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PURPOSE. The trimethylation of histone H3 at lysine 4 (H3K4me3) facilitates transcriptional
gene activation, and Setd1a is the methyltransferase specific to H3K4. H3K4me3 has
been reported to regulate rod photoreceptor differentiation; however, the roles H3K4me3
plays in retinal progenitor cell (RPC) proliferation and differentiation during early retinal
development remain unclear.

METHODS. Using an in vitro retinal explant culture system, we suppressed the expression
of Setd1a by introducing shSetd1a. We examined the expression level and H3K4me3 level
of genes by RNA Sequencing and ChIP assay, respectively.

RESULTS. We found that Setd1a depletion resulted in increased apoptosis and prolifera-
tion failure in late RPCs. Expression of wild-type SETD1A, but not SETD1A that lacked
the catalytic SET domain, reversed the shSetd1a-induced phenotype. RNA Sequencing
revealed that proliferation-related genes were downregulated upon shSetd1a expression.
Based on publicly available H3K4me3-ChIP sequencing data of retinal development, we
identified Uhrf1 as a candidate target gene of Setd1a. The expression of shSetd1a led
to a decrease in Uhrf1 transcript levels and reduced H3K4me3 levels at the Uhrf1 locus.
Increased apoptosis and the suppression of proliferation in late RPCs were observed
in retinal explants expressing shUhrf1, similar to the outcomes observed in shSetd1a-
expressing retinas. The overexpression of UHRF1 did not rescue shSetd1a-induced apop-
tosis, but reversed the suppression of proliferation.

CONCLUSIONS. These results indicate that Setd1a contributes to the survival and prolifera-
tion of retinal cells by regulating histone methylation, Setd1a regulates Uhrf1 expression,
and these two molecules cooperate to regulate RPC survival and proliferation.
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The retina is part of the central nervous system,
and retinal explant culture is an excellent model for

analyzing molecular mechanisms underlying developmen-
tal processes. During retinal development, retinal progeni-
tor cells (RPCs) proliferate and differentiate into six types of
neurons and one type of glial cell. The temporal order by
which each type of retinal cell is produced is highly regu-
lated and conserved among species.1 The molecular mech-
anisms by which cell fate is determined and maturation is
accomplished have been investigated intensively, and much
attention has been paid to the roles transcription factors
play in retinal development.2,3 Moreover, the contributions
of epigenetic modifications, such as DNA methylation and
histone modifications, to retinal development are becom-
ing clearer.4–6 We have been studying epigenetic histone
modifications during retinal development and, with others,
found that histone H3 methylation at lysine 4 (H3K4) and 27
was highly specific to retinal cell type. Additionally, analyses
of knockout mice have revealed the functions of enzymes

involved in these processes, especially H3 methylation at
lysine 27 methylation.7,8 At least nine histone lysine methyl-
transferases and five histone lysine demethylases have been
reported to be involved in H3K4 methylation.9 Kdm5b, a
demethylation enzyme, participates in the determination
of rod photoreceptor cell fate.10 We found high levels of
H3K4me3 in photoreceptor-related genes in rod photorecep-
tor lineage.11 However, involvement of H3K4 methylation in
early retinal development is not well-documented.

Setd1a (Kmt2f) encodes the member of a Set/COMPASS
complex12 and catalyzes H3K4me3.13 Setd1a contains a SET
[Su(var)3-9, Enhancer-of-zeste, Trithorax] domain at its C-
terminus, which is a catalytic domain responsible for H3K4
histone methyltransferase activity.14,15 Setd1a is required for
embryonic, epiblastic, and neural stem cell survival, and
gene knockout of Setd1a in mice led to rapid losses of bulk
H3K4 methylation and a severe decrease in cell proliferation
during embryonic development.16 Setd1a also helps to main-
tain genome stability under replication stress through its
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methylation function.17,18 In addition, Setd1a has nonenzy-
matic roles, such as regulating DNA damage-response genes
via its FLOS domain.19

Setd1a is highly expressed in the murine brain, espe-
cially in the neocortex. Setd1a haploinsufficiency affects
the development of cortical axons, dendrites, and spines,
resulting in cognitive defects.20–22 Mutations of SETD1A have
been found in human neurodevelopmental disorders such as
schizophrenia.21

In the retina, the roles Setd1a plays in retinal develop-
ment or diseases have not been documented. In this study,
we examined the functions of Setd1a via short hairpin RNA
(shRNA)-mediated the downregulation of Setd1a during reti-
nal development. We found that Setd1a is essential for the
survival and proliferation of late-stage RPCs. RNA sequenc-
ing (RNA-Seq) was performed to compare gene expression
patterns between control and shSetd1a-expressing retinal
cells, and Uhrf1 was identified as a possible target. Uhrf1
loss of function also resulted in apoptosis and proliferation
failure. Interestingly, ectopic expression of UHRF1 reversed
shSetd1a-induced suppression of proliferation but not the
induction of apoptosis. Our results indicate that Setd1a and
Uhrf1 play critical roles during early retinal development.

METHODS

Animals

All animal experiments were approved by the Animal Care
Committee of the Institute of Medical Science, University of
Tokyo, and conducted in accordance with the ARVO (Associ-
ation for Research in Vision and Ophthalmology) statement
for the use of animals in ophthalmic and vision research.
Institute of Cancer Research (ICR) mice were obtained from
Japan SLC Co.

