gene description using ChIPpeakAnno Bioconductor package. Term enrichment 
analysis was conducted using 2 different approaches: 1) over-representation analysis (ORA) conducted using 
geneSCF software and 2) Gene set enrichment analysis (GSEA). Genes with TSS located within 5000 bp of DARs 
were used in ORA. The input for GSEA was the list of all genes within 5000 bp from the nearest TSS sorted by the 
Fold Change. GSEA enrichment analysis was conducted using ClusterProfiler v.3.18.1 Bioconductor package [106].

Gene regulatory network (GRN) inference.  ATAC-seq and RNA-seq were integrated by overlapping the lists 
of significantly changed genes and differentially accessible regions (DARs). Genes or DARS with adjusted p-values 
below 0.05 were considered significant. The list of DARs was limited to 311 peaks located within 5000 bp from 
the nearest transcriptional start site (TSS) of gene assigned DARs. The GRN was inferred following our published 
approach [107]. Prior knowledge networks (PKN) among differentially expressed genes (DEGs) were assembled 
from MetaCore (GeneGo Inc. [108]), TRRUST [109], RegNetwork [110] and Plagl1 ChIP-seq data [68]. The Pearson 
correlation coefficient for each pair of TFs and gene was computed over the entire scRNA-seq dataset. The 
intersection between PKN and Pearson correlation coefficient above 90 percentile was maintained. Then, interactions 
were further removed if the chromatin regions of target genes were not open in all wild-type ATAC-seq replicates. 
Cytoscape v.3 was used to visualize GRNs [111], in which differentially up-regulated and down-regulated genes in the 
wild-type bulk RNA-seq data with respect to the Plagl1+/-pat bulk RNA-seq data were indicated as red and blue nodes, 
respectively.

scRNA-seq method.  P7 wild-type (N = 5) and Plagl1+/-pat (N = 3) retinas were dissected in cold PBS (311–010-CL, 
Wisent), enucleated, and cut into 2 mm pieces. Retinal tissues were dissociated into single cell suspensions using a 
Papain dissociation system (LK003150, Worthington Biochemical Corp) according to the manufacturer’s instructions 
and then resuspended in PBS with 0.04% BSA. Dead cells were eliminated using a Dead Cell Removal Kit (130-
090-101, Miltenyi Biotec) with MS columns and a gentleMACS Octo Dissociator according to the manufacturer’s 
instructions. Cell number and viability were determined using a Countess II FL Automated Cell Counter (ThermoFisher 
Scientific). Cells were diluted in 1X PBS with 0.04% bovine serum albumin (BSA) to 1X 10^6 cells/ml and cellular 
concentration and viability were accessed again, with only samples with 90% viability and higher used. Live cells 
were processed using the Chromium Next GEM Single Cell 5’ Reagent Kit v2 (10X genomics, Cat # 1000263). For 
each reaction, 16500 cells were loaded onto GEM Chip K for an expected recovery of 10,000 cells. Gel Beads-in-
emulsion were generated using the Chromium Controller followed by cDNA generation and amplification (13 cycles) 
as per manufacturer’s instructions. For each sample, 50 ng of cDNA was used for library generation. Equal molar of 
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each library for all samples was pooled and sequenced at an expected depth of 44,000 reads/cell using the Illumina 
NovaSeq S4 flow cell system (The Centre for Applied Genomics, Hospital for Sick Children).

