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MLL1 (KMT2A) and MLL2 (KMT2B) are homologous members of the mixed-lineage
leukemia (MLL) family of histone methyltransferases involved in epigenomic
transcriptional regulation. Their sequence variants have been associated with
neurological and psychological disorders, but little is known about their roles and
mechanism of action in CNS development. Using mouse retina as a model, we
previously reported MLL1’s role in retinal neurogenesis and horizontal cell
maintenance. Here we determine roles of MLL2 and MLL1/MLL2 together in retinal
development using conditional knockout (CKO) mice. Deleting Mll2 from Chx10+
retinal progenitors resulted in a similar phenotype as Mll1 CKO, but removal of both
alleles produced much more severe deficits than each single CKO: 1-month double CKO
mutants displayed null light responses in electroretinogram; thin retinal layers, including
shorter photoreceptor outer segments with impaired phototransduction gene expression;
and reduced numbers of M-cones, horizontal and amacrine neurons, followed by fast
retinal degeneration. Despite moderately reduced progenitor cell proliferation at P0, the
neurogenic capacity was largely maintained in double CKO mutants. However,
upregulated apoptosis and reactive gliosis were detected during postnatal retinal
development. Finally, the removal of both MLLs in fated rods produced a normal
phenotype, but the CKO in M-cones impaired M-cone function and survival, indicating
both cell non-autonomous and autonomous mechanisms. Altogether, our results suggest
that MLL1/MLL2 play redundant roles in maintaining specific retinal neurons after cell fate
specification and are essential for establishing functional neural networks.
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INTRODUCTION

The mixed-lineage leukemia (MLL) family of histone lysine methyltransferases (KMTs) catalyze the
methylation at lysine (K) 4 of histone H3 (Shilatifard, 2008; Crump andMilne, 2019). Their products,
mono-, di- and tri-methylation of H3K4 are considered activating histone marks that are found at
promoters of transcribed genes (Eissenberg and Shilatifard, 2010; Gu and Lee, 2013). The MLL
family has six members, namely, MLL1 (KMT2A), MLL2 (KMT2B), MLL3 (KMT2C), MLL4
(KMT2D), SET1DA and SET1DB, all of which contain a conserved catalytic SET domain (Allis et al.,
2007; Crump and Milne, 2019). These MLL enzymes usually form large multi-protein complexes
(Yokoyama et al., 2004; Dou et al., 2006; Shinsky et al., 2015) that mediate chromatin remodeling and
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transcriptional regulation during tissue genesis (Glaser et al.,
2006; Krivtsov and Armstrong, 2007; Slany, 2016; Cenik and
Shilatifard, 2021). MLL1/MLL2 form a distinct macromolecular
complex (Sze and Shilatifard, 2016; Crump and Milne, 2019)
found in many cell types of the central nervous system (CNS)
(Jakovcevski et al., 2015; Kerimoglu et al., 2017; Brightman et al.,
2018). Human mutations in MLL1 (KMT2A) and MLL2
(KMT2B) have been associated with cancer and syndromic
neurological and psychiatric disorders, such as dystonia,
intellectual disability and autism with variable age onsets
(Jones et al., 2012; Meyers et al., 2017). However, their
functions and mechanisms of action in the CNS development
and neuronal disease pathogenesis remain to be elucidated.

The retina is the tissue of the CNS specialized for the vision
sensation. It consists of conserved and well-characterized
neuronal cell types, making it an ideal model for studying
MLL functions in neurogenesis, neural network formation and
maintenance. Retinal cells are organized into a multi-laminar
structure in a mature retina (Young, 1985; Cepko et al., 1996;
Bassett and Wallace, 2012; Cepko, 2014). The outer nuclear layer
(ONL) contains rod and cone photoreceptor cells, where the light
signal is converted into the neuronal signal. The inner nuclear
layer (INL) hosts neurons of horizontal (HC), bipolar (BC) and
amacrine cells (AC), as well as Müller glia (MG). The ganglion
cell layer (GCL) contains retinal ganglion cells (GC) innervating
to the brain. Synaptic connections between these layers form two
additional layers known as the inner (IPL) and outer plexiform
layers (OPL). Cell-type specification of the retina is largely
conserved across vertebrate species (Austin and Cepko, 1995;
Livesey and Cepko, 2001; Stenkamp, 2015; Wu et al., 2018; Lu
et al., 2020). In mice, GC, cone photoreceptors and HC are fated
in the first wave of cell birth during prenatal retinal neurogenesis,
followed by the later birth waves of AC, rod photoreceptors, BC
and MG during postnatal days (P) 0 to P5 (Young, 1985; Turner
et al., 1990; Hafler et al., 2012; Emerson et al., 2013; Cepko, 2014).
After cell fate specification, neuronal differentiation and
synaptogenesis begin to establish connections between rod/
cone primary neurons and secondary/tertiary neurons. By the
end of 3 weeks, a functional neural network is established to
mediate visual signal transmission and processing (Blanks et al.,
1974; Tian, 2004; Soto et al., 2012; Guido, 2018; Furukawa et al.,
2020; Szatko et al., 2020).

Retinal cell fate specification and differentiation are regulated
by a network of transcription factors (TF) (Hennig et al., 2008;
Swaroop et al., 2010; Mellough et al., 2019). CHX10 (also known
as VSX2) is one of the earliest expressed TFs in the presumptive
neural retina, and is required for retinal progenitor cell (RPC)
proliferation and neurogenesis (Liu et al., 1994; Burmeister et al.,
1996; Green et al., 2003; Livne-bar et al., 2006). CHX10 is also
required for bipolar cell specification at a later development stage
(Kim et al., 2008; Morrow et al., 2008). OTX2 is essential for
establishing the photoreceptor lineage (Nishida et al., 2003; Koike
et al., 2007) by inducing the expression of CRX, an OTX-like TF
required for photoreceptor development and maintenance (Chen
et al., 1997; Furukawa et al., 1997; Hennig et al., 2008). TFs acting
downstream of OTX2/CRX govern photoreceptor specification,
including NRL (Mears et al., 2001) for rods, THRB2 (Roberts

et al., 2006) and RXRG (Roberts et al., 2005) for cones, specifically
in mouse, for short-wavelength (S) and medium-wavelength (M)
cones. TFs required for the development of INL and GCL
neurons include Onecut1 (OC1) and PROX1 for horizontal
cells (Dyer et al., 2003; Wu et al., 2013), PAX6 for amacrine
cells (Remez et al., 2017), and POU4F1 (BRN3A) for ganglion
cells (Nadal-Nicolás et al., 2009).