RT-Quantitative PCR and shRNA Plasmids
Construction

Total RNA was purified from the mouse retina using Sepa-
sol RNA I Super G (Nacalai Tesque, Kyoto, Japan), and
cDNA was synthesized using ReverTra Ace qPCR RT Master
Mix (Toyobo, Osaka, Japan). Quantitative PCR (qPCR)
was performed by the SYBR Green-based method with
the Roche Light Cycler 96 (Roche Diagnostics). Actb and
Gapdh were used as internal controls. Primer sequences
are as follows: Actb_f:5′-ccaaccgcgagaagatga-3′, Actb_r: 5′-
ccagaggcgtacagggatag-3′, Gapdh_f: 5′-tgaccacagtccatgccatc-
3′, Gapdh_r: 5′-cataccaggaaatgagcttgac-3′, Setd1a_f: 5′-
ggcaacatcattcatgccca-3′, Setd1a_r; 5′-gataggcagctgtgtccgag-
3′, Setd1b_f: 5′-ggatgaaggcatcggtagca-3′, and Setd1b_r:
5′-gatcaccttggcgtagcagt-3′. Construction of the shRNA plas-
mids were done as described previously.23 The target
sequences (shSetd1a_1st: 5′-aaggatatgtgccggaaatatgg-
3′, shSetd1a_2nd: 5′-aagctaaaccagctcaagtttcg-3′,
shUhrf1_1st: 5′-aagaggctttccagtgcatctgc-3′, and
shUhrf1_2nd: 5′-aagcggatgacaagactgtgtgg-3′, shSetd1b:
5′-aagttacaagttgatgattgacc-3′) were determined by using
siDirect (http:// sidirect2.rnai.jp). The first and second
shRNAs for both Setd1a and Uhrf1 showed essentially the
same results in the critical experiment, and representative
data obtained by shRNA_firsts are shown in the figures.

DNA Construction of Overexpression of Setd1a
and Uhrf1

Full-length Setd1a cDNA was cloned by PrimeSTAR GXL
DNA Polymerase (Takara, Maebashi, Japan) using cDNA
from mouse retina. PCR product was subcloned into pGEM-
T Easy vector (Promega, Madison, WI). shSetd1a-resisitant
Setd1a contains substitutions of the third bases of four
amino acid, which do not affect the encoded amino acids by
inverse PCR using the KOD-Plus-Mutagenesis Kit (Toyobo).
The resultant fragment was substituted with the correspond-
ing region of wild-type Setd1a by XhoI and EcoRV sites.
Setd1a mutant lacking SET domain (from AA 1577 to 1700)
was constructed by KOD-Plus-Mutagenesis Kit (Toyobo).
The full-length Uhrf1_HA was purchased from Sino Biolog-
ical (MG53591-CY, China), and shUhrf1-resistant Uhrf1 was
made by inverse PCR using the KOD-Plus-Mutagenesis Kit
(Toyobo). All the cDNAs for over-expression were subcloned
into pCAG-KS.

Electroporation and Retinal Explant Culture

In vitro electroporation and retinal explant culture were
performed as described previously.24,25 To trace plasmid-
transfected cells, we cotransfected an enhanced green fluo-
rescent protein (EGFP)-expression plasmid (pCAG-EGFP)
with shRNA expression plasmid. The total amount of plas-
mids used for electroporation was 100 μg for each retina
and composition of plasmids is empty or shRNA (70 μg)
and pCAG-EGFP (30 μg) or shRNA (40 μg), pCAG or pCAG-
rescue cDNA (40 μg) and pCAG-EGFP (20 μg). In some cases,
to avoid apoptosis, retinas were cultured for 3 days in the
presence of the pan-Caspase inhibitor Z-VAD-FMK (AdooQ
BioScience, A12373; Irvine, CA) at 20 μM in the final concen-
tration. For all the samples, we performed at least three
independent electroporation with the same condition and
counted cells from two or three sections in each sample.

Immunohistochemistry

Immunostaining of frozen sections was done as described
previously.24,25 Primary antibodies used were mouse mono-
clonal antibodies against Ki67 (BD Bioscience, 550609; San
Jose, CA), HuC/D (Molecular Probes, A-21271; Euegene,
OR), TFAP2A (DSHB, 3B5; Iowa City, Oiwa), cyclin
D3 (Santa Cruz Biotechnology, sc-182; Santa Cruz, CA),
NR2E3 (photoreceptor-specific nuclear receptor) (PP-H7223-
00, PPMX; R&D Systems, Minneapolis, MN), glutamine
synthetase (MAB302; Chemicon, Tokyo, Japan), SETD1A
(Abcam, ab70378; Camridge, UK), and 5-methylcytosine
(5mC) (Active Motif, 39649; Carlsbad, CA), sheep polyclonal
antibody against CHX10 (Exalha Biologicals, Shirley, MA),
goat polyclonal antibody against BRN3B (Santa Cruz, sc-
6026), chick polyclonal antibody against GFP (Clontech,
Mountain View, CA), and rabbit polyclonal antibody against
active Caspase 3 (Promega, G748A). To optimize the 5mC
signal, careful titration of hydrochloric (HCl) acid treatment
before blocking and labelling was performed. Briefly, after
wash with PBS for 10 minutes, retinal sections were perme-
abilized with 0.1% Triton X-100 for 10 minutes at room
temperature and denatured for 15 minutes with freshly made
2 N HCl at 37°C. Then, retinal sections were neutralized with
0.1 M Tris-HCl (pH 8.0) for 10 minutes at room temper-
ature. Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole, dihydrochloride (DAPI). Sections were then
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treated with Alexa-488- or Alexa-594- conjugated appropri-
ate secondary antibodies. Photos were taken under observa-
tion using Zeiss (Jena, Germany) Axio Image M1 and Axio
Image M2.

