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Maf1 controls retinal neuron number by both RNA Pol
III- and Pol II-dependent mechanisms

Yifei Li,1 Dongchang Xiao,1 Haiqiao Chen,1 X.F. Steven Zheng,2 and Mengqing Xiang1,3,4,*
SUMMARY

The generation of appropriate numbers and types of neurons is a prerequisite for assembling functional
neural circuits. However, the molecular basis regulating retinal neuron number remains poorly under-
stood. Here, we report that inactivation of the RNApolymerase (Pol) III inhibitor geneMaf1 inmice results
in decreased retinal thickness and neuron number that cause attenuated electroretinogram (ERG) re-
sponses. Its absence causes aberrant differentiation of all retinal neuron types primarily by an RNA Pol
II-dependent mechanism while promoting retinal progenitor cell proliferation via both Pol III- and Pol II-
dependent mechanisms. Chromatin profiling and transcription assay reveal that Maf1 binds widely to
the genome to regulate the expression of a large set of Pol II-transcribed genes involved in retinal cell pro-
liferation, differentiation, and/or survival. Together, our data suggest that Maf1 may control retinal
neuron number by a balanced regulation of cell proliferation, differentiation, and death via both Pol III-
dependent and Pol II-dependent mechanisms.

INTRODUCTION

The generation of correct numbers and types of neurons in neural tissues during development is a prerequisite for assembling functional neu-

ral networks.1 The mammalian retina is a multilayered sensorineural epithelium consisting of one glial cell type (Müller cells) and six neuronal

cell types: rod and cone cells as photoreceptors, bipolar, amacrine, and horizontal cells as interneurons, and retinal ganglion cells (RGCs) as

output neurons. It is thought that these cell types only in appropriate numbers and ratios would be able to organize into optimally functional

retinal circuits to detect and transmit light signals to the visual targets in the brain. For instance, there are approximately 6.5 million cells in the

mouse retina with a rough rod-to-cone ratio of 35:1 and rod-to-RGC ratio of 140:1 2,3, and the total number of cells and proportion of each cell

type vary little in a given mouse strain.2–4 It is well known that loss of retinal cell types and change in cell type ratios lead to retinal impairment

and diseases such as rod-cone dystrophy,5,6 enhanced S-cone syndrome,7,8 glaucoma,9,10 etc. During retinogenesis, the various retinal cell

types are generated frommultipotent progenitors in an overlapping temporal order and in stereotyped ratios.11,12 The bulk of RGCs, cones,

horizontal cells, and amacrine cells are born between E11 and P2 while most of the rod, bipolar and Müller cells are produced postnatally

before P11.12,13 In the past, regulatory gene networks underlying the specification and differentiation of different retinal cell types have

been studied extensively.14–17 However, it remains poorly understood as to themolecular basis governing the generation of appropriate num-

ber of cells in the retina.

There are three types of RNA polymerases in eukaryotes: RNA polymerase I (RNA Pol I), RNA polymerase II (RNA Pol II), and RNA poly-

merase III (RNAPol III), each of which performs different functions. RNAPol I transcribes all ribosomal RNA (rRNA) except 5S rRNAgenes. RNA

Pol II transcribes genes of mRNA, miRNA, lncRNA, snRNA, and snoRNA. RNA Pol III is responsible for the synthesis of precursors of transfer

RNA (tRNA), 5S rRNA, and other small RNAs, which in turn participate in a variety of functions through post-transcriptional regulation.18 It has

been demonstrated that Maf1 acts as a major repressor of RNA Pol III to regulate lipid metabolism,19–21 cell proliferation,20,22–25 tumorigen-

esis,20,22–25 lifespan,26,27 and other biological processes25,28,29 by inhibiting RNA Pol III-dependent transcription. In addition, evidence has

been accumulating to show that Maf1 can also function to regulate RNA Pol II-dependent transcription of select genes. For instance, it oc-

cupies the promoters of TBP and EGR1 genes to inhibit their transcription in human glioblastoma cell lines.30 In mouse hepatocytes, Maf1

inhibits lipogenesis by binding to the promoter of the fatty acid synthase gene Fasn to repress its expression.20 Our recent study has shown

that in murine peri-infarct cortex, Maf1 similarly occupies the promoters of and inhibits the expression of CREB-associated genes that pro-

mote neural plasticity and repair.31 AlthoughMaf1 is well known for its transcriptional repressor activity, there is one known case where it acts

as a transcriptional activator. In hepatocellular carcinoma cells and hippocampal neuron cells, it directly activates the expression of PTEN,22,32
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a major tumor suppressor gene and an inhibitor of mTOR signaling, suggesting that Maf1 may be able to function as both transcriptional

repressor and activator depending on the promoter contexts and signal inputs.

Emerging evidence has implicated an important role for Maf1 in the regulation of tissue development. It promotes mesoderm induction

from mouse embryonic stem cells (ESCs) as well as adipocyte differentiation from the mesodermal lineage.33 By contrast, its knockdown in

ESCs and preadipocytes suppresses adipogenesis.33 Transgenic overexpression of Maf1 in mesenchyme also facilitates osteoblast differen-

tiation which leads to increased bone mass while its knockdown in stromal cells results in decreased osteoblastogenesis.34 Surprisingly,

reducing RNAPol III-dependent transcription inhibits osteoblast differentiation although it promotes adipogenesis as expected.34 Moreover,

Maf1 overexpression and direct perturbation of RNA Pol III-dependent transcription result in quite different changes in global gene expres-

sion profiles during the differentiation process,34 indicating that Maf1 may control osteoblast differentiation via a mechanism independent of

RNA Pol III.

Given the newly recognized function of Maf1 in developmental programming, we asked whether it also played a role in modulating retinal

development. We found that Maf1 was transiently expressed in most murine retinal progenitor cells (RPCs) and its targeted inactivation in

mice diminished the retinal thickness and reduced the number of all retinal neuron types, which caused decreased electroretinogram

(ERG) responses. The absence ofMaf1 led to aberrant differentiation of all retinal neuron types and decreased expression of their molecular

markers; whereas it promoted RPC proliferation and increased RPC marker expression. As a result, Maf1 inactivation caused substantial

reduction in retinal neuron production despite elevated RPCs that subsequently degenerated by apoptosis. Genome-wide chromatin

profiling and transcription assay showed that Maf1 bound broadly to the genome to negatively or positively regulate the expression of a large

set of Pol II-transcribed genes involved in retinal proliferation, differentiation and/or survival. Our results together indicate thatMaf1may con-

trol the generation of correct number of neurons during retinal development by a balanced regulation of cell proliferation, differentiation, and

death via both RNA Pol III-dependent and -independent mechanisms.

RESULTS

Pattern of Maf1 expression during mouse retinal development

We carried out RNA in situ hybridization and immunofluorescence staining to investigate the spatiotemporal expression pattern of Maf1 in

the mouse retina at different developmental stages (Figure S1). At embryonic stages E12.5-E18.5, Maf1 RNA transcripts were distributed

throughout the entire retina including both the RPCs in the outer neuroblastic layer and differentiating cells within the inner neuroblastic layer,

with RNA in situ hybridization signals gradually concentrating in the inner neuroblastic layer (Figures S1A–S1D). From P0 to P8, Maf1 tran-

scripts gradually disappeared from the outer nuclear layer (ONL) while they were progressively limited to the inner nuclear layer (INL) and

ganglion cell layer (GCL) (Figures S1E–S1G). And from P21 onward, strongMaf1 RNA expression remained in the INL and GCL (Figure S1H).

Maf1 protein has a very similar expression pattern as its RNA transcript. At embryonic stages E12.5-E18.5, its immunoreactivity was de-

tected in most RPCs in the outer neuroblastic layer and much stronger immunoreactivity was seen in differentiating cells in the inner neuro-

blastic layer (Figures S1I–S1L). At early postnatal stages, strong Maf1-immunoreactivity was found in the INL, GCL, and migrating horizontal

cells while the outer neuroblastic layer gradually lost the Maf1-immunoreactivity (Figures S1M–S1O). In P21 and adult retinas, strong Maf1-

immunoreactivity remained in the INL and GCL as well as in both outer and inner plexiform layers (Figure S1P). Therefore, Maf1 is transiently

expressed in RPCs and then permanently expressed in most cells of the inner retina, hence displaying a dynamic spatiotemporal expression

pattern during mouse retinal development.

By double immunolabeling, we found that Maf1 was co-expressed in more than 90% of Vsx2/Chx10+ bipolar cells, Pax6+ amacrine cells,

GAD2/GAD65+ GABAergic amacrine cells, Slc6a9/GLYT1+ glycinergic amacrine cells, Calb1/calbindin+ horizontal cells, Pou4f1/Brn3a+ and

Pou4f2/Brn3b+ RGCs, or Glul+ and Sox2+ Müller cells (Figure S2). These results suggest that Maf1 may be expressed in all or nearly all cells

located in the INL and GCL in the mature mouse retina. As mentioned in the following text, the spatiotemporal expression pattern of Maf1

protein in developing and adult retinas was further confirmed by the immunolabeling pattern of the tdTomato reporter knocked-in theMaf1

locus (Figure S4).

Retinal dysfunction in Maf1 null mutant mice

To investigate the role ofMaf1 during retinal development, we utilized the CRISPR/Cas9 gene-editing technology to create aMaf1 knockout

mouse line in which the coding part of exon 3 and all exon 4 was substituted by a tdTomato expression DNA sequence (Figure 1A). Maf1

inactivation was confirmed by genotyping at the DNA level, qRT-PCR assay at the RNA level, and Western blotting/immunostaining at the

protein level (Figures S3A–S3E). In developing and mature Maf1+/� animals, tdTomato expression was co-localized with Maf1 protein in

the retina (Figure S3F), and essentially recapitulated the spatiotemporal expression pattern of Maf1 during embryonic and postnatal retinal

development (Figure S4). The eyes of adult wild-type (WT) and Maf1�/� mice were grossly normal with the formation of similar lenses and

corneas, and the transparency of their lenses was also indistinguishable when assayed in culture (Figure S5).