In order to express specific genes in a given cell type, the
chromatin at these gene loci must be configured to allow access by
the transcription machinery. Specific TFs can regulate local
chromatin remodeling during the retinal development by
recruiting co-activators and histone modification enzymes at
target genes (Li et al., 2007; Zhang et al., 2015). For example,
CRX is required for the postnatal developing photoreceptors to
gain DNA accessibility and write active histone marks H3K4me3
and H3K27Ac at photoreceptor gene loci (Ruzycki et al., 2018),
which is important for the transcription cascade and visual
function.

We previously reported, using conditional knockout mice, that
MLL1 plays essential roles in regulating retinal progenitor cell
proliferation, maintenance of horizontal neurons and formation
of functional synapses between photoreceptors and inner
neurons (Brightman et al., 2018). Here we aimed to unveil the
roles of MLL2 and MLL1/MLL2 together in the development and
maintenance of retinal neurons by characterizing the phenotypes
of retina-specific knockout of Mll2 and both Mll1 and Mll2. We
found that during the functional development, two MLLs played
redundant roles in maintaining the retinal structure and function
of photoreceptors and three types of inner retinal neurons. Both
cell autonomous and non-autonomous functions contributed to
cone/rod maintenance. These results implicated complex
mechanisms of action of MLL1 and MLL2 in the retinal
development and maintenance.

MATERIALS AND METHODS

Transgenic Mouse Lines
All mice in this study were on the genetic background of C57BL/
6J (the Jackson Laboratory, Stock No: 000664) free of rd1 and rd8
mutations. The Cre, Mll1 flox, Mll2 flox mouse lines were
obtained from various published colonies (Le et al., 2004;
Rowan and Cepko, 2004; Glaser et al., 2006; Gan et al., 2010;
Brightman et al., 2016). Both male and female mice were used in
experiments.

All animal procedures were conducted according to the Guide
for the Care and Use of Laboratory Animals of the National
Institute of Health, and were approved by the Washington
University in St. Louis Institutional Animal Care and Use
Committee.

Western Blot
Each bio-replicate contained 2 retinae from P0 or 1MO individual
samples. Nuclear extract of each bio-replicate was obtained using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(ThermoFisher Scientific) and boiled at 100°C for
10 min. 15 µl of 2 μg/μl protein samples were loaded to 4–12%
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SDS-PAGE gel, along with the Chameleon Duo Pre-stained
Protein Ladder (LI-COR Biosciences), and run at 100 V for
1.5 h. Protein samples were transferred from the gel to a
nitrocellulose membrane using Bolt™ Transfer (ThermoFisher
Scientific) at 10 V for 2 h. Blocking was done with Intercept®
(PBS) Blocking Buffer (LI-SOR Biosciences) for 2 h. Blotting was
done with iBind Western Device (ThermoFisher Scientific)
overnight according to the manufacturer’s protocol. MLL1 and
MLL2 antibodies were diluted 1:500, and HDAC1 antibody was
diluted 1:1,000. IRDye® 680RD anti-rabbit secondary antibody
was diluted 1:2000 (LI-COR Biosciences). All the imaging steps
were performed with the Odyssey DLx Imaging System (LI-COR
Biosciences).

Histology and Immunohistochemistry
Eyes were enucleated at various ages with the superior/dorsal side
marked on the cornea, and fixed in 4% paraformaldehyde at 4°C
overnight for paraffin embedded sections. Each retinal cross-
section was cut 5 microns thick on a microtome. Hematoxylin
and Eosin (H&E) staining was performed to examine retinal
morphology. For IHC staining, sections firstly went through
antigen retrieval with citrate buffer, and blocked with a
blocking buffer of 5% donkey serum, 1% BSA, 0.1% Triton-x-
100 in 1X PBS (pH-7.4) for 1 h. Sections were then incubated with
primary antibodies at 4°C overnight. Sections were washed with
1X PBS containing 0.01% TritonX-100 (PBST) for 30 min, and
then incubated with specific secondary antibodies for 1 h.
Primary and secondary antibodies (Supplementary Table S1)
were applied with optimal dilution ratios. All slides were mounted
with hard set mounting medium with DAPI (Vectashield, Vector
Laboratories, Inc., CA).

For IHC staining of retinal cryo-sections, eyes were fixed in 4%
paraformaldehyde after the removal of lens for 1 h. Eyes were
then immersed in increasing concentrations of phosphate-
buffered sucrose solutions, and incubated overnight at 4°C in
20% phosphate-buffered sucrose solution. Eyes were incubated in
a 1:1 mixture of OCT (optimal cutting temperature; Sakura
Finetek) and 20% phosphate-buffered sucrose for 1 h. Eyes
were embedded in OCT and snap frozen. Blocks were
sectioned at 5 μm. Blocking and antibody staining were
processed as described above.

For IHC staining of whole flat-mount retinae, eyes were fixed
in 4% paraformaldehyde for at least 6 h. Retinae were dissected
and blocked in the blocking buffer for 2 h. Retinae were incubated
with primary antibodies at 4°C overnight, followed by 1X PBST
wash for 10 min, and then incubated with secondary antibodies
for 3 h. Upon a final 1X PBST wash for 10 min, retinae were
placed flat on slides. All images were taken on a Leica DB5500
microscope. All images were acquired at 1000 µm from ONH for
≥ P14 samples and at 500 µm from ONH for P0 samples.

EdU Labeling
Edu labeling was performed with the Click-iT EdU Assay Kit
(Invitrogen, ThermoFisher Scientific). Mice were IP injected with
10 μl of 10 mMEdu per grammouse weight at P0. Eyes were fixed
and paraffin embedded with procedures described above. EdU
staining was done according to the manufacturer’s protocol. IHC

staining was done prior to EdU staining for experiments involved
both steps.

Morphometry and Cell Count Analysis
Thickness of retinal layers were measured on the H&E images at
specific locations from the optical nerve head. Results of
measurements were plotted in a spider graph. For cell
counting analysis, numbers of fluorescent objects were tallied
in the entire cross-section. At least 4 biological replicates of each
genotype were used in the statistical analysis. Two-way ANOVA
with multiple comparisons or Student’s t-test were performed
with p < 0.05, CI:95% using Graphpad Prism 8 (GraphPad
Software, CA).