EdU Incorporation Assay

For pulse labeling with 5-ethynyl-2’-deoxyuridine (EdU) to
detect S-phase cells was performed by using Click-iT Plus
EdU Cell Proliferation Kit for Imaging (Thermo Fisher Scien-
tific, C10639; Waltham, MA). EdU was present in retinal
explant culture medium at 10 μM as final concentration
for 15 hours before fixation. Then, frozen sections of the
explant retina were made, and the sections were treated with
2% BSA/PBS for 1 hour followed by permeabilization with
0.5% Triton X-100 in PBS for 20 minutes at room tempera-
ture. Then, sections were incubated the reaction cocktail for
1 hour and nuclei were counterstained with Hoechst 33342.
Photographs were taken under observation using Zeiss Axio
Imager M1 and Axio Imager M2, and the calculation of EdU-
positive cells was based on nuclear-positive staining.

Determination and Quantification of
Immunolabeled Cells

To make frozen sections (14 μm thickness), retinal areas
within a 250-μm radius from the center of retinal optic nerve
head were chosen. After immunostaining of retinal sections
with indicated antibodies, photo-images of the same anti-
body staining were taken with same setting (Zeiss Axio-
Vison software). Labeled cells were determined and quan-
tified manually by one person with consistent principles.
Details are as follows. The total number of cells in a certain
square content was determined by DAPI-stained signals with
the same luminance of fluorescence, and the number of
transfected cells was determined by DAPI and EGFP with
a superimposed luminance of florescence. Antibodies anti-
retinal subtype specific marker positive cells were deter-
mined by colabelling of DAPI and specific antibodies. Trans-
fected cells expressed specific marker proteins were deter-
mined by DAPI, EGFP and specific staining with a superim-
posed luminance. Independent three sections of one condi-
tion were chosen to undergo cell quantification, and labeled
cells at three independent areas of 100 μm vision in each
section were quantified.

RNA-Seq

Retinas (E17) were electroporated with either control or
shSetd1a plasmid and cultured for 2 days. EGFP positive
cells (∼3e4 cells for 1 sample) were collected by a cell sorter,
FACS Aria II (BD Biosciences) as described.26 Total RNA of
three control and four shSetd1a samples was extracted using
Sepasol RNA I Super G (Nacalai tesque) and quantified by
using a 2100 Bioanalyzer (Agilent Technologies). Using 1
ng of total RNA, cDNA was prepared and amplified by PCR
by SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
(Takara) according to the manufacturer’s instructions. The
RNA-Seq libraries were prepared using the amplified cDNA
and Nextera XT DNA Sample Preparation Kit (Illumina). 36
bp of single read sequencing was conducted by HiSeq3000
sequencer (Illumina). The GEO accession number of RNA-
Seq data is GSE154498.

Data Analysis of RNA-Seq Results

Sequenced reads were mapped to the mouse transcriptome
(GENCODE GRCm38.p6) with salmon v0.11.3.27 Salmon
output was converted using wasabi v0.327 and loaded into
sleuth v0.30.028 for further downstream analysis including
statistical testing and visualization. Gene ontology (GO)
term enrichment analysis was performed using the Database
for Annotations, Visualization and Integrated Discovery
(DAVID) with “GO_BP” (gene ontology biological processes)
terms.29,30

Chromatin Immunoprecipitation (ChIP)-qPCR
Assay

ChIP-qPCR was done as previously described.31 Anti-
bodies used for ChIP assay were as follows: antihistone
H3 tri-methyl Lys4 (H3K4me3) antibody (Active motif),
and rabbit control IgG (Cell Signaling). Primer sequences
are as follows; Uhrf1_A_F: 5’-aggtcaaagtttgtccagctca-
3’, Uhrf1_A_R 5’-gggagacttccaccccaatt-3’, Uhrf1_B_F 5’-
gctcacttgggtcttcagcc-3’, Uhrf1_B_R 5’-ctctgcagatctcaccccac-
3’, Uhrf1_C_F 5’-gagattcaattgtcgcgccc-3’, and Uhrf1_C_R
5’-aaactcacctgaaccccacc-3’.

Reanalysis of Public ChIP-seq Data

H3K4me3 ChIP-seq reads from P0 retina and the corre-
sponding input reads from GSE8706432 were aligned to
GRCm38 by Bowtie2 2.4.133 with default parameters. The
aligned data were converted to BAM files by SAMtools
1.10.34,35 MACS2 2.2.7136 was then used for peak calling with
the cutoff of q < 0.05, and the peaks were annotated by
ChIPseeker 1.5.1.37

Statistical Analysis

Statistical analysis was performed using R software (The R
Foundation for Statistical Computing, Vienna, Austria). The
p-values were calculated by Student t-test or Tukey’s test as
indicated in the figure legend.