To characterize retinal deficiency in Maf1 null mice, we first measured the retinal thickness in one-month-old WT and Maf1�/� mice by

optical coherence tomography (OCT). Compared to the WT retina, we found that the null retina was overall thinner and in particular, signif-

icantly thinner in the central region (Figures 1B–1D). We then quantified HE (hematoxylin-eosin)-stained nuclei in different retinal layers and

found that there was an approximately 11.3%, 13.7%, and 20.1% reduction in the number of nuclei within the ONL, INL, and GCL of the null

retina, respectively, compared to those of the WT retina (Figures 1E–1I). These results indicate that there may be loss of multiple cell types in

the mature Maf1 null retina.
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Figure 1. Reduced retinal thickness and cell number in Maf1�/� mice

(A) Schematic diagram illustrating targeted disruption of theMaf1 locus in mice. By CRISPR/Cas9 gene editing, the great majority of exon 3 and all exon 4 were

substituted by a tdTomato expression sequence.

(B and C) OCT (optical coherence tomography) images of retinas from one-month-old wild-type (WT) and Maf1�/� mice.

(D) OCT measurement of retinal thickness from the optic disc to peripheral regions. Each point represents the mean G SEM for 9 or 10 retinas. *p < 0.05;

**p < 0.01.

(E–H) Retinal laminar structures of one-month-old WT and Maf1�/� mice were visualized by HE (hematoxylin-eosin) staining of retinal sections.

(I) The number of nuclei in theONL, INL, andGCL ofWT andMaf1�/� retinas were counted and presented asmeanG SEM (n = 4). *p < 0.05. Abbreviations: GCL,

ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segment; ONL, outer nuclear layer; OPL: outer plexiform layer; OS, outer segment.

Scale bar: E,G, 80 mm; F,H, 20 mm.
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To assess whether the observed cell loss inMaf1 null retinas would impair visual function, we recorded scotopic electroretinogram (ERG)

responses inWT andMaf1�/�mice aged at 2 and 6months. Under dark-adapted condition and all tested low and high flash intensities (0.003–

10.0 cd s/m2), substantial reductions in scotopic b-wave amplitudes (�34% on average) were observed in mutants of both ages compared to

control animals (Figures 2A, 2C, 2E). Moreover, the response amplitudes of a-waves elicited from mutant animals were also decreased by

�26% on average for flash intensities 0.1 cd s/m2 and above (Figures 2A, 2B, and 2D). Similar to scotopic ERG responses, Maf1�/� mice

also exhibited a decrease in amplitudes of both a- and b-waves of light-adapted ERG responses, albeit with statistical significance only under

high flash intensities (10.0 and/or 30.0 cd s/m2) (Figure S6). In addition, compared to WT mice, oscillatory potentials (OPs) in scotopic ERG

responses at 3.0 cd s/m2 were reduced by up to 32.1% in Maf1�/� animals (Figure 2F). Because the a- and b-waves are primarily generated
iScience 26, 108544, December 15, 2023 3



Figure 2. Decreased scotopic ERG (electroretinogram) responses of Maf1�/� mice

(A) Representative ERGwaveforms from dark-adaptedWT andMaf1mutant animals aged 2 and 6months. The flash intensity used to elicit the responses is given

to the left of each pair of responses.

(B–E) Intensity–response functions of scotopic ERG a waves (B and D) and b waves (C and E) for control and Maf1 mutant mice aged 2 and 6 months. Data are

presented asmeanG SEM (n = 6–10). Asterisks indicate significance in a two-way ANOVA test with the Holm-Sidak correction. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.

(F) Oscillatory potentials (OPs) in ERG at 3 cd s/m2. OP amplitudes were quantified using root-mean-square (RMS) for two-frequency bands in eight horizontal and

seven vertical locations. Data are presented as mean G SEM (n = 6–10). *p < 0.05, **p < 0.01.
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by photoreceptors and bipolar cells, respectively, and OPs reflect the interaction among inner retinal neuron types including amacrine cells,

bipolar cells, and RGCs,35–37 their reduction suggests thatMaf1 inactivation may cause defects in all these cell types, consistent with cell loss

observed in all retinal cellular layers ofMaf1 null mice. Additionally, ERG responses ofMaf1�/� animals did not deteriorate with age from 2 to

6 months, suggesting that Maf1 disruption may not cause retinal degeneration.

Loss of neuronal cell types in Maf1 null retinas

To confirm thatMaf1 inactivation leads to loss of multiple retinal cell types, we compared the expression levels of a series of neuronal and glial

(Müller) cell marker genes between WT andMaf1�/� retinas by qRT-PCR analysis. Compared to 1-month-old WT retinas, inMaf1�/� retinas,

there was an approximately 10–20% decrease in expression levels of photoreceptor marker genes Rcvrn and Crx, rod marker genes Rho,

Gnat1, andNrl, conemarker genesArr3 andOpn1sw, bipolar cell marker genes Vsx2 and Prkca, RGCmarker genes Rbpms and Pou4f1, ama-

crine cell marker genes Tfap2a and Gad1, and horizontal cell marker genes Lhx1 and Calb1 (Figure 3A). However, there was no significant

expression change in Müller glia cell marker genes Sox9, Glul, and Rlbp1 (Figure 3A), indicating that all neuronal cell types display cell

loss whereas Müller cells do not in the Maf1 null retina.

We further validated neuronal cell type loss inMaf1 null retinas by immunofluorescent stainingwith antibodies against a variety of cell type-

specific protein markers. Quantification of immunoreactive cells in the intermediate retina revealed that in Maf1�/� retinas, the number of

Vsx2+ bipolar cells and Prkca/PKCa+ rod bipolar cells was decreased by 32.4% and 28.4%, respectively, compared to the WT retina

(Figures 3C, 3D, 3C0,3D0, and 3K). Similarly, the number of Tfap2a+ amacrine cells was reduced by 18.7% (Figures 3G, 3G0, and 3K). In agree-

ment with the loss of these two cell types, Bhlhe22/Bhlhb5-immunoreactive type 2OFF-cone bipolar cells andGABAergic amacrine cells were

decreased by 29.7% (Figures 3E, 3E0, and 3K). There was also 6.7%, 17.3%, and 13.6% decrease in the number of cone arrestin-positive (Arr3+)

cones, Rbpms+ RGCs, and Lhx1+ horizontal cells, respectively (Figures 3B, 3H, 3I, 3B0, 3H0, 3I0, and 3K). Immunoreactivity for Pax6, a marker for

amacrine cells, horizontal cells, and RGCs, was also visibly diminished in the mutant retina (Figures 3F and 3F0). However, there was no sig-

nificant alteration in the number of Sox9+ Müller cells (Figures 3J, 3J0, and 4K). To minimize the effect of retinal geometric locations on cell

number,38–41 we quantified cells in the nasal, temporal, dorsal, and ventral quadrants of the intermediate region in WT and Maf1�/� retinal

wholemounts and observed a similar decrease in these quadrants of null retinas for Arr3+ cones, Vsx2+ bipolar cells, Tfap2a+ amacrine cells,

and Rbpms+ RGCs (Figure S7). These results together thus suggest that the absence ofMaf1may result in cell loss in all 6 retinal neuron types

including rod, cone, bipolar, ganglion, amacrine, and horizontal cells but have no effect on Müller glial cells.

Differentiation defects of neuronal cell types in developing Maf1 null retinas

Given that the majority of cells of all 6 neuronal types are present in adult Maf1 null retinas, Maf1 is unlikely required for specifying the fates

of retinal neuron cell types. We therefore sought to determine whether Maf1 would affect their differentiation first by bulk RNA-seq anal-

ysis of WT and Maf1�/� retinas at P0 and P8 when amacrine, rod, and bipolar cells are still undergoing generation and initial differentiation

and ganglion, cone, and horizontal cells are undergoing late differentiation. This analysis yielded a group of downregulated genes as well

as a cluster of upregulated genes in Maf1�/� retinas at both postnatal stages (Figure S8; Tables S1 and S2). The downregulated genes

were enriched for GO (gene ontology) terms associated with retinal neuron functions such as axonogenesis, synapse organization, neuron

projection guidance, monoamine transport, phototransduction, and response to light stimulus (Figures 4A and 4B), implicating a defect in

neuronal cell differentiation in Maf1�/� retinas. Expression heatmaps showed that a large number of RGC marker genes were downregu-

lated in Maf1�/� retinas compared to control ones at P0 (Figure 4C). Similarly, in P8 null mutant retinas, many bipolar cell marker genes,

rod and cone marker genes, and amacrine and horizontal cell marker genes were all downregulated (Figures 4E–4G). Among the down-

regulated genes were a number of transcription factor (TF) genes including Atoh7, Pou4f1-3, Ebf1-4, Isl1, Vsx2, Bhlhe23, Crx, Nrl, Nr2e3,

Prox1, Prdm13, Tfap2a, Tfap2b, Sall3, and Lhx1 (Figures 4C, 4E–4G), which have been demonstrated to be involved in the differentiation of

ganglion, bipolar, rod, cone, amacrine, and/or horizontal cells. qRT-PCR assay confirmed significant downregulation in expression of RGC

marker genes Rbpms, Pou4f1, Pou4f2, and Irx5, amacrine and/or horizontal marker genes Tfap2a, Calb1, and Lhx1, and rod and/or cone

marker genes Rcvrn and Opn1sw in P0 Maf1�/� retinas (Figure 4D). In P8 Maf1�/� retinas, there were similar downregulation in expression

of bipolar cell marker genes Vsx2, Prkca, Bhlhe23, and Car8, rod marker genes Rho and Rcvrn, and cone marker genes Arr3 and Opn1sw

(Figure 4H). By contrast, we did not detect significant change in expression of Müller cell marker genes Glul and Rlbp1 (Figure 4H). These

results suggest that Maf1 inactivation may cause defective differentiation in all 6 retinal neuron types, perhaps by downregulating the

expression of relevant regulatory TF genes.