scRNA-seq data analysis.  scRNA-seq analysis of wild-type (N = 5) and Plagl1+/-pat (N = 3) retinal samples was 
performed using the Seurat v.4.0.1 R package [112]. Cells that were of low quality or represented doublets were 
excluded by filtering out cells with greater than 5000 and fewer than 1000 detected genes, cells with greater than 
30000 RNA counts, or cells with mitochondrial RNA percent larger than 10. For each library, comparisons were made 
to denoised data of raw 10x matrices, which were denoised with CellBender to remove ambient RNA and empty 
droplets while preserving true cell barcodes [113]. The data was then transformed by the SCTransform function 
while regressing out the variance due to mitochondrial RNAs and cell cycle genes. Clustering was performed by the 
RunPCA, FindNeighbors and FindClusters functions using the first 30 principal components. The 2D projection of the 
clustering was carried out by the RunUMAP function. The annotation of cell type to each cluster was performed by 
using the marker set described in Fig 6B. The RNA reads mapped to the first coding-domain-containing exon of the 
Plagl1 gene (ENSMUSE00000666670) were visualized using the Integrative Genomics Viewer (IGV) [114]. Differential 
gene expression analysis between wild-type and Plagl1+/-pat for each cluster was carried out using the FindMarkers 
function with min.pct being 0.1 and the adjusted p-value cutoff of 0.05. The mean transcript count was defined as 
the ratio of total UMI counts to the number of detected genes in each cell. Gene ontology enrichment analysis was 
performed with an open-source online tool “Powered by Panther” (Gene Ontology Resource).

Pseudobulk gene expression analysis.  For each Müller glia cluster separately, or Sox9 + cells as a whole, raw 
counts were aggregated per donor by summing UMI counts across cells from the same donor within the subset, 
Genes with CPM > 1 in ≥50% of samples (within the subset) were kept. Libraries were TMM-normalized, and a design 
matrix with condition (WT vs KO) was fit using the quasi-likelihood (QL) GLM pipeline of edgeR QC (19910308): 
estimateDisp(…, robust = TRUE), glmQLFit, and glmQLFTest for the WT vs KO contrast. P-values were Benjamini–
Hochberg adjusted and genes with padj < 0.05 were defined as differentially expressed genes (DEGs).

Principal component analysis (PCA).  Two complementary PCA analyses were performed; 1). PCA was run on 
SCTransform residuals using the variable features (top 3,000) across all retained cells (WT and KO combined). 2). 
For Müller glia and Sox9 ⁺ subsets separately, we used the pseudobulk matrices described above. The top 2,000 most 
variable genes across samples within each subset were selected, mean-centered and scaled features, and ran PCA to 
visualize between-sample structure.

Image acquisition and processing.  Images were captured on a Leica DMRXA2 optical microscope (Leica 
Microsystems Canada Inc., Richmond Hill, Ontario, Canada) using LasX software. Confocal images were acquired 
using a Leica SP8 spectral confocal microscope (Leica Microsystems CMS GmbH). The images were prepared using 
Adobe Photoshop CC 2017 (Adobe Systems Inc., San Jose, CA, USA). Schematics were generated with a license 
from BioRender. For Plagl1+/-pat retinal transverse sections, all areas and sections containing rosettes and/or ectopia 
were imaged, the equivalent areas/ sections number were imaged for the wild-type littermate and used as controls.

Statistical analysis.  Quantification was performed on a minimum of three biological replicates (N = 3) for each, 
and a minimum of three sections from each eye. N numbers (biological replicates), statistical tests and p values for 
each count are indicated in the figures and figure legends. Graphs and statistics were generated using GraphPad 
Prism Software 8 (GraphPad Inc., La Jolla, CA). All data expressed as mean value ± standard error of the mean 
(s.e.m.). Asterisks show level of statistical significance, with actual p-values in the figures.

Supporting information

S1 Fig. Plagl1 expression is down-regulated in Müller glia following injury. Related to Fig 1. (A,B) RNAscope 
staining for Plagl1, Sox9, and immunofluorescence for GFAP, Rho and Arrestin3 in P7 wild-type retinal section of 
mice treated with PBS and MNU at 7- (A) and 21- (B) days post injection. (C,D) Quantification of Plagl1, GFAP and 
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Recoverin expression by qRT-PCR in wild-type retinas treated with PBS and MNU and collected after 7-days (C) and 
21-days (D) post injection. N = 3 for all time points. p-values calculated with unpaired t-test. GCL, ganglion cell layer; 
INL inner nuclear layer; ONL, outer nuclear layer. Scale bars: 50 µm.
(TIF)