Electroretinogram
Whole animal ERGs were performed on 1- and 2-month-old
mice using UTAS-E3000 Visual Electrodiagnostic System with
EM for Windows (LKC Technologies Inc., MD). Mice were dark-
adapted overnight prior to the tests. The experimental procedures
were adapted from the previously published study of our lab
(Brightman et al., 2018). ERG responses of biological replicates
were recorded, averaged and analyzed using Graphpad Prism 8
(GraphPad Software, CA). The mean peak amplitudes of dark-
adapted A and B waves and light-adapted B waves were plotted
against log values of light intensities (cd*s/m2). The statistical
analysis was done by two-way ANOVA with multiple pairwise
comparisons (Tukey’s).

Quantitative PCR
Each RNA sample was extracted from 2 retinae of a mouse
using the NucleoSpin RNA Plus kit (Macherey-Nagel, PA).
RNA concentrations were measured using a NanoDrop One
spectrophotometer (ThermoFisher Scientific). 2 μg of RNA
was used to produce cDNA using First Strand cDNA
Synthesis kit (Roche, IN). Technical triplicates were run for
each gene. Primers used in this study were listed in
Supplementary Table S2. The reaction master mix
consisted of EvaGreen polymerase (Bio-Rad Laboratories,
CA), 1 μM primer mix, and diluted cDNA samples. Samples
were run using a two-step 40-cycle protocol on a Bio-Rad
CFX96 Thermal Cycler (Bio-Rad Laboratories, CA). Data were
analyzed with QBase software (Biogazelle, Belgium). The
statistical analysis was done by two-way ANOVA or
Student’s t-test with p < 0.05, CI:95% using Graphpad Prism 8.

Chip-Seq
Chromatin immunoprecipitation (ChIP) assay was performed
using six pooled P14/P30Mll1&2 KO, or (Chx10) CreNeg control
retinas per sample as previously described (Tran et al., 2014).
Each sample was dissected and chromatin was cross-linked with
1% formaldehyde in PBS for 10 min at room temperature. After
cross-linked cells were lysed and fragmented by sonication,
chromatin fragments were immunoprecipitated with the
antibodies to H3K4me3 (Millipore Sigma, Burlington, MA; 07-
473), bound to Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology, SC2003). After extensive washing, the
immunoprecipitated chromatin was eluted with 50 mM
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NaHCO3 1% SDS, heated to 67°C to reverse the cross-links, and
the DNA purified by ethanol precipitation. Libraries were
prepared using the DNA SMART ChIP-Seq Kit (Clonetech,
Mountain View, CA). 10 ng of ChIP DNA was used as input
for each sample. Libraries were sequenced on the Illumina
NovaSeq6000 2 × 150 bp. Reads were trimmed using Trim
Galore (v0.6.7) before mapping to mm9 genome build using
Bowtie (v2.4.1). Duplicates were removed and alignments cleaned
for proper alignments pairs using Picard (v2.25.7) and Samtools
(v1.9-4). Peaks were called using the broad option in MACS2
(v2.1.1), merged using BEDTools (v2.27) merge function, and
overlapping reads within each library were quantified using
BEDTools coverage function. Enrichment was compared
between genotypes using EdgeR (v3.30.3) and plotting
performed in R using psych (v2.1.6) and ComplexHeatmap
(v2.4.3) packages. Data from Aldiri et al. (GSE87064) was
processed in same manner as above.

RESULTS

Generation of Mll1 and Mll2 Conditional
Knockouts in Mouse Retinae
Mll1 and Mll2 are ubiquitously expressed in the developing
mouse retinae according to the published single-cell RNA-seq
data (Clark et al., 2019) (Supplementary Figures S1A,B). Due
to the embryonic lethality of Mll1 or Mll2 deficiency, we

utilized Cre-LoxP-mediated conditional knockout (CKO) to
eliminate the function of each gene individually or
simultaneously in selected retinal cell types. Cre excision
produced a non-functional MLL1 protein lacking the
nuclear targeting signals (NTS) (Gan et al., 2010) and/or a
short non-functional MLL2 peptide resulted from a frameshift
at exon 2 (Glaser et al., 2006) (Figure 1A). To investigate the
roles of MLL1 and MLL2 in retinal neurogenesis, we crossed
Mll1f/f and/or Mll2f/f mice to Chx10-Cre-iresGFP (Rowan and
Cepko, 2004) mice, which expressed Cre recombinase in
retinal progenitor cells. To confirm the success of Cre-
mediated excision, we performed quantitative RT-PCR
(qRT-PCR) analysis to determine Mll1 and Mll2 transcript
levels in the mutant retinae at postnatal day P0, P14, and
1 month (1MO) (Figures 1B–D). Detectable transcript levels
of Mll1 and Mll2 were significantly reduced in
Chx10Cre+Mll1f/fMll2f/f (double CKO) retinae at all tested
ages as compared to Chx10Cre- (CreNeg) samples with the
lowest level seen at 1MO. Likewise, MLL1 and MLL2 proteins
were not detected in P0 double CKO retinae by Western
blotting (Supplementary Figure S1C). Notably, at all
tested ages, reduction of Mll1 or Mll2 transcript levels in
the double CKO retinae was comparable to the corresponding
single CKO. Furthermore, in either case of single CKO retinae,
no increase in the transcript level of the counterpart Mll gene
was detected, suggesting no compensatory effect betweenMll1
and Mll2 expression in single CKO retinae.

FIGURE 1 | Mll1 and Mll2 expression in conditional-knockout retinae. (A) Diagrams of wide-type Mll1 and Mll2 genes indicating the positions of SET domains,
motifs and loxP sites. Cre recombinase-mediatedMll1 knockout removes exons 3 and 4 which encode the motifs of AT hooks and nuclear targeting signals (NTS) (Gan
et al., 2010). Cre recombinase-mediatedMll2 knockout removes exon 2 and invokes a frameshift in the mRNA (Glaser et al., 2006). (B–D) qRT-PCR analysis ofMll1 and
Mll2 expression in P0, P14 and 1 month-old (1MO) mutant retinae. Results are plotted as relative expression to Chx10Cre- littermate controls (n = 5). Asterisks (**,
***, ****) denote p ≤ 0.01, p ≤ 0.001, p ≤ 0.0001 respectively by one-way ANOVA with Tukey’s multiple comparisons, and ns means not significant.
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FIGURE 2 | Impaired retinal function ofMllmutants at 1MO. (A) Dark adapted A-wave electroretinogram (ERG) analysis of 1MO mice of the indicated genotypes.
Mean amplitudes (µV) are plotted against stimulus light intensity. Error bars represent SEM (n ≥ 4). (B) Dark adapted B-wave ERG analysis of 1MO mutant and control
mice (n ≥ 4). (C) Light adapted B-wave ERG analysis of 1MOmutant and control mice (n ≥ 4). All statistics is done by two-way ANOVA and Tukey’smultiple comparisons.
Asterisks (****) denote p ≤ 0.0001, and ns means not significant.