RESULTS

Changes in Setd1a Expression Levels During
Retinal Development

The expression pattern of Setd1a transcripts during reti-
nal development was examined via RT-qPCR using RNAs
extracted from whole mouse retinas at different develop-
mental stages (Fig. 1A, left panel). Previous RNA-Seq analy-
sis of developing mouse retinas (GSE87064) confirmed that
Setd1a expression levels gradually decreased during retinal
development (Fig. 1A, right panel). Setd1a transcript levels
were relatively high before a birth, then gradually decreased.
Levels likely stayed low until week 8.

The spatial expression pattern of the SETD1A protein was
then examined via immunohistochemistry using frozen reti-
nal sections. SETD1A was expressed at high levels across the
entire embryonic retina, and gradually disappeared from the
neuroblast layer during the postnatal stages (Fig. 1B). Stain-
ing with Ki67 proliferation antigen revealed that SETD1A
was expressed in both proliferating and post-mitotic cells.
Furthermore, SETD1A was expressed in amacrine cells
(HuC/D; Fig. 1C) and retinal ganglion cells (BRN3B; Fig. 1D)
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FIGURE 1. Transition of expression levels of Setd1a during retinal development. (A) Transition of expression level of transcripts of Setd1a
during mouse retinal development was examined by RT-qPCR (left) and RNA-Seq analysis (right) of developing mouse retinas (GSE87064).
(Left) Mouse whole retinas at indicated developmental stages were isolated, and RT-qPCR was performed. Relative expression levels of Setd1a
to Actb and Gapdh are shown. The values are average of 3 independent samples with standard deviation. (Right) Fragments per kilobase of
exon per million reads mapped (FPKM) value of RNA-Seq data. (B–E) Expression pattern of SETD1A protein in developing retinal cells was
examined by immunohistochemistry. Mouse retinas at indicated developmental stages were frozen sectioned, and immunostaining by using
indicated antibodies was performed. Nuclei were visualized by staining with DAPI. Bottom panels in B–E were enlarged staining patterns
of SETD1A (green) and DAPI (white). Strong signals with anti-SETD1A antibody observed in the outer segment of P14 and P21 images were
likely from nonspecific background staining. NBL, neuroblastic layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar = 50 μm.

but not in bipolar cells (CHX10; Fig. 1E). The SETD1A signals
were overlapped with DAPI in the all stages, indicating the
nuclear localization of SETD1A (Figs. 1B–E).

Downregulation of Setd1a Expression Led to
Apoptosis and Suppressed RPC Proliferation in
Developing Retinas

To elucidate the roles of Setd1a in retinal development,
we examined the effects of shRNA-mediated downregu-

lation of Setd1a during retinal development using retinal
explant culture, which mimics retinal development in an
in vitro tissue culture system. We electroporated plasmids
encoding shSetd1a or control with EGFP-expressing plas-
mids into isolated mouse retinas on E17, and the retinas were
cultured for 3 days as explants and then harvested. Signif-
icant reduction of the Setd1a expression in retinal explant
was confirmed by RT-qPCR (Fig. 2A). The reduced level of
SETD1A signal was also observed by immunohistochemistry
(Fig. 2A). Apoptosis and proliferation were examined by
staining cells with anti-active Caspase 3 (AC3) and anti-Ki67
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FIGURE 2. Downregulation of Setd1a expression increased apoptosis and decreased proliferation in the developing retina. Plasmids encoding
control or shSetd1a, in combination with EGFP expression plasmids were electroporated into the retina derived from E17 (A–E) or E14 (F–J)
embryos, and retinas were harvested after 3 days (A–G) or 7 days (H–J) of explant culture. After sorting EGFP-positive cells, RT-qPCR
was performed, and the averages of 3 independent samples with standard deviations are shown in A. Immunohistochemistry was done by
using anti-GFP, -active Caspase 3 (AC3) antibody to detect apoptotic cells (B, H) or anti-Ki67, proliferation antigen, antibody (C, H). The
incorporated EdU was detected by a click reaction (D). Differentiation to retinal ganglion cells and amacrine cells were examined by staining
with anti-BRN3B and -HuC/D antibodies, respectively (H). Populations of AC3, Ki67, EdU, BRN3B, or HuC/D and EGFP double-positive cells
in total EGFP-positive cells are shown in B, C, D, G, and J. Thickness of GCL and NBL were measured (E, F, I). Values are average of at least
three independent samples with standard deviation. *p < 0.05 (Student t-test). Scale bar = 50 μm. GCL, ganglion cell layer; NBL, neuroblastic
layer.
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FIGURE 3. shRNA-mediated Setd1a depletion affected differentiation of late-born retinal subtypes. Retinas from E17 embryos were transfected
with control- or shSetd1a- together with EGFP-expression plasmids and cultured as explants for 14 days. (A) Bright field (upper panels) and
fluorescent (second panels) photos taken from ONL side are shown. Bottom panels in A show immunostained frozen sections with anti-GFP
antibody. (B, C) Coimmunostaining using antibodies anti-GFP and -TFAP2A for amacrine cell, -CHX10 for bipolar cell, -cyclinD3 for Müller
glia, or -photoreceptor-specific nuclear receptor for rod photoreceptors was performed. The numbers of subtype specific protein positive
cells in 100 μm vision are shown in (B). Nuclei were visualized by DAPI staining in (C). Values are average of at least three independent
samples with standard deviation. *p < 0.05 (Student t-test). Scale bar in black = 500 μm and white = 50 μm (A). GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer.

antibodies, which mark apoptotic and proliferative cells,
respectively. We found that the downregulation of Setd1a
led to an increase in apoptotic cells (Fig. 2B) and a dramatic
decrease in proliferating cells (Fig. 2C). The decreased EdU
incorporation confirmed the decrease in proliferation by the
expression of shSetd1a (Fig. 2D). We also found that the
thickness of the neuroblast layer, but not that of the ganglion
cell layer, decreased in shSetd1a-expressing retinas (Fig. 2E,
Supplementary Fig. S1A).