S2 Fig. Plagl1 is required to sustain retinal integrity. Related to Fig 3. (A) Immunostaining for cleaved caspase 3 
(cc3) in P5 and P21 wild-type retinas, and cc3 and BrdU co-immunostaining in P7 wild-type and Plagl1+/-pat retinas. 
Scale bars: 25µm. (B) DAPI nuclear staining of P7, P14, and P60 wild-type and Plagl1+/-pat retina sections, showing retinal 
ectopias (asterisks) and rosettes (arrowheads). Right side panels are high magnifications of boxed areas. (C) Immunofluo-
rescence for retinal cell specific markers S-opsin (cones), Pax6 (amacrine and ganglion cells), Calretinin (amacrine cells), 
Calbindin (horizontal cells), Brn3a (ganglion cells), M-opsin (cones), Syntaxin (amacrine cells), PKC and Vsx2 (bipolar 
cells), and Rlbp1 (Müller glia) with DAPI nuclear counter-staining of P21 wild-type and Plagl1+/-pat retinal sections, showing 
ectopia (asterisks) and rosettes (arrowheads) contain all retinal cell types. At least 3 Plagl1+/-pat mice of 2 different litters 
and their wild-type littermates were analyzed. gcl, ganglion cell layer; inl, inner nuclear layer; onl, outer nuclear layer. 
Scale bars: 50µm.
(TIF)

S3 Fig. Analyses of DEGs and translation in P7 Plagl1+m/-p retinas. Related to Fig 4. (A,B) GO analysis of molec-
ular function and cellular compartment associated with P7 Plagl1+m/-p retinal DEGs. (C,D) Mean FPKM values for 
selected chromatin and transcriptional regulators (C) and genes related to protein translation (D) that were differen-
tially expressed in P7 Plagl1+/-pat retinas were plotted with s.e.m. padj values were computed using DESeq2. (E) qPCR 
showing upregulated Sox9, Lhx2, and Hes1 transcripts and downregulated Rpl13 and Rpl26 transcripts in P7 Plagl1+/-pat 
retinas. p-values calculated with unpaired t-test.
(TIF)

S4 Fig. Analyses of cell cycle-related genes amongst the DEGs in P7 Plagl1+m/-p retinas. Related to Fig 4. (A) 
Heatmap representing cell cycle genes differentially expressed in wild-type vs Plagl1+/-pat retinas. (B) FPKM values for 
selected cell cycle regulators. p-values calculated with unpaired t-test.
(TIF)

S5 Fig. Quality control tests for scRNA-seq dataset. Related to Fig 6. (A-C) Quality control tests for scRNA-seq 
data collected from 8 retinal samples, showing nFeature_RNA, or the number of genes detected in each sample (A), 
nCount_RNA, or the total number of unique molecular identifiers (UMIs) detected within a cell (B) and percental of 
mitochondrial gene expression (C). Data shown in plots A–C were analyzed after CellBender-based ambient RNA cor-
rection. (D,E) Genotyping for biological sex by examining average gene reads for Xist (female, D) and Eif2s3y (male, 
E). (F) Integrative Genomics Viewer (IGV) analysis of read counts for introns/exons in the Plagl1 genomic locus from 
P7 Plagl1+/-pat vs wild-type retinal samples. (G). Average Plagl1 gene reads per cell in each sample, and averaged for 
wild-type and Plagl1+/-pat retinas. (H) Quarter-root mean deviance and biological coefficient of variation (BCV) plots for 
Müller glia pseudobulk data. Deviance plots show expected variability at low expression levels, and BCV plots con-
firm consistent dispersion estimates across genes. (I) Equivalent deviance and BCV plots for M Sox9 ⁺ cell pseudob-
ulk data. These metrics support robust variance modeling and validate the suitability of both datasets for differential 
expression analysis using edgeR
(TIF)

S6 Fig. Precursor and photoreceptor gene enrichment in single cell transcriptomic data. Related to Fig 6. (A,B) 
Feature plots of neuronal precursor (Neurog2, Gadd45g) (A) and rod photoreceptor (Neurod1, Nrl, Nr2e3) (B) markers 
in the scRNA-seq dataset. (C) Mean transcript counts/cell for Nr2e3 and Nrl in wild-type and Plagl1+/-pat retinas in each 
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cluster. p-values calculated with unpaired t-test for each cluster, but none were significant. (D) Feature plots of rod 
photoreceptor (Neurod1, Nrl, Nr2e3) markers in the scRNA-seq dataset after CellBender correction.
(TIF)