FIGURE 3 |Morphological defects ofMllmutants. (A) Hematoxylin and Eosin (H&E) cross-section staining of mature mutant and control retinae. Top panels show
representative images of 1MO retinae of the indicated genotypes. Bottom panels show representative images of 2MO or 3MO retinae of the indicated genotypes. Red
asterisks indicate mislocalized cells. ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer. Scale bar = 100 µm for all image panels. (B) ONL
thickness (µm) in 1MO retinae at the indicated positions from the optic nerve head (ONH). SUP and INF indicate superior and inferior sides of the retina. Error bars
represent mean (SD) (n ≥ 4). (C) INL thickness in 1MOmutant and control retinae (n ≥ 4). (D)Outer segment (OS) thickness in 1MOmutant and control retinae (n ≥ 4). All
statistics is done by two-way ANOVA and Tukey’s multiple comparisons. Results of statistical analysis between the double CKO and CreNeg retinae are shown.
Asterisks (**, ***, ****) denote p ≤ 0.01, p ≤ 0.001, p ≤ 0.0001 respectively.
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Mll1 and Mll2 Deficiency Perturbs Retinal
Function More Severely than Each
Single CKO
We performed electroretinography (ERG) to determine the
effects of Mll1 and Mll2 deficiency on the retinal function.
1MO double CKO mutants showed no ERG responses in both
dark-adapted (Figures 2A,B, purple line) and light-adapted
(Figure 2C, purple line) conditions, indicating the absence of
both rod- and cone-driven retinal function. In contrast, 1MO
single CKOmutants produced detectable ERG responses (Figures
2A–C, red and green lines), but had significantly decreased A and
B wave amplitudes at high light intensities as compared to those
of CreNeg littermates. The ERG reductions were more
pronounced in Chx10Cre+Mll1f/f than in Chx10Cre+Mll2f/f

(Figures 2A–C, green line vs. red line). Similar patterns of
ERG changes were also noticeable at 2MO (Supplementary
Figure S2A). These results provided the first piece of evidence
for distinct and redundant roles of MLL1/MLL2 in the
development and maintenance of retinal function. Compound
heterozygous mutants Chx10Cre+Mll1WT/fMll2f/f and
Chx10Cre+Mll1f/fMll2WT/f showed similar ERG defects as those
of the single CKO mutants (Supplementary Figures S2B,C) at
1MO and 2MO, indicating that at least one copy of Mll1 or Mll2
allele was essential for retinal function.

Mll1 and Mll2 Double CKO Mice Develop
Thinner Retinae and Undergo Fast Retinal
Degeneration in Young Adults
To determine if the ERG defects in the mutant retinae were
indicative of changes in the retinal structure and cellular
morphology, we firstly examined the retinal cross-sections by
hematoxylin-and-eosin (H&E) staining. At 1MO, all mutants
displayed well-laminated neurons (Figure 3A). However, as
compared to the CreNeg control, the double CKO retinae had
significant reductions in overall retinal thickness, including ONL
(Figure 3B), INL (Figure 3C), and outer segments (OS) of the
photoreceptors (Figure 3D). Mislocalized cells were found
(indicated by asterisks in Figure 3A) within the OS and IPL
of the double CKOmutant. At 2MO, single CKOmice retained the
laminated retinal morphology, despite a few mislocalized cells
found at the IPL (Figure 3A, bottom left panels). In contrast, the
double CKO retinae became much thinner than that at 1MO,
suggesting severe degeneration and cell death (Figure 3A). By
3MO, both ONL and INL of the double CKO retinae degenerated
further with only 1–2 rows of cells remaining in each layer
(Figure 3A). Also, the OS length in the double CKO retinae
was further reduced at 2MO and 3MO. Thus, loss of both Mll1
andMll2 resulted in failure of morphological maintenance of the
retinae, particularly affecting neuronal survival in the ONL and
INL. Interestingly, 2MO compound heterozygous mutants,
Chx10Cre+Mll1WT/fMll2f/f and Chx10Cre+Mll1f/fMll2WT/f

appeared less affected in retinal morphology as compared to
the double mutants (Supplementary Figure S3A), again
suggesting at least one copy of either Mll1 or Mll2 allele was
required for the maintenance of retinal integrity. At 6MO, single

CKO (Supplementary Figure S3B) and compound heterozygous
mutants still maintained laminated retinal morphology, although
ONL and INL appeared thinner than those of the control.

We next examined changes in the retinal morphology at early
ages of postnatal development. No morphological or thickness
abnormalities were found in the new-born P0 double CKO retinae
(Supplementary Figures S4A,B). However, decreased ONL and
INL thickness was found in P14 double CKO retinae as compared
to CreNeg samples (Supplementary Figures S4C,D). These
results suggested that Mll1 and Mll2 deficiency interfered with
maintenance.

Mll1 and Mll2 Deficiency Induces
Progressive Degeneration of M-Cones,
Horizontal and Amacrine Cells
To determine if Mll1 and Mll2 deficiency during the retinal
development displayed cell-type specific effects, retinal cross-
sections of 1MOmutants and controls were immunostained with
cell-type specific markers. Given ERG deficits in the double CKO
mutants, we firstly assessed the staining of rod and cone Opsins
(Figures 4A–C). Rhodopsin (Rho) staining was correctly
localized to the OS in the double KO retina (Figure 4A).
However, consistent with the results of H&E staining
(Figure 3D), the length of Rho + OS appeared shorter in the
mutant than the CreNeg control (Figure 4A). Next, we stained for
cone opsins. In mice, M and S cone subtypes were organized in
dorsal-ventral counter-gradients, with M-opsin + cones
predominantly found in the dorsal retina and S-opsin + cones
in the ventral retina (Applebury et al., 2000). In the double CKO
retinae, both M-opsin and S-opsin labeled cells were detected
with the expected dorsal/ventral orientation (Figures 4B,C).
However, while the number of M-opsin + cells was reduced to
about 20% of the control, no significant reduction of S-opsin +
cells was found (Figure 4H).