We then examined whether the downregulation of Setd1a
exerted similar effects on RPCs at earlier stages. EGFP-
expressing and shSetd1a-encoding plasmids were electro-
porated into isolated retinas on E14, and the retinas were
cultured for 3 days as explants. The expression of shSetd1a
did not affect retinal thickness (Fig. 2F, Supplementary Fig.
S1B). In addition, Setd1a depletion did not affect the abun-
dance of apoptotic and proliferating cells (Fig. 2G, Supple-
mentary Fig. S1C). The examination of retinal ganglion
cells and amacrine cells in early stage retinas revealed that
cell numbers did not differ between control and shSetd1a-
expressing retinas (Fig. 2G, Supplementary Fig. S1C). When
the retinas were cultured for 7 days, we observed thin-

ner neuroblast layer and ganglion cell layer in shSetd1a-
expressing retina (Fig. 2I, Supplementary Fig. S1D). Accord-
ingly, an increase in apoptotic cells and a decrease in prolif-
erating cells were observed (Figs. 2H, J), implying that
Setd1a depletion affects the survival and proliferation of
late RPCs. Furthermore, in early-stage retinas, the number of
retinal ganglion cells labeled by BRN3B and amacrine cells
labeled by HuC/D decreased (Figs. 2H, J).

Effects of shSetd1a on the Differentiation of
Late-stage Retinal Cells

The effects of shSetd1a on retinal differentiation were
examined. Mouse retinas at E17 were transfected with
control or shSetd1a plasmids with EGFP-expressing plas-
mids and cultured for 14 days as explants. Before they
were harvested, the cultured retinas were observed under
a bright-field microscope from the ONL side. In shSetd1a-
expressing retinas, there were numerous black dots and
almost no EGFP-positive cells (Fig. 3A). Examination of
frozen sections confirmed that there were only a few
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EGFP-positive cells in shSetd1a-expressing retinas, in
contrast with control retinas, in which numerous EGFP-
positive cells were observed (Fig. 3A, bottom). The results
indicated that most of the shSetd1a-expressing cells had
probably disappeared via apoptosis during the culture
period. We then examined whether there were differ-
ences in the abundances of specific retinal cell subtypes.
Numbers of TFAP2A-positive amacrine cells were similar
between control and shSetd1a-expressing retinas (Figs. 3B,
C), whereas there were fewer CHX10-positive bipolar cells,
cyclinD3-positive Müller glia, and photoreceptor-specific
nuclear receptor-positive rod photoreceptors in shSetd1a-
expressing retinas (Figs. 3B, C). The latter three cell subtypes
develop during the middle-to-late period of retinal develop-
ment, implying that Setd1a depletion damages late retinal
progenitors and decreases the abundance of late-stage reti-
nal cells.

The SET Domain Is Essential for the Prevention
of Apoptosis and Induction of Proliferation by
Setd1a in Retinal Development

We investigated whether the shSetd1a-induced phenotype
was caused by Setd1a depletion by performing SETD1A
complementation experiments. We first confirmed that
ectopic expression of full-length SETD1A (Fig. 4A) in reti-
nal explants did not lead to changes in the numbers of AC3-
positive apoptotic cells and Ki67-positive proliferating cells
(Figs. 4B–D). Then, shSetd1a and full-length SETD1A were
cotransfected into retinas on E17 and cultured for 3 days.
SETD1A expression reversed the increase in AC3-positive
cell abundance and the decrease in Ki67-positive prolifer-
ating cell abundance (Figs. 4B–D).

The SET domain is localized at the SETD1A C-terminus
(Fig. 4A) and is responsible for catalyzing H3K4me3.16

To determine whether the prevention of apoptosis and
promotion of proliferation in RPCs by Setd1a were medi-
ated by SETD1A catalytic activity, rescue experiments in
which shSetd1a-expressing retinas were treated with mutant
SETD1A that lacked the SET domain (SETD1A�SET; Fig.
4A) were performed. Cotransfection of SETD1A�SET with
shSetd1a did not rescue apoptosis and proliferation failure
(Figs. 4B–D), indicating that Setd1a exerts effects on retinas
as observed in earlier experiments through its methyltrans-
ferase activity.

Identification of Setd1a Target Gene(s) During
Retinal Development Using RNA-Seq

RNA-Seq was performed to investigate the molecular path-
ways downstream of Setd1a activity in the retina. Plasmids
encoding shSetd1a or control with an EGFP expression
vector were electroporated into E17 retina, and the retinas
were cultured for 2 days. EGFP-positive cells were collected
via cell sorting and subjected to RNA-Seq (GSE154498) anal-
ysis. The gross pattern of changes in gene expression was
visualized using a volcano plot (Supplementary Fig. S2A),
and there were similar numbers of negatively and posi-
tively regulated genes. Genes that were significantly down-
regulated and upregulated by shSetd1a were selected for
further analyses (Supplementary Fig. S2B, Supplementary
Table). Initially, we searched for protein-coding genes with
a transcripts-per-million value of more than 10. Of these,
we selected the genes that were downregulated or upregu-