Single-cell transcriptomics is able to reveal cell lineage trajectories during retinal development.42 We thus performed scRNA-seq analyses

of P3 and P7 WT and Maf1�/� retinas to evaluate possible differentiation defects in cell lineage trajectories. After removing doublet cells,

microglia, astrocytes, and endothelial cells as well as performing a random downsampling, we obtained expression data of 7,854 cells

each for P3 WT and Maf1�/� retinas and 8,007 cells each for P7 WT and Maf1�/� retinas. Unsupervised combined with marker-based

UMAP clustering was conducted using Seurat 443 on these cells, which resulted in 9 clusters (c1-c9) each for P3 and P7 cells (Figures 5A,

5D, S9A, and S9B). At P3, the transitional retinal progenitor cells (tRPCs), which originated from the naive RPCs (nRPCs), gave rise to two

cell lineage trajectories: the amacrine cell trajectory consisting of clusters c3-c5 and the rod cell trajectory composed of clusters c7 and c8

(Figures 5A and S9A). Although both the amacrine and rod trajectories were formed in WT and null retinas, the terminal clusters of the

two trajectories (c5 and c8), which developmentally advanced most as determined by pseudotime trajectory analysis (Figure S9C), exhibited

cell loss whereas the RPC clusters (c1 and c2) displayed no such cell loss in null retinas (Figures 5B and 5C). As expected, there was cell loss in
iScience 26, 108544, December 15, 2023 5



Figure 3. Loss of neuronal cell types in Maf1�/� retinas

(A) The expression levels of a series of neuronal and Müller cell marker genes in WT andMaf1�/� retinas were determined by qRT-PCR analysis. Each histogram

represents the mean G SEM (n = 5–7). *p < 0.05, **p < 0.01, ***p < 0.001.

(B–J and B0–J0) Retinal sections (B–G, I,J,B0–G0, and I0,J0) and wholemounts (H and H0 ) from one-month-old WT and Maf1�/� mice were immunostained with

antibodies against the indicated cell type-specific markers. All sections were also counterlabeled with nuclear DAPI. Maf1 inactivation resulted in a decrease

of cone cells immunoreactive for Arr3 (B and B0), bipolar cells immunoreactive for Vsx2, Prkca, or Bhlhe22 (C–E and C0–E0 ), amacrine cells immunoreactive for

Bhlhe22, Pax6, or Tfap2a (E–G and E0–G0), horizontal cells immunoreactive for Lhx1 (H and H0), and RGCs immunoreactive for Rbpms (I and I0); but no

obvious change in Sox9+ Müller cells (J and J0).
(K) Quantitation of cells that are immunoreactive for several cell type-specific markers. Each histogram represents the mean G SEM for 3–5 retinas. *p < 0.05,

**p < 0.01, ***p < 0.001. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.

Scale bar: B–G,I,J,B0–G0,I0, and J0, 20 mm; H,H0 , 40 mm.
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Figure 4. Altered transcriptomes in P0 and P8 Maf1�/� retinas revealed by bulk RNA-seq analyses

(A and B) GO (gene ontology) term enrichment analyses of downregulated genes in Maf1�/� retinas at P0 (A) and P8 (B).

(C) Heatmap of expression levels of a set of RGC marker genes in P0 WT and mutant (MT) retinas.

(D) qRT-PCR assay of the RNA expression levels of the indicated cell type-specific marker genes in P0 WT and Maf1�/� retinas. Data are presented as mean G

SEM (n = 4 or 5). *p < 0.01, **p < 0.001.

(E–G) Heatmaps of expression levels of a set of bipolar cell marker genes (E), rod and conemarker genes (F), and amacrine and horizontal cell marker genes (G) in

P8 WT and mutant retinas.

(H) qRT-PCR assay of the RNA expression levels of the indicated cell type-specific marker genes in P8 WT and Maf1�/� retinas. Data are presented as mean G

SEM (n = 4 or 5). *p < 0.05, **p < 0.001.
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the more mature cone cluster (c6) and RGC cluster (c9) (Figures 5A–5C and S9A). There were also two cell lineage trajectories at P7: the rod

cell trajectory (c5-c7) and bipolar cell one (c3 and c4) (Figures 5D and S9B). Similarly, the two branches of lineage trajectories were largely

intact in P7 null retinas and the intermediate clusters (c3, c5, and c6) displayed no cell loss (Figures 5E and 5F), indicating that Maf1 inacti-

vation may have no effect on the determination of rod and bipolar cell fates. By contrast, the cell number was decreased in the two terminal

clusters (c4 and c7) as well as in the more mature cone cluster (c8) and amacrine cell cluster (c9) (Figures 5D–5F), consistent with a defect in

early differentiation of rod, cone, bipolar, and amacrine cells.
iScience 26, 108544, December 15, 2023 7
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Figure 5. Cell differentiation defects in developing Maf1�/� retinas

(A) UMAP plot of single cells from P3 WT and Maf1�/� retinas resulting from unsupervised combined with marker-based clustering analysis.

(B) Comparison of UMAP plots of equal number of single cells from P3 WT and Maf1�/� retinas.

(C) Proportion of cell number in each cluster in P3 WT and Maf1�/� retinas.

(D) UMAP plot of single cells from P7 WT and Maf1�/� retinas resulting from unsupervised combined with marker-based clustering analysis.

(E) Comparison of UMAP plots of equal number of single cells from P7 WT and Maf1�/� retinas.

(F) Proportion of cell number in each cluster in P7 WT and Maf1�/� retinas.

(G and G0) Retinal sections from E14.5 control and Maf1�/� mice were immunostained for the RGC marker Pou4f2.

(H and H0 ) Retinal sections from E16.5 control and Maf1�/� mice were immunostained for Calb2, a marker for RGCs and amacrine cells.

(I and I0) Retinal sections from E18.5 control and Maf1�/� mice were immunostained for the amacrine cell marker Tfap2a.

(J, K, J0, and K0) E18.5 retinal sections (J and J0) and P8 retinal flatmounts (K and K0) from control and Maf1�/� mice were immunostained for the horizontal cell

marker Lhx1.

(L and L0) Retinal sections from E18.5 control and Maf1�/� retinas were immunostained for the photoreceptor marker Rcvrn.

(M and M0) Retinal sections from P7 control and Maf1�/� retinas were immunostained for the bipolar cell marker Vsx2.

(N) Quantitation of cells that are immunoreactive for several cell type-specific markers at different developmental stages. Each histogram represents themeanG

SEM for 3–5 retinas. *p < 0.05, **p < 0.01. All retinal sections were counterstained with nuclear DAPI. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner

plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar: G–J, L, M, G0–J0, L0, and M0, 20 mm; K and K0, 40 mm.
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In the P7 scRNA-seq dataset, consistent with the bulk RNA-seq data and neuron differentiation deficit, the average expression levels of

many photoreceptor, bipolar, and amacrine cell marker genes were downregulated inMaf1 null retinas (Figure S10A). However, as revealed

by violin and feature plots, there was no obvious difference in single-cell expression levels betweenWT and null retinas for bipolar cell marker

genes Isl1, Bhlhe23, Vsx1, andGrik1 in cluster c4, cone marker genes Rcvrn,Opn1sw, Arr3, andGnat2 in cluster c8, and amacrine cell marker

genes Tfap2b, Prdm13, Nrxn1, and Dner in cluster c9 (Figure S10B–S10E). To better resolve single cells in these clusters, we separately re-

analyzed clusters c4, c8, and c9 by UMAP clustering. Feature plots of gene expression in these clusters further showed that the marker

gene expression levels in single cone, bipolar, and amacrine cells did not display overt difference betweenWT andMaf1 null retinas but there

were fewer cone, bipolar, and amacrine cells in the null retina (Figures S10F–S10Q). Therefore, in agreement with the aforementionedmarker

immunostaining results, the differentiation defects resulting fromMaf1 inactivation appear to primarily cause retinal neuron loss rather than

mis-differentiation of retinal neurons with decreased marker gene expression.

We confirmed neuronal differentiation defects in developingMaf1 null retinas by immunostaining for cell type-specific protein markers. In

E14.5, E16.5, and E18.5Maf1�/� retinas, compared to the control, we detected 13.2–25.6% decrease in the number of Pou4f2+ RGCs, Calb2+

(calretinin+) RGCs/amacrine cells, Tfap2a+ amacrine cells, Lhx1+ horizontal cells, or Rcvrn+ cone cells, and this reduction continued at stages

P0 and P8 (Figures 5G–5L, 5G0–5L0, and 5N). In addition, there was a significant decrease of Rbpms+ RGCs in P0 null retinas (Figure 5N).

Consistent with this, we observed reduced Rbpms- and Calb2-immunoreactivity inMaf1�/� retinas at E14.5, E16.5, E18.5, and P0 (Figure S11).

Since most RGCs and amacrine, horizontal and cone photoreceptor cells are being generated and differentiating during embryogenesis,12

these results suggest that the absence of Maf1 leads to a deficiency in the differentiation of RGCs and amacrine, horizontal, and photore-

ceptor cells. In contrast, most bipolar cells are being generated and differentiating in the first postnatal week.12 We thus detected 13.9–

24.1% decrease in the number of Vsx2+ bipolar cells in P7, P8, and P12 null retinas (Figures 5M, 5M0, 5N, and S12).
Increased progenitor cell proliferation in developing Maf1 null retinas

Maf1 is known to inhibit cell proliferation by repressing the activity of RNA Pol III which is responsible for the transcription of pre-tRNAs, 5S

rRNA, and other small RNAs. We thus investigated whether Maf1 inactivation would affect Pol III-dependent transcription and RPC prolifer-

ation. By qRT-PCR assay, we observed in Maf1�/� retinas dramatic upregulation in expression of tRNAMet, tRNALeu, 5S rRNA (Rn5s), and U6

RNA (Rnu6) (Figure S13), consistent with the fact that Maf1 acts as a strong Pol III inhibitor. By contrast, in Maf1 null retinas, there were only

minimal changes in expression levels of Pol I-dependent transcripts 18S and 28S rRNAor constitutively expressed Pol II-dependent transcripts

Gapdh and Hist3h2a (Figure S13B). To evaluate the effect of enhanced Pol III transcription on RPC proliferation, we first performed a GO

enrichment analysis of the upregulated genes in P0 Maf1�/� retinas identified by bulk RNA-seq analysis. This revealed that the upregulated

genes were primarily enriched for GO terms associated with cell cycle such as positive regulation of cell cycle, mitotic nuclear division, sister

chromatid segregation, spindle organization, and ribosome biogenesis (Figure 6A). Expression heatmaps further showed that there was an

upregulation in expression of a large set of S-phase marker genes and G2/M-phase marker genes in P0 null retinas (Figures 6B and 6C), indi-

cating an increase of RPC proliferation inMaf1�/� retinas. We then carried out a cell cycle analysis of the sequenced single cells of P3 control

and null retinas by Seurat using 70 cell cycle markers.44 This analysis revealed an obvious increase in the number of S and G2/M nRPCs (in the

c1 cluster) in P3 Maf1�/� retinas compared to the WT control (Figures 6D and 6E). Consistent with enhanced cell proliferation, there were

indeed more nRPCs (c1 cells) in P3 and P7 Maf1�/� retinas (Figures 5A–5F).