Next, we assessed changes of neuronal cell types in the inner
retina. The double CKO retinae displayed significantly decreased
numbers (10–30% remaining) of Calbindin + horizontal cells,
and Calretinin + amacrine cells (Figures 4D,E,H). In contrast,
the numbers of PKCα+ rod-on bipolar cells (Figure 4D) and
Brn3a + ganglion cells (Figure 4F) in mutants generally remained
comparable to the controls (Figure 4H). Interestingly, 1MO
single CKO retinae also had decreased numbers of M-cones,
horizontal cells, and amacrine cells (Supplementary Figure
S5), but the degree of reduction was less severe than that in
the double CKO retinae. Taken together, the distinct and
redundant roles of MLL1 and MLL2 were essential for the
integrity of M-cones, horizontal cells, and amacrine cells.

We also examined the number and morphological features of
Müller glia by glutamate synthetase (GS) staining. GS + Müller
glia in the 1MO double KO retinae showed the typical cellular
structure as compared to the control (Figure 4G), with cell bodies
locating at the INL and endfeet terminating at the basal lamina.
Mutant retinae also had similar numbers of Müller glia
(Figure 4H), suggesting the development of these glial cells
was generally unaffected in the mutants.
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To determine if the loss of selected retinal cell types was due to
defective cell type specification or maintenance, we examined the
early cell types in P0 retinae by immunostaining (Supplementary
Figure S6). We used antibodies targeting Retinoid X Receptor
Gamma (RXRg) to label early fated cones at the apical retina,
Onecut1 for early horizontal cells, Activating enhancer binding
protein 2 alpha (AP2α) for early amacrine cells, Paired box 6
(Pax6) for early amacrine and other neurons, and RBPMS and

Brn3a for ganglion cells (Supplementary Figure S6A). Cell count
analysis showed that the numbers of these 4 cell types were
comparable in the double CKO and CreNeg retinae
(Supplementary Figure S6B), indicating that the production
of early-born neurons was not severely affected in the double
CKO retinae at P0.

We next analyzed the cell numbers of cones, horizontal and
amacrine cells in mutant retinae at P14 when the cell fate

FIGURE 4 | Altered cell type composition in Chx10Cre+Mll1f/fMll2f/f at 1MO and P14. (A–G) Immunostaining of the following cellular markers in 1MO retinae of the
indicated genotypes: Rhodopsin (Rho, green in A) for rods, Medium-wave-sensitive opsin 1 (M-opsin, red in B) for M-cones, Short-wave-sensitive opsin 1 (S-opsin,
green inC) for S-cones, Protein kinase C alpha (PKCA, green inD) for rod ON-bipolar cells, Calbindin D-28 (red inD) for horizontal cells, Brn3a (red in E) for ganglion cells,
Calretinin (green in F) for amacrine and ganglion cells, and Glutamine synthetase (GS, green in G) for Müller glia. Asterisk indicated a mislocalized Brn3a + cell (E).
(H)Cell counts for different retinal cell types in 1MOChx10Cre+Mll1f/fMll2f/f retinae, normalized to counts fromChx10Cre- (CreNeg) littermates. Error bars represent mean
(SD) (n ≥ 3). MC =M cone photoreceptors, SC = S cone photoreceptors, BC = bipolar cells, HC = horizontal cells, GC = retinal ganglion cells, AC = amacrine cells, MG =
Müller glia. (I–K) Immunostaining of cellular markers in P14 retinae: Cone arrestin (red in I) for cones, Onecut1 (green in J) for horizontal cells, and Calretinin (green inK) for
amacrine and retinal ganglion cells. (L) Cell counts for different retinal cell types in P14 Chx10Cre+Mll1f/fMll2f/f retinae, normalized to counts from Chx10Cre- (CreNeg)
littermates. Error bars represent mean (SD) (n ≥ 3). Asterisks (*, **, ***, ****) denote p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, p ≤ 0.0001 respectively, ns means not significant by
t-test. Nuclei are counterstained by DAPI (blue). Scale bar = 100 µm for all image panels.
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specification of all retinal neurons was completed (Figures 4I–K).
The cell numbers of these cell types in mutants were lower than
CreNeg samples (Figure 4L), but the degree of reduction at P14
(20–50%) was less than that at 1MO (80–90%), indicating a
progressive loss of cones, horizontal and amacrine cells
in the double CKO retinae during the postnatal retinal
development.

To determine if programmed cell death contributed to the
loss of neurons, we immunostained mutant retinae with
activated caspase 3. At P0, a significant increase in the
number of apoptotic cells (activated caspase 3+) were
detected in mutant compared to CreNeg samples
(Supplementary Figures S7A,B). Increased activated
caspase 3 + cells were also notable at 1MO mutant retinae,
notably at INL (Supplementary Figure S7C). We also
assessed the expression of pro- and anti-apoptotic genes.
The transcript levels of the pro-apoptotic gene Bcl-2-
associated X (Bax) were upregulated in P14 double CKO
retinae and more significantly in 1MO double CKO retinae
relative to the CreNeg control, while the expression of the anti-
apoptotic gene B-cell lymphoma 2 (Bcl2) was insignificantly

reduced in mutants (Supplementary Figure S7D). These data
suggested that in double CKO retinae, the intrinsic apoptosis
was initiated during the retinal development and accelerated
at 1MO. This was consistent with retinal thinning and cell loss
detected at P14 and 1MO, explaining the rapid degeneration
afterwards.

To determine if Mll1/Mll2 deficiency induced reactive gliosis,
we performed immunostaining of Glial fibrillary acidic protein
(GFAP) on retinal cross-sections of the double CKOmice. GFAP
was the intermediate filament protein in retinal glia, its
immunoreactivity indexed potential gliosis and correlation of
neural damage. At 1MO, GFAP immunoreactivity was minimal
in the control retinae, but was drastically intensified in the double
CKO retinae (Supplementary Figure S8A), indicating severe
reactive gliosis. The GFAP + reactive gliosis was lower in the
single CKO retinae than that in the double CKO retinae. This high
GFAP immunoreactivity in 1MO double CKO retinae was
confirmed by GFAP qRT-PCR (data not shown). The GFAP
immunoreactivity was comparable in the P14 double CKO retinae
(Supplementary Figure S8B) to the control. Thus, the glial
activation in mutants likely occurred after eye-opening,