lated by more than 50% compared with the control (Supple-
mentary Fig. S2B). Gene ontology analysis of the 62 genes
showed that the top three categories were related to cell
proliferation (Supplementary Fig. S2B). Conversely, accord-
ing to DAVID ontology analysis, the upregulated genes were
assigned to different terms (Supplementary Fig. S2B). The
H3K4me3 levels of the downregulated 62 gene loci were
examined by using publicly ChIP-Seq data of H3K4me3 in
the P1 mouse retina (GSE87064).32 Of those genes, protein-
coding genes and genes associated with H3K4me3 enrich-
ment around the promoter region were selected. Then,
genes localized on the XY chromosomes were excluded,
and only genes with a peak q score [−10*log(q-value)] of
more than 400 were retained. Among the remaining 4976
genes, 17 genes overlapped with the 62 genes identified via
RNA-Seq (GSE154498) (Supplementary Fig. S2C, D). Most
of the genes detected were associated with cell prolifera-
tion, consistent with the results of DAVID ontology analysis.
Among those genes, we chose Uhrf1 as a candidate target
gene of Setd1a, because UHRF1 was reported to form a
complex with SETD1A and maintain bivalent histone marks
at cell specification-associated domains in embryonic stem
cells.38

H3K4me3 Level at the Uhrf1 Locus Is Modulated
by the Setd1a Expression Level

The expression pattern of Uhrf1 transcripts (Fig. 5A) during
retinal development was analyzed based on RNA-Seq data
on developing mouse retinas (GSE87064). Expression levels
of Uhrf1 transcripts were highest in E14.5 embryonic reti-
nas, then decreased continuously through the rest of retinal
development (Fig. 5B). Our RNA-Seq analysis (GSE154498)
of shSetd1a showed that the expression levels of Uhrf1
variants 204 and 207 (Fig. 5A) were significantly lower
in shSetd1a-expressing retinas than in control retinas. The
expression level of variant 203 also decreased, but the differ-
ence was not statistically significant (Fig. 5C). The other
two forms, which use the first exon as the start site, were
expressed very weakly, and no significant differences were
observed between shSetd1a-expressing and control reti-
nas (Fig. 5C). According to publicly available online data
(viz.stjude.cloud32), two H3K4me3 peaks are associated with
the Uhrf1 locus, around the transcriptional start sites of the
first and second exons (Fig. 5D). The association between
H3K4me3 and the Uhrf1 locus was examined via ChIP-
qPCR using three primer sets; one for the weakly methylated
5′ region, and two for methylation peaks (Fig. 5D). Plas-
mids encoding shSetd1a or control with an EGFP expres-
sion vector were electroporated into E17 retina, and the
retinas were cultured for 2 days. EGFP-positive cells were
sorted using a cell sorter and subjected to ChIP-qPCR. Signal
levels from reactions using primer C, which amplifies the
region around the H3K4me3 peak at the 3′ side, were signif-
icantly lower in shSetd1a-expressing retina (Fig. 5E), which
is consistent with the lower transcript levels of Uhrf1 vari-
ants 204 and 207 in shSetd1a-expressing retinas (Fig. 5C).

Uhrf1 Knockdown Resulted in Increased
Apoptosis and Proliferation Failure in RPCs

We next examined the effects of Uhrf1 knockdown on
retinal development. The Uhrf1 expression was signifi-
cantly decreased in the explant retina expressing shUhrf1
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FIGURE 4. SET domain is essential for the function of Setd1a in retinal development. (A). Schematic representation of SETD1A and
SETD1A�SET (SET domain deleted SETD1A). RRM, RNA recognition motif domain; FLOS, Functional Location on SETD1A; NSET, a region
near SET; SET, SET, Su(var)-3-9, Enhancer-of-zeste, Trithorax. (B–D) Plasmids encoding control, SETD1A, shSetd1a, SETD1A or SETD1A�SET
and EGFP expression plasmids were transfected as indicated into the retinas from embryos at E17, and cultured for 3 days. Immunostaining
was done by using anti-AC3 or -Ki67 with-GFP antibodies (B). The percentages of AC3 and EGFP (C), Ki67 and EGFP (D) double-positive
cells in total EGFP-positive cells are shown. Values are average of at least three independent samples with standard deviation. *p < 0.05
(Tukey’s HSD test). Scale bar = 50 μm. GCL, ganglion cell layer; NBL, neuroblastic layer.

(Fig. 6A). We transfected shUhrf1-encoding plasmids with
an EGFP expression vector into isolated mouse retinas
on E14 and harvested the retinas after 3 days of explant
culture. Numbers of AC3-positive cells were almost the same
between control and shUhrf1-expressing retinas (Fig. 6B),
and the abundance of Ki67-positive proliferating cells also
did not differ between control and shUhrf1-expressing
retinal cells (Fig. 6C). We then transfected shUhrf1 and
EGFP cDNA into retinas on E17 and cultured the retinas
for 3 days. The abundance of AC3-positive apoptotic cells

increased dramatically (Fig. 6D), and Ki67-positive prolif-
erating cells nearly disappeared (Fig. 6E). The decreased
EdU incorporation in the retina expressing shUhrf1 also
indicates that the proliferation was severely perturbed by
the shUhrf1 expression (Fig. 6F).