We confirmed increased RPC proliferation inMaf1�/� embryonic and postnatal retinas by immunostaining with an antibody against phos-

phorylated histone H3 (pH3), an M-phase marker, as well as by short pulse-labeling with EdU, an S-phase marker. We found that in Maf1�/�

retinas, pH3-immunoreactive cells were increased consistently at all tested stages including E14.5, E16.5, E18.5, P0, and P4 (Figures 6F–6J,

6F0–6J0, and 6L); Similarly, EdU-positive cells were increased by �15.1% in E18.5 null retinas (Figures 6K, 6K0, and 6M), consistent with the

increased mitotic progenitors in S and G2/M phases as well as upregulated expression of S and G2/M marker genes revealed by bulk
iScience 26, 108544, December 15, 2023 9



Figure 6. Enhanced retinal progenitor proliferation in Maf1�/� mice

(A) GO term enrichment analysis of upregulated genes in P0 Maf1�/� retinas.

(B and C) Heatmaps of expression levels of a set of G2/M-phase marker genes (B) and S-phase marker genes (C) in P0 WT and mutant (MT) retinas.

(D and E) Cell cycle analysis showing an increase in the proportion of cells distributed in S and G2/M phases in P3 Maf1�/� retinas.

(F–J and F0–J0) Retinal sections from the indicated developmental stages were immunolabeled with an anti-pH3 (phosphorylated histone H3) antibody and

counterstained with DAPI. There were more pH3-positive cells in Maf1�/� retinas than those in controls at these stages.
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Figure 6. Continued

(K and K0) RPCs in S phase in E18.5 control andMaf1�/� retinas were pulse-labeled by EdU and then visualized in sections by fluorescence staining for EdU with

DAPI counterlabeling.

(L) Quantitation of pH3+ cells in control andMaf1�/� retinas at the indicated developmental stages (E14.5-P4). Each point represents the meanG SEM for 3 or 4

retinas. *p < 0.05, **p < 0.001.

(M) Quantitation of EdU+ cells in E18.5 control and Maf1�/� retinas. Each histogram represents the mean G SEM for 4 retinas. *p < 0.05.

(N–Q and N0–Q0) Cells undergoing apoptosis were TUNEL-labeled and counterstained with DAPI in E18.5 and P0 control and Maf1�/� retinal sections.

(R) Quantitation of TUNEL+ cells in E18.5 and P0 control and Maf1�/� retinas. Each histogram represents the mean G SEM for 3 or 4 retinas. *p < 0.005.

(S) Percentage of EdU+ and EdU� cell populations among total TUNEL+ cells in E18.5 control andMaf1�/� retinas. Each histogram represents the meanG SEM

for 3 or 4 retinas. *p < 0.05. Scale bar: F,G,F’, and G0, 80 mm; N-Q,40 mm; H–K, H0–K0, and N0–Q0, 20 mm.
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RNA-seq and scRNA-seq analyses (Figures 6B–6E). Despite this elevation, however,Maf1 inactivation did not appear to prolong the duration

of RPC proliferation during development since EdU-positive cells disappeared in both control and Maf1�/� retinas by P11 (Figure S14). To

ascertain whether the increased mitotic RPCs might result from altered cell cycle dynamics, we utilized a BrdU/EdU dual labeling

approach45–47 to determine RPC cell cycle kinetic parameters in E14 WT and Maf1�/� retinas (Figure S15A). Based on the number of EdU,

BrdU, or Ki67 positive cells (Figures S15B–S15G), we were able to calculate the total cell cycle length (Tc) and the S-phase length (Ts)

(Figures S15H and S15I). The results revealed that Maf1�/� RPCs had a Tc that was 24.7% shorter than that of WT RPCs (17.02 vs. 22.60 h)

and that their Ts was also 21.7% shorter (Figures S15H and S15I), suggesting that the absence ofMaf1may shorten the RPC cell cycle length,

which would lead to increased RPCs.

Given the substantial loss of neuronal cells in adult Maf1�/� retinas, the superfluous RPCs resulting from enhanced proliferation dur-

ing development did not appear to differentiate into mature neurons. To test whether they were eliminated by cell death, we labeled

apoptotic cells in mutant and control retinal sections by TUNEL (terminal deoxynucleotidyl transferase-mediated nick end labeling).

Compared to control retinas, TUNEL+ cells were increased by 101.5% at E18.5 and by 65.9% at P0 in Maf1�/� retinas (Figures 6N–

6Q, 6N0–6Q0, and 6R). RPCs exist mainly in the periphery of the retina at later postnatal stages (Figure S14). So we quantified

TUNEL+ cells in the peripheral region at P6-P8, which revealed a significant increase of 165.1% and 107.8%, respectively, in TUNEL+

cells in P6 and P7 Maf1�/� retinas compared to controls (Figures S16A–S16D, S16A0–S16D0, and S16G). P8 Maf1�/� retinas showed

an increase of TUNEL+ cells without reaching significance (Figures S12E–S12G, S12E0, and S12F0). To directly visualize the death of su-

perfluous RPCs, we carried out EdU and TUNEL double-labeling of E18.5 control and Maf1�/� retinal sections and observed a 173.6%

increase of EdU+TUNEL+ double-positive cells in the null retina (Figure 6S and S17). These results thus suggest that excessive RPCs

resulting from Maf1 inactivation may be eventually eliminated by apoptosis.

Failure to rescue neuron differentiation defects in Maf1 null retinas by Pol III inhibition

Maf1 inactivation leads to enhanced Pol III activity which in turn may cause defect in retinal neuron differentiation. To test this possibility, we

performed a rescue experiment in which P0 Maf1�/� retinal explants were cultured in the presence of a Pol III-specific chemical inhibitor

ML-60218,33 and collected at day 10 for qRT-PCR analysis (Figure 7A). Judged by tRNAMet expression levels, the greatly elevated Pol III activity

resulting from Maf1 inactivation was brought down to a level close to that of WT retinas by treatment with 20 mM ML-60218 (Figure 7B).

Despite this reduction of Pol III-dependent transcription, ML-60218 treatment of Maf1�/� explants did not result in any significant increase

in expression of bipolar cell marker genes Vsx2 and Prkca, or amacrine cell marker genes Tfap2a, Gad1, and Calb2 (Figure 7B). Since both

cell types are being generated and undergoing initial differentiation in the early postnatal period, these results suggest that the neuronal

differentiation phenotype caused byMaf1 inactivation may not be rescued by Pol III inhibition and thus may in part result from a Pol III-inde-

pendent mechanism.

Maf1 binds broadly to the genome and regulates expression of RNA Pol II-transcribed genes involved in retinal

proliferation and differentiation

MAF1 has been shown previously to act as a TF to regulate expression of some selective RNA Pol II-transcribed genes.20,22,30,31 To explore its

TF function as a possible Pol III-independent mechanism during retinal development, we performed CUT&Tag assay to identify the genomic

sites bound by Maf1 in P7 mouse retinal cells. A total of 8,782 peaks were identified which were highly enriched for two DNA binding motifs:

CCAAT and a GC-rich one, as determined by a de novomotif search (Figures 7C and 7D). The Maf1 peaks were narrower than but coincided

with the peaks of histone H3K27 acetylation (H3K27ac) (Figures 7E and 7F), which is a well-established chromatin marker of active enhancers

and promoters, suggesting that Maf1 may indeed act as a broadly functional TF to directly bind to DNA to regulate Pol II gene expression.

Consistent with it being a TF, the great majority of Maf1 binding peaks were located in the promoter, intron, and intergenic regions of the

genome (Figure 7G).

To examine the functions ofMaf1-bound genes, we performedGOand KEGGpathway enrichment analyses. These revealed that theMaf1

peak-associated genes were primarily enriched for those involved in regulation of neurogenesis, forebrain development, axonogenesis,

developmental cell growth, cell cycle, regulation of cell growth, Wnt signaling pathway, cAMP signaling pathway, and so on (Figures 7H

and 7I), suggesting thatMaf1maymodulate retinal cell proliferation and differentiation by regulating key developmental genes and signaling

pathways. Consistent with this idea, Maf1 was seen to bind to the promoter regions of many cell cycle genes such as Fzr1, Stag1, Cenpf, and

Anapc4, Wnt signaling pathway genes Axin1, Dvl3, and Gsk3b, cAMP signaling pathway genes Creb1 and Creb3, and other retinal
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Figure 7. Regulation of retinal cell differentiation and proliferation by Maf1 via RNA Pol III-independent mechanism

(A) Schematic illustration of in vitro culture of P0 retinal explants.

(B) qRT-PCR assay of the RNA expression levels of the indicated cell type-specific marker genes and tRNAMet in WT and Maf1�/� retinal explants as well as in

Maf1�/� retinal explants cultured in the presence of 10 or 20 mM ML-60218. Data are presented as mean G SEM (n = 4 or 5). *p < 0.01, **p < 0.0001.

(C) Heatmaps of Maf1 and H3K27ac CUT&Tag signals in P7 mouse retinal cells within an 8 kb window centered around the peak summit.

(D) The two top-ranked Maf1-binding motifs identified by de novo motif search in a 300-bp window centered at the peak summit.