S7 Fig. Cell cycle gene enrichment in single cell transcriptomic data. Related to Fig 6. (A) Feature plots of cell 
cycle markers (Mki67, Top2a, Ube2c) and rod photoreceptor in the scRNA-seq dataset. (B) Mean transcript counts/
cell for Mki67, Top2a, and Ube2c in wild-type and Plagl1+/-pat retinas in each cluster. p-values calculated with unpaired 
t-test for each cluster, but none were significant.
(TIF)

S8 Fig. Shh pathway analysis. Related to Fig 7. (A) Dot plot showing over-representation of Shh signaling genes in 
Müller glial clusters in P7 wild-type and Plagl1+/-pat retinas. (B) RNAscope probe labelling of Plagl1 and Smo or Plagl1 
and Ccnd1 on P7 retinal cross sections from wild-type and Plagl1+ /-pat retinas, showing Smo up-regulation. (C) Tar-
geting strategy to generate a conditional gain-of-function of constitutively active Smo-M2 [80]. Created in BioRender. 
Schuurmans, C. (2025) https://BioRender.com/fdq40gz. (D) Sox9 and zsGreen expression in Müller glia in control and 
Slc1a3-CreER;SmoM2 floxed retinas after 4-OHT injections from P14. gcl, ganglion cell layer; inl, inner nuclear layer; 
onl, outer nuclear layer. Scale bars: 25µm.
(TIF)

S1 Table. Related to Fig 4. FPKM values for all gene expression in P7 wild-type and Plagl1+/-pat retinas from 
bulk RNA-seq. 
(XLSX)

S2 Table. Related to Fig 4. List of differentially expressed genes (DEGs) in P7 wild-type and Plagl1+/-pat retinas 
from bulk RNA-seq. 
(XLSX)

S3 Table. Related to Fig 4. Proliferation-related gene expression in P7 wild-type and Plagl1+/-pat retinas from 
bulk RNA-seq. Comparisons were made to a list of 616 genes involved in cell cycle regulation, including genes in the 
GO category “GO0007049: cell cycle” and a functional classification of additional cell cycle genes based on GO cate-
gories and KEGG pathways using DAVID.
(XLSX)

S4 Table. Related to Fig 5. Overlap between up-regulated and down-regulated DEGs and DARs (from ATAC-seq 
data) with decreased accessibility in P7 Plagl1+/-pat retinas.
(XLSX)

S5 Table. Related to Fig 5. Gene regulatory network analysis identifying predicted upstream regulators of 
Plagl1 and Plagl1 target genes. 
(XLSX)

S6 Table. Related to Fig 6. Mean transcript counts per cluster, showing a sum of all clusters. The mean transcript 
count for select genes was defined as the ratio of total UMI counts to the number of detected genes in each cell.
(XLSX)

S7 Table. Related to Fig 6. Mean transcript counts per cluster, showing individual values for each sequenced sam-
ple. The mean transcript count for select genes was defined as the ratio of total UMI counts to the number of detected genes 
in each cell. Individual p-values comparing wild-type and mutant samples calculated with an unpaired t-test are shown.
(XLSX)
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S8 Table. Related to Fig 6. Mean cell counts per cluster, showing a sum of all clusters. 
(XLSX)

S9 Table. Related to Fig 6. Mean cell counts per cluster, showing individual values for each sequenced sample. Indi-
vidual p-values comparing wild-type and mutant samples calculated with an unpaired t-test are shown.
(XLSX)

S10 Table. Related to Fig 6. DEGs and Panther GO analysis of pseudobulk Müller glia data. Clusters 7, 11, 23 and 
37 were combined.
(XLSX)

S11 Table. Related to Fig 6. DEGs and Panther GO analysis of pseudobulk Sox9+ cells. All cells expressing Sox9, 
regardless of cluster number, were combined.
(XLSX)

S12 Table. Numerical data for all graphs and summary statistics. 
(XLSX)
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