To examine the effects of Uhrf1 loss of function
on retinal cell differentiation, we extended the culture
period for retinal explants to 14 days. TFAP2A-positive
amacrine cells were not affected, but the numbers of
CHX10-positive bipolar cells, cyclinD3-positive Müller glia,
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FIGURE 5. Expression of Uhrf1 transcripts was decreased by the expression of shSetd1. (A) Schematic representation of alternative splicing
products of Uhrf1. Adapted from the schematic data of asia.ensembl.org. (B). Transition of expression level of transcripts of Uhrf1 during
mouse retinal development from RNA-Seq data of whole mouse retina (GSE87064).32 (C) Retinas at E17 were transfected with control or
shSetd1a plasmids with an EGFP expression vector and cultured 2 days. EGFP positive-cells were purified, and RNA-Seq was performed.
Expression levels of Uhrf1 splicing variants in the control or shSet1a-expressing retinas are shown. Values are average of 3 or 4 samples of
RNA-Seq (GSE154498) data with standard deviation. *q < 0.05 (false discovery rate). TPM, transcripts per million. (D) H3K4me3 levels at
Uhrf1 locus during mouse retinal development from ChIP-Seq data of whole mouse retina (viz.stjude.cloud). Locus of three primer sets for
ChIP-qPCR (E) are shown in the red box. (E) The retinas at E17 were transfected with control or shSetd1a with EGFP expression plasmids and
cultured for 2 days. EGFP-positive cells were collected and subjected to ChIP-qPCR using anti-H3K4me3 antibody. Uhrf1 promoter regions
were amplified by using three different primer sets. Values are average of at least three independent samples with standard deviation. *p <

0.05 (Student t-test).

and photoreceptor-specific nuclear receptor-positive rod
photoreceptors decreased in shUhrf1-expressing retinas
(Supplementary Fig. S3A, B).

Upon cotransfection of full-length UHRF1 and shUhrf1
expression plasmids, the increase in apoptotic cells and
decrease in proliferating cells induced by Uhrf1 deple-
tion were reversed (Fig. 6D, E). The expression of full-
length UHRF1 alone did not affect apoptosis and prolif-
eration in the retina (Fig. 6D, E). Finally, to deter-
mine whether the ectopic expression of UHRF1 reverses
the shSetd1a-induced phenotype, UHRF1 was coexpressed
with shSetd1a. Coexpression led to an increase in apop-
totic cells, but UHRF1 expression reversed the shSetd1a-
induced inhibition of proliferation (Fig. 6D, E), implying
that apoptosis and proliferation are regulated by different
mechanisms.

Uhrf1 Depletion Did Not Lead to Changes in Bulk
DNA Methylation in the Retina

Uhrf1 is a hemimethylated DNA-binding protein and facil-
itates DNA methylation by recruiting Dnmt1.39–41 We

investigated whether loss of Uhrf1 contributes to global DNA
hypomethylation in the retina by immunostaining to detect
5mC. Plasmids encoding shUhrf1 with an EGFP-expressing
vector were transfected into isolated retinas on E17, and the
retinas were harvested after 3 days. Because apoptotic cells
can create noise in the background with 5mC staining,42

shUhrf1-expressing retinas were cultured with ZVAD, an
apoptosis inhibitor.43 No AC3-positive apoptotic cells were
observed after treatment with ZVAD (Supplementary Fig.
S4A). Then, retinal sections were stained with the anti-5mC
antibody. The 5mC signal intensities did not differ between
ZVAD-treated control and shUhrf1-expressing cells (Supple-
mentary Fig. S4B). For the control, retinas were treated
with 1 μM 5-Aza (A3656; Sigma-Aldrich, St. Louis, MO),
an inhibitor of DNMT1 that lead to DNA hypomethylation.
After 3 days, the retinas were frozen and sectioned. At 1
μM of 5-Aza, proliferation was only slightly suppressed, and
the number of apoptotic cells increased slightly (Supple-
mentary Fig. S4C). Additionally, 5mC signal intensities
seemed to decrease in the presence of 5-Aza (Supplementary
Fig. S4C), indicating that the antibody could detect methy-
lated DNA.
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FIGURE 6. Expression of shUhrf1 perturbed retinal development. Plasmids encoding control, shUhrf1, UHRF1, or shSetd1a and EGFP expres-
sion plasmids were electroporated into mouse retina at E14 (B, C) or E17 (A, D–F). Combination of transfected plasmids are indicated in
the figures. (A) After sorting EGFP-positive cells, total RNA was purified and served to RT-qPCR. The averages of three independent samples
with standard deviations are shown. *p < 0.05 (Student t-test). (B–E) Immunostaining using anti-AC3 (B, D) or anti-Ki67 (C, E) with -EGFP
antibodies was done. (F) The incorporated EdU was detected by a click reaction. The percentages of EGFP and AC3 (B, D), EGFP and Ki67
(C, E), or EGFP and EdU (F) double-positive cells in the total EGFP-positive cells are shown. Values are average of three independent samples
with standard deviation. *p < 0.05 (Student t-test or Tukey’s HSD test). Scale bar = 50 μm. GCL, ganglion cell layer; NBL, neuroblastic layer.