(E) CUT&Tag fragment coverage of Maf1, H3K27ac, and IgG centered around the Maf1 peak summit.

(F) The 5’ and 3’ tags (reads) from the H3K27ac-marked nucleosomes are distributed near the Maf1 peaks.

(G) Frequency of Maf1 peaks located in the promoter, intron, intergenic, exon, and TTS (transcription termination site) regions.

(H and I) GO (H) and KEGG pathway (I) enrichment analyses of Maf1 peak-associated genes.

(J) Genome browser view of Maf1, H3K27ac and IgG CUT&Tag signals at the Fzr1, Stag1, Axin1, Creb1, and Top2b loci. The y axis represents the number of

normalized reads.

(K) Schematic of the luciferase assay. DNA fragments containing Maf1-binding sites identified in various genes were inserted upstream of Luc (luciferase) in the

pGL3 reporter plasmid.
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Figure 7. Continued

(L) Relative luciferase activities after cotransfection of the indicated reporter plasmids (Maf1-binding sites or mutant Maf1-binding sites in pGL3-promoter vector)

with control (pCI-Neo) or Maf1 (pCI-Maf1) expression plasmids in 293T cells. Histograms represent the mean G SEM of triplicate assays in a single experiment.

*p < 0.0001.

(M) Relative luciferase activities after cotransfection of the indicated reporter plasmid (Top2b Maf1-binding site in pGL3-basic vector) with control or Maf1

expression plasmids in 293T cells. Histograms represent the mean G SEM of triplicate assays in a single experiment. *p < 0.05.
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developmental regulatory genes such as Top2b (Figure 7J and S18). All of these genes contained the CCAAT and/or GC-rich motifs in Maf1-

bound sequences. To test whether Maf1 was able to regulate expression of these bound genes, we subcloned some of the Maf1-binding

sequences into a luciferase reporter plasmid (Figure 7K). In 293T cells, compared to the control, transient transfection of a Maf1 expression

plasmid significantly inhibited the luciferase activity of reporter plasmids containingMaf1-binding sites ofCenpf,Anapc4,Axin1,Dvl3,Gsk3b,

Creb1, Creb3, Stag1, or Fzr1 but increased the luciferase activity of the reporter plasmid containing the Top2bMaf1-binding site (Figures 7L

and 7M), indicating that Maf1 can indeed act as a TF to activate or repress transcription of Pol II-transcribed genes. The repression activity of

Maf1 appeared to depend on theGC-rich and CCAATmotifs because whenmutantMaf1-binding sites from Stag1 or Fzr1were used in which

these motifs were deleted (Table S4), Maf1 expression did not cause any significant change in luciferase activity (Figure 7L). Since Wnt

signaling has been shown to suppress retinal cell differentiation whereas Top2b has the opposite effect,48–50 and CREB (cAMP responsive

element binding protein) signaling is involved in retinal cell proliferation and survival,51–54 these results suggest thatMaf1may promote retinal

neuron differentiationwhile suppressing retinal cell proliferation by transcriptionally activating Top2b expression aswell as repressing expres-

sion of Wnt and CREB signaling pathway genes.

DISCUSSION

Maf1 controls the generation of retinal neuron cell types by modulating their differentiation

In this work, we have providedmultiple lines of evidence to demonstrate thatMaf1 is involved in regulating retinal neuron number. First, in situ

hybridization and immunostaining showed thatMaf1 was transiently expressed inmost RPCs in the developing retina, suggesting a possibility

of its involvement in the generation of all retinal neuron types. Second, at the gross level, OCT and histochemical staining revealed thatMaf1

deletion in mice caused retinal thickness decrease and overall reduction of cell number in all three retinal cellular layers, respectively. These

detrimental alterations were consistent with the observed decrease in amplitudes of both a- and b-waves of ERG responses as well as the

diminished OPs inMaf1 null mutant mice. These weakened ERG responses well agree with the idea that optimally functional retinal circuitry

may not be formed without the production of appropriate number of retinal neurons. Finally, at the molecular level, qRT-PCR assay and im-

munolabeling showed that in the Maf1 null retina, the expression of molecular markers for all 6 neuron types was downregulated and the

number of all neuron types was reduced. By contrast, Maf1 inactivation did not appear to affect the number of Müller cells or their marker

gene expression.

During retinogenesis, Maf1 is unlikely involved in the determination of neuron fates because the greatmajority of cells of all 6 neuron types

are present in adultMaf1 null retinas. Consistent with this conclusion,Maf1 inactivation caused a deficiency in early differentiation of ganglion,

amacrine, horizontal, and photoreceptor cells. In developing null retinas, bulk RNA-seq, scRNA-seq, qRT-PCR, and immunostaining analyses

revealed downregulation of various TF genes required for the differentiation of these retinal neuron types, as well as downregulation of mo-

lecular markers for all these neuron types at the time of their differentiation. Moreover, although scRNA-seq analysis revealed grossly normal

cell lineage trajectories in developing postnatalMaf1 null retinas, the cell numbers in the terminal clusters and mature cell type clusters were

reduced compared to control retinas, indicating that the absence of Maf1 perturbed differentiation of retinal neuronal lineages from RPCs.

Apart from controlling retinal neuron number by regulating cell differentiation,Maf1may have amore general role in controlling tissue size by

a similar mechanism. For example, it has been shown recently that transgenic Maf1 overexpression in mesenchyme caused an increase in

bone mass by promoting osteoblast differentiation.34

Maf1 negatively regulates RPC proliferation by both RNA Pol III- and Pol II-dependent mechanisms

Our experimental results have demonstrated that Maf1 normally suppresses RPC proliferation during retinal development. Thus, there

were increased RPCs in S-phase and/or M-phase in Maf1�/� embryonic and postnatal retinas, apparently resulting from shortened cell

cycle length, as determined by EdU-pulse labeling, EdU/BrdU dual labeling and pH3 immunostaining. Bulk RNA-seq and scRNA-seq an-

alyses also revealed upregulated expression of various cell cycle marker genes and obvious increase in the number of RPCs in S and G2/M

phases. One of the major mechanisms underlying cell number control is regulation of progenitor cell proliferation.1 For instance, b-catenin

controls the size of the cerebral cortex by promoting neural progenitor proliferation while FGF15-Hippo signaling negatively regulates the

liver size by inhibiting proliferation of hepatocytes.55,56 Given the overproduction of RPCs in the developing Maf1 null retina, we antici-

pated increased number of mature retinal cells but observed the opposite outcome. This resulted from the apparent degeneration of

the extra RPCs by apoptosis, perhaps due to their improper differentiation in the absence ofMaf1. Therefore, given the observed increase

of dividing RPCs, the reduced neuron number in Maf1 null retinas can be hardly explained by the reduced generation of RPCs during

retinogenesis.

RNA Pol III is responsible for the transcription of tRNA, 5S rRNA, and other small RNAs such as U6 RNA, which contribute to protein

synthesis required for cell proliferation.57,58 Therefore, one major mechanism of how Maf1 may inhibit RPC proliferation is by repressing
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Figure 8. Work model of how Maf1 may control retinal neuron number

(A) During retinogenesis, the 6.5-million-cell murine retina, which is composed of six major neuron types and one glial cell type, is developed from the small optic

cup containing multipotent retinal progenitor cells (RPCs). At present, however, the molecular basis underlying the generation of appropriate number of retinal

neurons remains unclear.

(B) Maf1 may modulate the generation of correct number of retinal neurons by a balanced regulation of cell proliferation, differentiation, and death via both RNA

Pol III-dependent and Pol II-dependent mechanisms. It may negatively regulate RPC proliferation by acting as a major repressor of Pol III as well as by repressing

expression of cell cycle genes and genes associated with Wnt and CREB signaling. Meanwhile, it may positively regulate retinal neuron differentiation by

repressing expression of Wnt signaling-associated genes and activating Top2b expression. Maf1-regulated Top2b and CREB signaling appear to be also

involved in apoptotic cell death during retinogenesis.
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RNA Pol III-dependent transcription (Figure 8). This was shown to be the case sinceMaf1 inactivation led to great upregulation in expression

of tRNAMet, tRNALeu, 5S rRNA, and U6 RNA in the retina. In addition, our chromatin profiling and reporter transcription assay demonstrated

thatMaf1 not only occupied the promoter regions ofmany cell cycle genes but was able to repress gene expression through the binding sites.
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Moreover, Maf1 similarly bound to and repressed some genes in the Wnt and CREB signaling pathways, which in general promote cell pro-

liferation. Therefore, Maf1 may also inhibit RPC proliferation by suppressing RNA Pol II-dependent transcription (Figure 8).

Maf1 acts as a broadly functional TF to regulate expression of RNA Pol II-transcribed genes

Given that RNA Pol III inhibition failed to rescue neuron differentiation defects in Maf1 null retinas and that RPCs were overproduced in the

mutant, we speculate that Maf1 may control retinal neuron differentiation primarily by an RNA Pol III-independent mechanism. Similarly,

Maf1 has recently been implicated in regulating osteoblast differentiation by an RNA Pol III-independent mechanism. Its overexpression

promoted osteoblast differentiation whereas its knockdown had the opposite effect, despite the fact that reducing RNA Pol III-dependent

transcription inhibited osteoblast differentiation.34 Interestingly, Maf1 overexpression and direct inhibition of RNA Pol III-dependent tran-

scription led to quite distinct alterations in global gene expression profiles,34 further indicating an RNA Pol III-independent regulatory

mechanism. By contrast, Maf1 has been shown to regulate adipocyte differentiation mainly by suppression of RNA Pol III-dependent tran-

scription,33,34 suggesting that Maf1 may modulate differentiation via an RNA Pol III-dependent or -independent mechanism depending on

tissue types.