FIGURE 5 | Cell proliferation defects in Chx10Cre+Mll1f/fMll2f/f. (A) Immunostaining of cell proliferation and cell cycle markers in the indicated P0 retinae: Ki67 (left
panel, in green) for proliferating cells, Ki67/PH3 (center panel, Ki67 in green, PH3 in red) for cells in the M phase, Ki67/EdU (right panel, Ki67 in green, EdU in magenta) for
cells in the S phase. Nuclei (center panel) are DAPI counterstained in blue. Scale bar = 100 µm for all image panels. (B) Cell counts for Ki67 + proliferating cells in
P0 Chx10Cre+Mll1f/fMll2f/f and Chx10Cre- retinae (left panel), and cell counts of Ki67 + PH3+ and Ki67 + EdU + cells normalized to Ki67 + cells of each genotype.
Error bars represent mean (SD) (n = 3). Ki67+ = Ki67 labeled cells, Ki67 + PH3+ = Ki67 and PH3 co-labeled cells, Ki67 + EdU+ = Ki67 and EdU co-labeled cells. (C) P14
retinal immunostaining of Rho/Calretinin/EdU (left panel, Rho in green, Calretinin in red, EdU in magenta), GS/EdU (center panel, GS in green, EdU in magenta), PKCA/
EdU (right panel, PKCA in green, EdU in magenta). White asterisks indicate mislocalized cells. (D) Cell compositions of co-labelled cells in P14 retinae of the indicated
genotypes. Error bars represent mean (SD) (n = 3). Results of statistical analysis are shown. Asterisks (*) denote p ≤ 0.05, ns means not significant by t-test. Rod = rod
photoreceptors, AC = amacrine cells, ON BC = ON bipolar cells, MG = Müller glia.
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accompanied by the loss of retinal integrity at both structural and
functional levels.

MLL1 and MLL2 Regulate Late Progenitor
Cell Proliferation in Postnatal Developing
Retina
Since cell proliferation defects were previously observed within P3
retinae of the Chx10Cre+Mll1f/f mutants (Brightman et al., 2018), we
sought to determine if a similar phenotype could be found in the
double CKO retinae at an early postnatal age. We performed Ki67
immunostaining for proliferating cells in the retinal cross-sections of
P0 samples (Figure 5A, left panel). The number of Ki67 +

proliferative cells in the double CKO retinae was significantly
reduced (Figure 5B, left panel). We next examined if the cell
cycle of Ki67 + proliferative cells was affected. Phospho-histone
H3 (PH3) was used to label M-phase cells. PH3+ cells were found
at the outer retinal neuroblast layer (NBL) of the double CKO and
CreNeg retinae (Figure 5A, central panel). We did not find a
significant difference in Ki67+ and PH3+ co-labelled cells between
these samples (Figure 5B, right panel). To detect S-phase cells in P0
retinae, 5-Ethynyl-2′-deoxyuridine (EdU) was IP-injected into P0
mouse pups, and retinae were harvested 4 h later (Figure 5A, right
panel). The double CKO retinae possessed fewer EdU + cells than
CreNeg control (Supplementary Figures S9A,C). More importantly,
the double CKO retinae had a decrease in the percentage of Ki67+/

FIGURE 6 | Gene expression profile in P14 and 1MO Chx10Cre+Mll1f/fMll2f/f. (A) qRT-PCR analysis of selected genes in P14 and 1MO Chx10Cre+Mll1f/fMll2f/f

retinae. Results are plotted as relative expression toChx10Cre- (CreNeg) littermate controls (n ≥ 4). (B) qRT-PCR analysis of phototransduction gene expression in 1MO
Chx10Cre+Mll1f/fMll2f/f retinae. Results are plotted as relative expression to Chx10Cre- (CreNeg) littermate controls (n ≥ 4). Asterisks (*, **, ***) denote p ≤ 0.05, p ≤ 0.01,
p ≤ 0.001 respectively by one-way ANOVAwith Tukey’smultiple comparisons, and nsmeans not significant. (C)Quantitative comparison of data from all H3K4me3
peaks in 1MO CreNeg and Chx10Cre+Mll1f/fMll2f/f datasets. Promoter peaks of key phototransduction genes are highlighted. (D) ChIP-Seq data from P14 and 1MO
Chx10Cre+Mll1f/fMll2f/f and CreNeg retinae for H3K4me3 shows no differences at key rod phototransduction loci.
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EdU + co-labelled cells over the Ki67 + population (Figure 5B, right
panel). These data suggested that Mll1 and Mll2 deficiency affected
cell proliferation and cell cycle dynamics in P0 retinae, in particular,
S-phase entry and M-phase exit.

To determine impacts of Mll1 and Mll2 deficiency on the
production of specific cell types from late-born retinal progenitor
cells (RPC), we performed EdU pulse-chase experiments. EdU-
labeled P0 proliferating cells were assessed for specified cell-types
at P14 (Figures 5C,D). Firstly, at P14, there were fewer EdU +
cells in the double CKO retinae than in CreNeg controls
(Supplementary Figures S9B,C). Secondly, the percentage of
EdU co-labeled ON-bipolar cells in overall EdU-labeled cells was
reduced about one half as compared to the control, but those of
rods, late-born amacrine cells and Müller glia remained
comparable (Figures 5C,D). These results suggested that,
despite moderately reduced ON-bipolar cell production from
P0 progenitor cells, overall, the intrinsic neurogenesis program
was not severely compromised in the double CKO retinae.

Mll1 and Mll2 Deficiency Reduces the
Expression of Phototransduction Genes
Without Altering the Promoter Occupancy
of the Active Histone Mark H3K4me3
To unveil the molecular mechanisms for the cellular and
functional defects in the double CKO retinae, we profiled
specific gene expression changes at P14 and 1MO. qRT-PCR
analysis showed there was a general trend toward reduced
expression with tested transcripts in double CKO retinae as
compared to the CreNeg retinae, suggesting that Mll1/Mll2
deficiency had a negative impact on gene expression in general
(Figure 6A). However, the transcript level of lysine demethylase
6B (Kdm6b) was slightly upregulated in 1MO double CKO
retinae. The downregulation of the cell-type specific transcript
levels supported the results of immunohistochemistry (Figure 4),
further confirming cell composition changes at these two ages. In
particular, this downregulation was most prominent in 3 cell
types (Figure 6A), M-cones (Opn1mw, 30–50%), horizontal cells
(Prox1, ~60%) and amacrine cells (Pax6, ~60%). Lastly, the
changes in transcript expression at 1MO were more profound
than those at P14, which was consistent with the progressive loss
of the affected neurons. For example, the relative expression of
Opn1mw was reduced from 52% at P14 to 34% at 1MO. The
relative expression of Rho decreased from insignificant 70% at
P14 to significant 48% at 1MO. These results, combined with the
reduction of rod OS length at 1MO, suggested that rod cell
integrity was affected before degeneration peaks. Additionally,
we performed qRT-PCR with early-born cell markers at P0,
including Thrb and Rxrg (cones), Onecut1 (horizontal cells),
Chx10 and Pax6. No expression changes were detected in
P0 double CKO retinae relative to the control (Supplementary
Figure S10), suggesting that the programmed neurogenesis was
unaffected by Mll1/Mll2 deficiency.