DISCUSSION

At least nine methyltransferases and five demethylases
have been reported to target histone H3K4me1/2/3 as a
substrate in mammals.13,15 H3K4 methylation is reported to
be involved in rod photoreceptor development during reti-
nal development.6,11,44 Here, we investigated the roles H3K4
methylation plays in RPCs and the expression patterns of
related genes using previously published RNA-Seq data.32

We found that Kmt2c and Kmt2h are expressed from
the early stages of retinal development, whereas other

genes were expressed at low levels and Setd1b/Kmt2g at
very low levels (Supplementary Fig. S5). As a prelimi-
nary study, we performed a miniscreening of the functions
of H3K4 methylases and demethylases during early reti-
nal development using an shRNA-mediated loss-of-function
approach with retinal explant culture. We found that
several shRNAs disrupted retinal development; among them,
shSetd1a exerted the strongest effects, by inducing apopto-
sis and suppressing proliferation. Therefore, we focused on
analyzing the functions of Setd1a during early retinal devel-
opment.
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Among methyltransferases, Setd1a exerts strong effects
and performs a unique function; thus, other methylases
could not compensate for the loss in function when Setd1a
was depleted. Methylases can be divided into several
subgroups according to their structure.9 Setd1a and Setd1b
belong to a subgroup characterized by the presence of an
RRM domain45 in addition to the FLOS region.19 The C-
terminal SET domain is found in all H3K4 methyltrans-
ferases; hence, it is possible that the RRM and/or FLOS
domains contribute to SETD1A function. Although SETD1B
has the same domains as SETD1A, it is unlikely that it
can replace SETD1A because it is expressed at low levels
(Supplementary Fig. S5). In fact, although we transfected
shSetd1b in addition to shSetd1a into the E14 retina, we did
not observe perturbation of proliferation nor cell death of
early retinal progenitors (Supplementary Fig. S6).

Uhrf1 was identified as a possible downstream gene
target of Setd1a. Because UHRF1 overexpression rescued the
shSetd1a-induced suppression of proliferation, SETD1A may
induce cell proliferation by inducing UHRF1. By contrast,
UHRF1 expression did not reverse the induction of apoptosis
in the absence of SETD1A, indicating that either the inhibi-
tion of apoptosis by SETD1A does not depend on UHRF1
or that both SETD1A and UHRF1 are necessary for the
process, which is more likely because SETD1A and UHRF1
form a complex.38 UHRF1 binds to hemi-methylated DNA
to recruit DNMT1, leading to DNA methylation.46–48 Dnmt1
and Dnmt3a/b are reported to be involved in photoreceptor
and outer plexiform layer development during mammalian
retinal development,48 and Dnmt1-dependent DNA methy-
lation is essential for photoreceptor-terminal differentia-
tion and retinal neuron survival.49 We did not observe
marked changes in DNA methylation in the absence of
Uhrf1, but differences in retinal phenotypes induced by
Dnmt1 and Uhrf1 depletion indicate that the outcomes of
shUhrf1 expression in the retina cannot be explained by the
disruption of DNA methylation alone. Uhrf1 is reported to
be involved in regulating H3K4me3 in collaboration with
Setd1a in embryonic stem cells.38 UHRF1 forms a complex
with SETD1A/COMPASS and regulates neuroectoderm and
mesoderm differentiation.38 We did not directly analyze
the regulation of differentiation of retinal cell subtypes by
SETD1A or UHRF1, but the involvement of such collabora-
tive mechanisms in the prevention of apoptosis is feasible.

Interestingly, DAVID ontology analysis of the differen-
tially expressed genes in shSetd1a-expressing retinas (as
detected using RNA-Seq) showed that the genes were
mostly associated with cell proliferation. We hypothesize
that Setd1a enhances the transcriptional activation of these
proliferation-related genes through its H3K4 methyltrans-
ferase activity. In contrast, Setd1a-induced methylation and
transcriptional activation may be regulated independently,
as reported in yeast and flies. In Saccharomyces cere-
visiae, SET1 methylates DAM1, a protein involved in kine-
tochore assembly and chromosome segregation,50 and in
S pombe, SET1 participates in the silencing and genome
organization of retrotransposons independently of H3K4
methylation activity.51 In Drosophila, H3K4A mutations abol-
ish global H3K4 methylation but not transcriptional activ-
ity.52 In mammals, deletion of the SET1 complex subunit
CFP1 in mouse embryonic stem cells results in a global
decrease of H3K4me3 in CpG island promoters. However,
transcription levels did not change.53 Although the suppres-
sion of proliferation-related genes including Uhrf1 is a
major reason explaining the loss of proliferation activity in

RPCs, transcription-independent mechanisms should also be
considered.

The specific deletion of Setd1a in adult long-term
hematopoietic stem cells resulted in the loss of prolif-
erative capacity and a failure to repair DNA damage in
these cells.54 However, according to our RNA-Seq analysis,
shSetd1a did not affect expression of the genes selected
for analysis. Abnormalities in the H3K4 methyltransferases
MLL1, MLL3, and MLL4 have been shown to result in cancer
and hematopoietic malignancies.55 In addition, in MLL-AF9
leukemia, SETD1A is required for cell survival and leukemia
progression in vitro as well as in vivo.19 It should be noted
that we performed this study in retinal explants, which has
limitation to reproduce all the biological phenomena occur
in in vivo because additional stress to the retina by making
the explant culture may affect the results. However, we
believe that the explant culture system is an excellent tool to
get essential information of the effects of gene manipulation
quick and easily, and further analysis by using mouse model
may extend current findings. Taken together, these findings
indicate that Setd1a is strongly associated with cell prolifer-
ation and survival, but some tissue-specific mechanisms that
regulate Setd1a function remain to be determined.
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