We determined the possibility that Maf1 may function as a TF to execute its RNA Pol III-independent function by CUT&Tag chro-

matin profiling and reporter transcription assay. These analyses have indicated that Maf1 may bind to and regulate many more RNA

Pol II-transcribed genes than previously thought. Previous reports have shown that Maf1 is able to bind to and regulate transcription

from the promoters of a set of select genes including TBP, Fasn, PTEN, and CREB-associated genes.20,22,30,31 And one study of

genome-wide binding profiles for Maf1 by DamIP-seq detected Maf1 at the promoters of RNA Pol III-transcribed genes but hardly

any Maf1 at the promoters of RNA Pol II-transcribed genes.59 However, our CUT&Tag chromatin profiling in the developing retina

yielded thousands of binding peaks, of which the great majority are associated with Pol II-transcribed genes. The Maf1 binding peaks

are mostly overlapping with the H3K27ac sites and distributed in the promoter, intron, and intergenic regions of the genome, which are

hallmarks of TFs. Indeed, Maf1 was able to repress or activate reporter gene expression through a variety of the binding sites located at

the promoters of RNA Pol II-transcribed genes, suggesting that Maf1 may act as a TF to directly bind to DNA and widely regulate Pol

II-dependent gene expression.

Maf1 as a transcriptional repressor or activator in regulating expression of cell signaling and developmental genes involved

in retinal proliferation and differentiation

Our work has shown that Maf1 functionsmainly as a transcriptional repressor for RNA Pol II, just as it is themajor repressor of Pol III. Therefore,

among 10 tested RNA Pol II-transcribed genes, we found that Maf1 repressed reporter gene expression from its binding sites in 9 of them

(Figure 7). In the CUT&Tag chromatin profiling experiment, Wnt signaling and cAMP signaling pathways were among the GO terms and

KEGG pathways enriched for the Maf1 peak-associated genes, and reporter transcription assay indeed confirmed the ability for Maf1 to

repress the expression of the Wnt signaling pathway genes Axin1, Dvl3, and Gsk3b and the cAMP signaling pathway genes Creb1 and

Creb3. Wnt signaling has been demonstrated to play a crucial role in regulating RPC proliferation and differentiation. In developing Xenopus

and chick retinas, overexpression of Wnt2b or constitutively active b-catenin inhibited neuron differentiation while promoting RPC prolifer-

ation and the cell fates of ciliary boy and iris, by downregulating the expression of multiple proneural bHLH genes as well as activating the

expression of Sox2 andNotch.60–62 In contrast, blockingWnt signaling by knocking down Xfz5 or Sox2 resulted in decreased RPC proliferation

and increased Müller cell differentiation.63,64 Similarly, in mouse embryonic eyecups, activation of Wnt signaling by Wnt3a treatment sup-

pressed retinal neurogenesis while promoting the cell fates of the ciliary margin.65 CREB has been shown to be required for proper formation

of the developingmouse retina and for growth and survival of neural progenitors.51 And in response to cellular signals, it promotes or inhibits

the death of developing chick retinal cells both in vitro and in vivo by phosphorylation/dephosphorylation.53,54 In addition, activation of

CaMKII-CREB signaling effectively protects adult mouse RGCs from injury-induced degeneration.52 Similarly, Maf1 impedes cortical neural

repair in part by suppressing the expression of CREB-associated genes.31 Thus, Maf1 may promote retinal neuron differentiation and sup-

press RPC proliferation and retinal cell death by inhibiting the Wnt and CREB signaling pathways (Figure 8). Maf1 knockdown has recently

been shown to promote dendritic growth and branching of hippocampal neurons as well as RGC survival and axon regeneration by regulating

the PTEN/mTOR signaling pathway.32,66 Given the ability of Maf1 to repress Creb genes and its demonstrated role in neuron survival and

repair, it would be interesting to determine whether CREB signaling also contributes to Maf1 knockdown-induced neuron dendritic morpho-

genesis and regeneration.

Despite the rare incidence of Maf1 as a transcriptional activator,22 we have shown that it has the ability to activate gene expression from a

binding site present in the promoter region of Top2b, which encodes topoisomerase IIb capable of activating transcription through chromatin

modification.67 In general, Top2b plays an essential role in neural development and survival.67–69 During retinal development, a zebrafish

Top2bmutant was found to cause lamina-specific targeting defects in the retina and tectum by RGC axons and dendrites.50 And conditional

ablation of murine Top2b revealed a pivotal role for this gene in the terminal differentiation and survival of all retinal cell types as well as in the

formation of proper laminar structure.49 By controlling expression of several key TF genes involved in photoreceptor differentiation, Top2b is

required for the proper formation of outer segments and synapses of the rod and cone cells.48 Thus, Maf1 may participate in retinal neuron

differentiation and maintenance in part by regulating Top2b expression (Figure 8).

In summary, our study has demonstrated thatMaf1 inactivation in mice causes a decrease in retinal thickness and neuron number, which

results in attenuated ERG responses. The absence ofMaf1 leads to anomalous differentiation of all retinal neuron types primarily by an RNA
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Pol II-dependent mechanism while it promotes RPC proliferation via both Pol III- and Pol II-dependent mechanisms. In spite of the increased

RPCs which are subsequently removed by apoptosis in knockout retinas,Maf1 ablation substantially reduces the generation of retinal neurons

during development. As a transcriptional repressor or activator depending on the context, Maf1 binds widely to the genome to regulate the

expression of a large set of RNA Pol II-transcribed genes. These include cell cycle genes,Wnt and CREB signaling pathway genes, and Top2b,

which are involved in retinal cell proliferation, differentiation, and/or survival. Our data together reveal that Maf1 may control the generation

of appropriate neuron number during retinogenesis by a balanced regulation of cell proliferation, differentiation, and death via both RNA Pol

III-dependent and Pol II-dependent mechanisms (Figure 8).
Limitations of the study

Our findings demonstrate that Maf1 plays an important role in the control of retinal neuron number during mammalian retinogenesis. How-

ever, a conventional Maf1 knockout mouse line was used in this study, making it hard to distinguish indirect effects of Maf1 inactivation on

retinal development, if there are any. It will be necessary to generate tissue-specific and cell type-specific conditionalMaf1 knockout mice to

tease out cell type-specific, tissue-specific, and early versus late requirements.
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Antibodies

Maf1 GeneTex Cat# GTX106776; RRID: AB_1950848

Brn3a (Pou4f1) Millipore Cat# MAB1585; RRID: AB_94166

Brn3b (Pou4f2) Santa Cruz Biotech Cat# sc-6026; RRID: AB_673441

Rbpms Novus Biologicals Cat# NBP2-20112; RRID: AB_3075531

Bhlhb5/BETA3 (Bhlhe22) Santa Cruz Biotech Cat# sc-6045; RRID: AB_2065343

Calbindin D-28k (Calb1) Swant Cat# CB38; RRID: AB_10000340

Chx10 (Vsx2) Santa Cruz Biotech Cat# sc-21690; RRID: AB_2216006

GAD65 (Gad2) BD Biosciences Cat# 559931; RRID: AB_397380

GAD67 (Gad1) Millipore Cat# MAB5406; RRID: AB_2278725

Glutamine synthetase (Glul) Millipore Cat# MAB302; RRID: AB_2110656

Sox2 Santa Cruz Biotech Cat# sc-17320; RRID: AB_2286684

tdTomato Sicgen Cat# AB8181-200; RRID: AB_2722750

RFP (tdTomato) Rockland Cat# 600-401-379; RRID: AB_2209751

GLYT1 (Slc6a9) Millipore Cat# AB1770; RRID: AB_90893

Lim1/2 (Lhx1/2) Developmental Studies Hybridoma Bank Cat# 4F2; RRID: AB_531784

Pax6 Millipore Cat# AB2237; RRID: AB_1587367

Pax6 Developmental Studies Hybridoma Bank Cat# pax6; RRID: AB_528427

Recoverin (Rcvrn) Millipore Cat# AB5585; RRID: AB_2253622

Sox9 Millipore Cat# AB5535; RRID: AB_2239761

Calretinin (Calb2) Millipore Cat# AB1550; RRID: AB_90764

Tfap2a Abcam Cat# ab11828; RRID: AB_298610

Cone arrestin (Arr3) Millipore Cat# AB15282; RRID: AB_1163387

Protein kinase Ca (Prkca) Sigma Cat# P4334; RRID: AB_477345

Phospho-histone H3 (Ser10) (pH3) Millipore Cat# 06-570; RRID: AB_310177

b -Tubulin Abcam Cat# ab179513; RRID: AB_3073861

BrdU Thermo Fisher Scientific Cat# B35128; RRID: AB_2536432

Ki67 Thermo Fisher Scientific Cat# MA5-14520; RRID: AB_10979488

Alexa Fluor 488 Donkey Anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat# A21202; RRID: AB_141607

Alexa Fluor 594 Donkey Anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat# A21203; RRID: AB_141633

Alexa Fluor 488 Donkey Anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat# A21206; RRID: AB_2535792

Alexa Fluor 594 Donkey Anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat# A21207; RRID: AB_141637

Alexa Fluor 488 Donkey anti-Goat IgG (H+L) Thermo Fisher Scientific Cat# A11055; RRID: AB_2534102

Alexa Fluor 594 Donkey anti-Goat IgG (H+L) Thermo Fisher Scientific Cat# A11058; RRID: AB_2534105

Chemicals, peptides, and recombinant proteins

ML-60218 MedChemExpress Cat# HY-122122

BrdU Merck Cat# B5002

DMEM/F12+GlutaMAX-I Gibco Cat# 10565-018

N-2 Supplement (100X) Gibco Cat# 17502048

Taurine Sigma Cat# T0265-10G

Retinoic acid Sigma Cat# R2625

(Continued on next page)
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Normal Donkey Serum Jackson ImmunoResearch Labs Cat# 017-000-121

Critical commercial assays

Click-iT� Plus EdU Alexa Fluor� 555Imaging Kit Thermo Fishers Cat# C10638

eBioscience� BrdU Kit for IHC/ICC

Immunofluorescence eFluor� 660

Thermo Fishers Cat# 8850-6599-45

In Situ Cell Death Detection Kit Roche Cat# 11684795910

CUT&Tag-IT� Assay Kit Active Motif Cat# 53160

Deposited data

RNA-seq data NCBI Sequence Read Archive (SRA)

accession code: PRJNA978356

(https://www.ncbi.nlm.nih.gov/

sra/PRJNA978356)

scRNA-seq data NCBI Sequence Read Archive (SRA)

accession code: PRJNA987385

(https://www.ncbi.nlm.nih.gov/

sra/PRJNA987385)