We also examined gene expression of several other components in
the rod and cone phototransduction cascades. qRT-PCR was
performed to analyze transcripts of G protein subunit alpha
transducin 1 (Gnat1), transducin 2 (Gnat2), phosphodiesterase 6a

(Pde6a), 6b (Pde6b), 6g (Pde6g), 6h (Pde6h). All tested genes besides
Pde6a showed significant reduction in 1MO double CKO retinae
(Figure 6B). Notably, the relative expression ofGnat1 and Pde6gwas
decreased to 25 and 14% of the control, respectively. These results
suggested that the rod and cone phototransduction cascade was
disrupted in 1MO double KO retinae, providing an explanation for
the lack of ERG responses. In contrast, the single CKO samples only
had moderate or insignificant changes in gene expression
(Supplementary Figure S11).

SinceMLL1 andMLL2 function tomethylate H3K4 at active gene
promoters, we hypothesized that the gene misregulation in the
mutants may be caused by the lack of the active histone mark
H3K4me3 at photoreceptor specific promoters. We performed
whole-retina chromatin immunoprecipitation sequencing (ChIP-
Seq) to compare the double CKO mutants with CreNeg controls.
Because rods represented 70% of all retinal cells, ChIP data
represented a primarily rod signal in bulk ChIP-Seq analysis of
P14 and 1MO samples (before severe rod degeneration in the
mutants). Biological replicates displayed >98% concordance,
indicating excellent reproducibility (Supplementary Figure S12A).
Next, we compared the ChIP signal between mutants and controls
and identified differentially enriched peaks at each age as well as those
peaks that change over time in each model (Supplementary Figure
S12B). To our surprise, there were only 279 peaks that displayed
significant differences (>2 fold-change, p < 0.05) in these
comparisons (Figure 6C). To understand the normal deposition
of these histone modifications in retinal development, we analyzed
the average change in signal over retinal development (E14-P21)
(Aldiri et al., 2017). Peaks that were decreased in mutants generally
showed consistentH3K4me3 across development, while peaks gained
in mutants showed very little deposition of any active marks in the
controls. We inspected the profiles of H3K4me3 at the rod genes that
showed dramatic gene expression reductions (Figure 6B) but did not
observe concordant reduction in the presence of H3K4me3
(Figure 6D). Together, these results suggested that Mll1/Mll2
deficiency did not affect the remodeling of photoreceptor
chromatin and the deposition of the H3K4me3 mark on
promoters activated during cell type specification; other
mechanisms must be responsible for the reduced expression of
photoreceptor-specific genes.

MLL1 and MLL2 are Required for the
Maintenance of Fated M-Cones, but not
Rods
Although defective rod and cone phenotypes were seen in Chx10-
Cre-mediated double CKO retinae, it was unclear if these phenotypes
were stemmed from primary and/or secondary effects of Mll1/Mll2
deficiency. To address this question, we determined cell autonomy by
investigating the effects of Mll1/Mll2 deficiency in fated rods and
cones, respectively. To ablate Mll1/Mll2 functions in fated rods, we
crossed Mll1f/fMll2f/f mice to NrlCre mice (Brightman et al., 2016),
which began to express Cre recombinase in developing rods soon
after rod cell specification and sustained Cre expression in adult rods.
We also ablatedMll1/Mll2 in fated M-cones by crossingMll1f/fMll2f/f

mice to MconeCre (HRGP-Cre) mice (Le et al., 2004), which
expressed Cre recombinase in M-opsin + cones beginning at early
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postnatal ages. H&E staining of 1MO NrlCre+Mll1f/fMll2f/f and
MconeCre+Mll1f/fMll2f/f showed no apparent morphological
abnormality (Figure 7A).

We next measured ERG responses in 1MO
NrlCre+Mll1f/fMll2f/f mice. No defects in dark-adapted A and B
waves were detected in mutants compared to the controls
(Figure 7B), and light-adapted ERG was also comparable
(data not shown). Furthermore, Rho immunostaining showed
no significant difference in OS morphology and thickness
(Figure 7C). Transcript-level expression analysis of rod-
enriched genes by qRT-PCR detected no changes in 1MO
mutant retinae relative to the control (Supplementary Figure
S13A). We did not detect any morphological and functional
changes up to 6MO (data not shown). Collectively, these results
suggested that Mll1/Mll2 deficiency in developing and mature
rods has limited impacts on cellular structure, function and
survival. Thus, MLL1 and MLL2 functions were not required
for the maintenance of fated rods.

By comparison, MconeCre+Mll1f/fMll2f/f mice displayed cone
functional and morphological defects. The amplitudes of light-
adapted B waves of 1MO MconeCre+Mll1f/fMll2f/f mice were
significantly decreased as compared to controls (Figure 7D). 1MO
MconeCre+Mll1f/f andMconeCre+Mll2f/f mice also showed decreased
ERG responses as compared to controls, but were less severe than
MconeCre+Mll1f/fMll2f/f mice (Figure 7D). These results suggested
that MLL1 and/or MLL2 were required for the functional
maintenance of M-cones even after the cone differentiation.

We next performed immunostaining of Opn1mw (M-cones)
together with PNA (all cones), or cone arrestin (Arr3) in retinal
cross-sections of 1MO MconeCre+Mll1f/f, MconeCre+Mll2f/f,
MconeCre+Mll1f/fMll2f/f retinae (Figures 7E,F, Supplementary
Figure S14). Quantification showed that the number of Opn1mw +
cones in MconeCre+Mll1f/fMll2f/f retinae was reduced to 50% of the
control, while the numbers inMconeCre+Mll1f/f orMconeCre+Mll2f/f

was down to only 70–80% (Figure 7F). To determine any spatial
patterns associated with the cone number reduction, we performed

FIGURE 7 | Functional and morphological assessments of 1MO NrlCre+Mll1f/fMll2f/f and MconeCre+Mll1f/fMll2f/f. (A) H&E cross-section staining of 1MO Cre-