CUT&Tag data NCBI Sequence Read Archive (SRA)

accession code: PRJNA993370

(https://www.ncbi.nlm.nih.gov/

sra/PRJNA993370)

Experimental models: Organisms/strains

Maf1 knockout mouse line This paper N/A

Oligonucleotides

Primers for qRT-PCR, see Table S1 This paper N/A

Maf1 mutant binding sites, see Table S2 This paper N/A

Recombinant DNA

pGL3-promoter Promega Cat# E1761

pGL3-basic Promega Cat# E1751

pCI-neo YouBio Cat# VT1071

pRL-TK Promega Cat# E2241

pCI-Maf1 This paper N/A

pGL3-Cenpf-promoter This paper N/A

pGL3-Fzr1-promoter This paper N/A

pGL3-Anapc4-promoter This paper N/A

pGL3-Stag1-promoter This paper N/A

pGL3-Axin1-promoter This paper N/A

pGL3-Dvl3-promoter This paper N/A

pGL3-Gsk3b-promoter This paper N/A

pGL3-Creb1-promoter This paper N/A

pGL3-Creb3-promoter This paper N/A

pGL3-Top2b-basic This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

ZEN 2.0 (blue edition) Carl Zeiss https://www.zeiss.com/microscopy/int/

products/microscope-software.html

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/
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REAGENT or RESOURCE SOURCE IDENTIFIER

RStudio R Core Team https://cran.r-project.org/

Seurat 4 Satija lab https://satijalab.org/seurat/index.html

Monocle 3 Qiu, Xiaojie et al.70 https://cole-trapnell-lab.github.io/monocle3/

Scrublet Wolock, Samuel L et al.71 https://github.com/AllonKleinLab/scrublet

ClusterProfiler Wu, Tianzhi et al.72 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

HOMER (Hypergeometric Optimization

of Motif EnRichment)

Heinz, Sven et al.73 http://homer.ucsd.edu/homer/index.html

Compass for SW ProteinSimple https://www.bio-techne.com/resources/

instrument-software-download-center/

compass-software-simple-western
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mengqing Xiang

(xiangmq3@mail.sysu.edu.cn).
Materials availability

Materials generated in this study are available from the lead contact’s laboratory upon request.
Data and code availability

� RNA-seq data (https://www.ncbi.nlm.nih.gov/sra/PRJNA978356), scRNA-seq data (https://www.ncbi.nlm.nih.gov/sra/PRJNA987385)

and CUT&Tag data (https://www.ncbi.nlm.nih.gov/sra/PRJNA993370) have been deposited at NCBI and are publicly available as of

the date of publication. Accession numbers are listed in the key resources table.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The Maf1 knockout mouse line was generated by Shanghai Model Organisms Center, Inc. (Shanghai, China) using the CRISPR/Cas9 gene-

editing technology on a C57BL/6 genetic background (Figure S3A). All experiments involved with Maf1 mutant mice were performed using

animals of F4-F7 generations. For mouse genotyping, we concurrently used three primers (F1, F2 and R1) to distinguish the Maf1 WT and

mutant alleles, and the following PCR protocol was used: 95�C for 5 min, followed by 35 cycles of 95�C for 30 s, 58�C for 30 s, and 72�C
for 30 s, and then a final extension at 72�C for 5 min. Whereas the paired primers F1 and R1 produced a 409-bp fragment from the WT allele,

the paired primers F2 and R1 yielded a 327-bp fragment from themutant allele. The primer sequences are following: Forward primer 1 (F1): 5ʹ-
GTAAGATGGCGGGAGATGATAAAC-3ʹ; Forward primer 2 (F2): 5ʹ-CTGGGGGCCGAGAGCAAGTAAAAT-3ʹ; and Reverse primer 1 (R1): 5ʹ-
CAAGTGGGGATGGCAATGAGA-3ʹ. The C57BL/6 mice were purchased from the Vital River Laboratories (Beijing, China). The starting stage

of mouse embryos was defined by taking the morning as E0.5 when the copulation plug was seen. All genotypes were determined by PCR.

ForMaf1 expression pattern assay, E12.5, E14.5, E16.5, E18.5, P0, P4, P8, and P21 C57BL/6mice were used for RNA in situ hybridization and

immunostaining analysis. For tdTomato immunostaining analysis, E12.5, E14.5, E16.5, E18.5, P0, P4, P8, P12 and 1 month Maf1+/- mice were

used. For retinal thickness analysis, 1-month Maf1+/+ and Maf1-/- mice were used for OCT and HE staining. For ERG analysis, 2-month and

6-month Maf1+/+ and Maf1-/- mice were used. For lens organ culture, 1-month control and Maf1-/- mice were used. For comparative immu-

nostaining assays, Maf1+/+ mice at P0, P4, P6, P7, P8, P9, P11, P12, and 1-month, Maf1+/- mice at E12.5, E14.5, E16.5, and E18.5, and Maf1-/-

mice at E12.5, E14.5, E16.5, E18.5, P0, P4, P 6, P7, P8, P9, P11, P12, and 1-month were used. For EdU, BrdU and TUNEL labeling,Maf1+/+mice

at E14,Maf1+/-mice at E18.5, andMaf1-/-mice at E14 and E18.5 were used. For retinal explant culture, P0Maf1+/+ andMaf1-/-mice were used.

For RNA-seq analysis, P0 and P8 Maf1+/+ and Maf1-/- mice were used. For scRNA-seq analysis, P3 and P7 Maf1+/+ and Maf1-/- mice were

used. For CUT&Tag assay, P7 C57BL/6 mice were used.

Both male and female mice were used. All mice were bred and raised in SPF-level animal rooms. All experiments on mice were performed

according to the IACUC (Institutional Animal Care and Use Committee) standards, and approved by ZhongshanOphthalmic Center, Sun Yat-

sen University.
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Cell culture

HEK293T cells (ATCC, CRL-3216), which were purchased from ATCC, were cultured and expanded in the MEF (mouse embryonic fibroblast)

medium [Dulbecco’s modified Eagle’smedium (DMEM)/High Glucose (HyClone), 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin

(Gibco), and 1% MEM nonessential amino acids (NEAA) (Gibco)]. They were tested for mycoplasma contamination before experiments.
METHOD DETAILS

Quantitative real-time PCR (qRT-PCR)

The TRIzol reagent (Invitrogen) was used to isolate total RNAof retinas fromP0, P8 and one-month-old control andMaf1-/-mice aswell as total

RNA of cultured retinal explants. RNA (1 mg) from each sample of different genotypes was converted to cDNA using the HiScript III RT

SuperMix for qPCR (+gDNA wiper) (Vazyme). qRT-PCR was then performed using the SYBR fast qPCR master mix (Kapa) in the Light Cycler�
384 (or 96) Real-Time PCR system (Roche). All reactions were carried out in more than three independent technical replicates for each bio-

logical sample. The data were analyzed using the 2-DDCT calculation method. The primer sequences used for qRT-PCR are listed in Table S3.
Immunohistochemistry

Tissue processing and immunostaining were carried out as described previously.74,75 Tissue samples were fixed with 4% paraformaldehyde in

PBS for 15-30min, and gradient-dehydratedwith 10% and 20% sucrose solution each for at least 15min, and then with 30% sucrose solution at

4 �C overnight. Cryosections were cut at a thickness of 14 mm. For wholemount retinas, the dorsal pole and laterality of each eye were marked

right after euthanasia and before fixation. Retinas were dissected as flattened wholemounts bymaking four radial cuts, an extra cut was made

on the dorsal pole. Retinal sections andwholemounts were blocked in 5% normal donkey serum in PBST (0.3% Triton X-100 in PBS, pH7.3), and

then incubated with primary antibodies overnight (for sections) or for 48 hrs (for wholemounts) at 4�C. After three-time washes with PBST, the

samples were incubated with secondary antibodies conjugated with Alexa Fluor 488 or 594 (Life Technologies) and 40,6-diamidino-2-phenyl-

indole (DAPI) for 1 hr at room temperature. Images were captured by a Zeiss LSM 700 confocal microscope.
Automated Western immunoblotting

Total protein was isolated from mouse retinas using the RIPA buffer (Beyotime) and quantified using the BCA protein assay (Beyotime). The

Simple Western immunoblotting was performed on a PeggySue (ProteinSimple) using the Size Separation Master Kit with Split Buffer

(12–230 kDa) according to the manufacturer’s standard instruction as previously described.76 The protein extract from each sample was

loaded to the Wes plate at the final concentration of 1 mg/ml and the following antibodies were used: anti-MAF1(GeneTex, GTX106776),

anti-RFP (Rockland, 600-401-379) and anti-b-tubulin (Abcam, ab179513). The dilution factors were 1:20 for Maf1 and RFP and 1:100 for

b-tubulin. The Compass software (ProteinSimple, version 6.1.0) was used for presentation of the Western immunoblots.
RNA in situ hybridization

RNA in situ hybridizationwas carriedout as previously described.77 A 774-bpMaf1DNA fragmentwas amplifiedby PCR from themouse retinal

cDNA using the following primers (from 50 to 30): CTCGAGATGAAGCTATTGGAGAACTC and GGATCCCATACAGATCACTGGAACCC.

Subsequently, it was subcloned into the pBluescript II KS(+) vector for RNA probe preparation. Eyecups were fixed overnight in 4% parafor-

maldehyde in PBS at 4�C and sectioned at 14 mm. Digoxigenin-labeled Maf1 probes were prepared following the manufacturer’s protocol

(Roche Diagnostics).
Optic coherence tomography (OCT) analysis

ForOCT, imagingwas conducted in at least 3Maf1-/- or control one-month-oldmice. Animals were anesthetizedwith intraperitoneal injection

of chloral hydrate (4.5 mg/g body weight). Pupils were dilated by tropicamide phenylephrine eye drops, and the eyes were kept moist with a

drop of hypromellose. OCT images were captured using the Spectralis OCT instrument (Heidelberg, Germany). A 30D standard ophthalmic

non-contact slit lamp lens (Volk Optical Inc., USA) was positioned in front of the Heidelberg Spectralis optic. Volume scans centered on the

optic nerve headwere acquired in the automatic real-timemode (ART), averaging 100 frames per image. Retinal thickness wasmeasured from

the GCL to the edge of ONL.
Hematoxylin-eosin (HE) staining and thickness measurement

Eyeballs were fixed overnight in FAS Eyeball Fixator (Servicebio) and paraffin-embedded. Tissue blocks were sectioned at 15 mm followed by

HE staining. Retinal thickness was measured from the GCL to the edge of the ONL using the ImageJ software.
Lens organ culture

One-month-old control and Maf1-/- mice were sacrificed by CO2 inhalation. The eyeballs were removed and the lenses were carefully

dissected by a posterior approach.78 Dissected lenses were placed in a well of a 24-well culture plate containing 1.5 ml medium199 (Sigma),

then incubated at 37�C with a 5% CO2 gas phase for 24 hrs or 48 hrs.
iScience 26, 108544, December 15, 2023 23



ll
OPEN ACCESS

iScience
Article
Electroretinography (ERG)

Electroretinograms were recorded from two-month-old or six-month-oldMaf1-/-mice and age-matched control animals using the amplifier of

the RETI-scan system (Roland Consult, Germany) at a sampling rate of 2 kHz as described previously.79 All animals were recorded under the

same settings and conditions. After overnight dark adaption,micewere anesthetizedwith intraperitoneal injection of chloral hydrate (4.5 mg/g

body weight). Pupils were dilated with tropicamide phenylephrine eye drops. Scotopic recordings were obtained from dark-adaptedmice at

increasing light intensities ranging from 0.0003 to 10 cd.s/m2. Thereafter, photopic recordings were performed following a 5-min light adap-

tation. Several levels of light stimuli ranging from 0.3 to 30 cd.s/m2 were used for photopic recordings. For each condition (scotopic and phot-

opic), 6 responses were averaged for each luminance of flash stimuli. The stimulation interval ranged from 2-10 s at low intensities and 1min at

intensities greater than 3.0 cd s/m2.
RNA-SEQ AND SCRNA-SEQ ANALYSES

RNA-seq analysis was carried out as described.71,80 In brief, for RNA-seq experiment at each developmental stage (P0 and P8), threeMaf1-/-

mice and three controlmicewere used, and the retinas fromeach animal were collected as one RNA-seq sample. Total RNAwas isolated from

P0 or P8wild-type andMaf1-/- retinas for library preparation. Ribosomal RNAwas depleted prior to RNA-seq library preparation. The obtained

sequence reads were trimmed and mapped to the mm10 mouse reference genome.

For single-cell RNA sequencing (scRNA-seq) analysis, retinas were collected from P3 and P7 Maf1-/- and control mice. Single-cell library

construction, sequencing, Cell Ranger processing, and Seurat analysis were performed as described.43,71 In brief, after removal of cell dou-

blets with Scrublet,70 most of the Seurat analyses were carried out using default parameters.WhenmergingWT andMaf1-/- cells, we used the

ScaleData function to regress out various sources of heterogeneity including batch effects and cell cycle scores with the following parameters:

vars.to.regress = c("genotype", "S.Score", "G2M.Score", "percent.mt", "nCount_RNA", "nFeature_RNA"). Unsupervised cell clusters were

identified using the FindClusters function with default parameters. Then the clusters of microglia, astrocytes and endothelial cells were

removed by the expression of C1qc and Ccl3, Gfap and S100b, and Tek, respectively. To make biologically meaningful comparative analyses

of the P3 and P7WT andMaf1-/- retinal cells, we refined the cell clusters by merging some smaller clusters based on the expression of lineage

marker genes and known cell lineage trajectories during mouse retinal development42 (Figures S9A and S9B). For instance, at P7, all unsu-

pervised clusters expressing high levels of Sox2 were merged into the C1 cluster (nRPCs) (Figure S9B). Similarly, C2 cells (tRPCs) express

high levels of Otx2 but not Isl1 or Nrl; the bipolar cell lineage clusters C3 and C4 express Isl1 and Bhlhe23, the cone cluster C8 expresses

Opn1sw, and the amacrine cell cluster C9 expresses Tfap2a/2b (Figure S9B).

The pseudotime trajectory analysis was conducted using Monocle 3 with default parameters,72 and clusterProfiler was applied to perform

the GO (pvalueCutoff = 0.01, qvalueCutoff = 0.05) and KEGG (pvalueCutoff = 0.05, qvalueCutoff = 0.05) pathway enrichment analyses.81
In vitro retinal explant culture

Retinal explant culture was conducted as previously described.82 In brief, the eyeballs were isolated from P0 Maf1-/- and control mice, from

which retinal cups were made by carefully removing the sclera, choroid and lens. Four incisions were made from the margin of the retinal cup

half way through toward the bottom at the 0, 3, 6, and 9 o’clock positions. Three to four retinas were transferred using a pipette onto a Milli-

pore Millicell Cell Culture Insert which was then placed into a 6-well plate with 1 ml culture medium [DMEM/F12-Glutamax (Gibco), 10%

ES-fetal bovine serum (Gibco), 1% penicillin/streptomycin (Gibco), 1% N2 (Gibco), 0.5 mM retinoic acid (Sigma), 0.1 mM taurine (Sigma)] in

each well. The plate was subsequently transferred into a cell culture incubator (37�C, 5% CO2). For treatment with the RNA Pol III inhibitor,

10 or 20 mM ML-60218 (MCE) was added to the culture medium.
CUT&Tag assay

CUT&Tag was performed as described previously83 using the CUT&Tag-IT� Assay Kit (Active Motif) according to the manufacturer’s instruc-

tions. For each experiment, 2 x 105 retinal cells isolated from P7 C57BL/6 mice were used. PCR was performed to amplify the libraries after

DNA extraction. To analyze the CUT&Tag data, sequence reads were aligned to the mm10 mouse reference genome by HISAT2.73 The

HOMER (Hypergeometric Optimization of Motif EnRichment, http://homer.ucsd.edu/homer/index.html) software suite was used to perform

peak calling, determine peak position and distribution, and identify binding motifs and peak-associated genes as described previously.80,84

GO and KEGG pathway enrichment analyses of peak-associated genes were carried out using clusterProfiler.81
Dual-luciferase reporter assays

DNA fragments containing Maf1 binding sites identified by CUT&Tag analysis or Maf1 mutant binding sites (Table S4) were subcloned into

the pGL3-promoter and/or pGL3-basic reporter vectors (Promega), and that containing the Maf1 open reading frame was inserted into the

pCI expression vector (YouBio). Dual-luciferase reporter assay was carried out as described.85 In brief, reporter and expression plasmids were

co-transfected into 293T cells together with the control Renilla luciferase reporter vector pRL-TK (Promega). Following transfection and incu-

bation, luciferase activities were measured using a dual-luciferase reporter assay system (Beyotime) and the Infinite M200 Pro Nanoq micro-

plate reader (TECAN). All assays were independently repeated at least three times.
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EdU, BrdU and TUNEL labeling

EdU and TUNEL labeling was performed as previously described.74,86 EdU labeling was carried out using the Click-iT� EdU Cell Proliferation

Kit (Thermo Fishers). Timed pregnantmice or age-specificmice were injectedwith EdU solution and sacrificed 2 hrs later. Embryos or eyeballs

were collected, fixed, and processed according to standard immunostaining protocol. EdU staining was performed according to the proced-

ure provided by the kit. TUNEL assay was performed using the In Situ Cell Death Detection Kit (Roche Diagnostics) following the manufac-

turer’s protocol. Retinal sections were prepared as described above, and the number of TUNEL+ apoptotic cells was counted.

For EdU and BrdU dual labeling, solutions of BrdU and EdU were dissolved in dimethyl sulfoxide (DMSO) and protected from light. Preg-

nant mice were weighed, and intraperitoneally injected with 25 mg/kg EdU solution. One and half hours later, an intraperitoneal injection of

the BrdU solution (50 mg/kg) was given. Half an hour after the second injection, the animals were euthanized and the embryonic retinas were

collected and processed as described above. The combined immunostaining for BrdU and Ki67 and EdU visualization were carried out as

described.87 In brief, antigen retrieval was performed prior to incubation with the BrdU and Ki67 antibodies using the BrdU Kit for

IHC/ICC Immunofluorescence (Thermo Fishers). Then EdU labeling was carried out using the Click-iT� EdU Cell Proliferation Kit (Thermo

Fishers). The samples were then incubated for a minimum of 2 hours at room temperature or overnight at 4�C with BrdU and Ki67 antibodies.

Finally, the samples were incubatedwith secondary antibodies conjugatedwith Alexa Fluor 488 or 647 (Life Technologies) and 40,6-diamidino-

2-phenylindole (DAPI) for 1 hr at room temperature. The calculation formulae for the total cell cycle length (Tc) and S-phase length (Ts) were

described previously45–47: Ts= injection interval3 BrdU+cells
EdU+only cells and c = injection interval3 Ki67+cells

EdU+only cells.
QUANTIFICATION AND STATISTICAL ANALYSIS

At least three retinas were analyzed each for control and Maf1-/- animals. Each data point of cell quantification in sections or retinal whole-

mounts was averaged from 6-8 non-overlapping optical fields in similar retinal regions. To score sufficient number of cells for statistical anal-

ysis, each optical field was photographed using the confocal microscope at 200x (a square of 320 mm x 320 mm) or 400x (a square of 160 mm x

160 mm)magnification depending on the density of labeled cells. For cell quantification in retinal sections, the optical field was photographed

from the central region of the retina, parallel to the tangent line of the retinal region, and should include all the labeled cells in all retinal layers.

Statistical analysis was performed using the GraphPad Prism 8.0 and Microsoft Excel computer programs. The results are expressed as

mean G SEM for experiments conducted at least in triplicates. Unpaired two-tailed Student’s t test was used to assess the differences be-

tween two groups. For all ERG data, two-way ANOVA with the Holm-Sidak correction was used to test for significance. A value of p <0.05

was considered statistically significant.
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