(CreNeg, left panel),NrlCre+Mll1f/fMll2f/f (center panel)MconeCre+Mll1f/fMll2f/f (right panel) retinae. Scale bar = 100 µm for all image panels. (B)Dark adapted A-wave (left)
and Dark adapted B-wave (right) ERG analysis of 1MONrlCre+Mll1f/fMll2f/f andCre- (CreNeg) mice. Mean amplitudes (µV) are plotted against stimulus light intensity. Error
bars represent SEM (n ≥ 4). (C) Rho immunostaining in 1MO NrlCre- and NrlCre+Mll1f/fMll2f/f retinae. (D) Light adapted B-wave ERG analysis of 1MO
MconeCre+Mll1f/fMll2f/f, MconeCre+Mll1f/f, MconeCre+Mll2f/f, and Cre- (CreNeg) mice. Mean amplitudes (µV) are plotted against stimulus light intensity. Error bars
represent SEM (n ≥ 4). (E) M-opsinimmunohistochemical staining in 1MO MconeCre- and MconeCre+Mll1f/fMll2f/f dorsal retinae. (F) Cell counts for M cone
photoreceptors in 1MOMconeCre+Mll1f/fMll2f/f MconeCre+Mll1f/f, andMconeCre+Mll2f/f retinae, normalized to counts fromMconeCre- (CreNeg) littermates. Error bars
represent mean (SD) (n = 3). All statistics is done by two-way ANOVA and Tukey’s multiple comparisons. Asterisks (*, **, ***) denote p ≤ 0.05, p ≤ 0.01, p ≤ 0.001
respectively, ns means not significant.
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M-opsin and PNA co-staining on 1MO whole-mount
MconeCre+Mll1f/fMll2f/f retinae (Supplementary Figure S15A). As
expected, in 1MO control samples, Opn1mw + cones were largely
localized to the dorsal retina (Supplementary Figure S15A). By
comparison, fewer Opn1mw + cones were found in the dorsal region
of MconeCre+Mll1f/fMll2f/f retinae (Supplementary Figure S15A).
Cell count analysis showed that nearly half of Opn1mw+ (PNA+)
cells were absent in the dorsal mutant retinae, while the cone cell
numbers were comparable in the ventral retinae (Supplementary
Figure S15B), confirming Mll1/Mll2 deficiency in cones specifically
affected M-cone integrity. qRT-PCR analysis showed significantly
decreased expression of Opn1mw and Arr3 in 1MO
MconeCre+Mll1f/fMll2f/f retinae, but not in MconeCre+Mll1f/f or
MconeCre+Mll2f/f retinae (Supplementary Figures S13B,C),
further confirming the immunostaining results. Taken together,
these results described the cell autonomous effect of Mll1/Mll2
deficiency on M-cone functional maintenance.

DISCUSSION

Redundant Roles of MLL1 and MLL2 in
Retinal Development and Maintenance
MLL1 and MLL2 have been reported to play non-overlapping
roles in development and cancer (Chen et al., 2017). In this
manuscript, we used the conditional knockout strategy in mice to
provide several pieces of evidence supporting that MLL1 and
MLL2 redundant functions were required for the development
and maintenance of neuronal function in the retina.

When MLL1 or MLL2 was removed from Chx10 + retinal
progenitor cells, similar phenotypic defects were observed,
including moderately reduced photoreceptor responses to light
stimuli (Figure 2, Supplementary Figure S2), loss of M-cones,
horizontal and amacrine cells (Supplementary Figure S5). Thus,
MLL1 and MLL2 essentially functioned in the indistinguishable
regulatory pathways during retinal development and maintenance.
MLL1 contributed more thanMLL2 in each pathway, as all observed
phenotypes were more severe in Chx10Cre+Mll1f/f than
Chx10Cre+Mll2f/f. In each single CKO retinae, there were no
decreases or compensatory increases of transcript levels of the
other Mll gene.

When both MLL1 and MLL2 were removed, all phenotypic
defects found in the single CKO retinae became much more
severe. Notably, the double CKO mutants produced null ERG
responses along with severely affected phototransduction gene
expression (Figures 2, 6), massive reactive gliosis (Supplementary
Figure S8) and apoptosis (Supplementary Figure S7) at 1MO and
rapid retinal degeneration after 1MO (Figure 3). However,
compound heterozygotes of Mll1 and Mll2 mutants produced
significantly less severe ERG defects than the double CKO
mutants, which was comparable to those in single CKO mutants
(Supplementary Figures S2B,C). These results collectively
confirmed that MLL1 contributed more than MLL2 in their
redundant functions.

The functional redundancy betweenMLL1 andMLL2was specific
to this pair of MLLs. We previously reported that the Mll1/Mll3
double CKO retinae produced a phenotype similar to that seen in

single Mll1 CKO retinae (Brightman et al., 2018). MLL1 or MLL2
formed a complex distinct from those formed by other MLL family
members, which provided a possible explanation for the redundant
roles of MLL1 and MLL2. We proposed MLL1 and MLL2 acted
together to regulate the neuronal proliferation, development and
survival in the retina (Figure 8). Although we emphasized the
redundant functions of MLL1 and MLL2 in this study, we did
not rule out distinct functions of each gene, particularly for
unique mechanisms of action at the molecular level. As an
example, previous studies reported both MLL1 and MLL2
regulated Hox gene expression essential for body patterning
during development, but they bound on distinct Hox loci with
MLL1 on HoxA and HoxC and MLL2 on HoxB (Yu et al., 1995;
Milne et al., 2002; Glaser et al., 2006). Future studies are needed to
determine the molecular mechanisms underlining MLL1/MLL2
redundant functions in the retina, including their individual
actions on specific neurons.

The Mechanisms Underlying Retina Layer
Thinning and Functional Deficits in Mll1/
Mll2 Double CKO Samples
One major phenotype ofMll1/Mll2 deficiency was the thinning of
retinal layers and the loss of specific types of neurons. In
P0 Chx10Cre+Mll1f/fMll2f/f retinae, the numbers of early-born
neurons and expression levels of specific transcription factors
were comparable to controls. Thus, the genesis and cell
specification of the early-born neurons were normal. However,
the development and maintenance of rods, M-cones, horizontal
and amacrine cells were negatively affected at P14 and 1MO
(Figure 4), along with increased apoptosis throughout the
first 4 weeks of postnatal development (Supplementary
Figure S7).

Both cell autonomous and non-autonomous mechanisms
were involved. The cellular mechanisms for the loss of rods
were more complex, and likely involve cell non-autonomous
(secondary) effects. Key observations included, firstly, the
majority of rods survived between P14 to 1MO with shorter
segments. At 1MO, apoptosis was apparent to cells at INL, not to
ONL cells. Secondly, significant injury-induced reactive gliosis
was present in the 1MO Chx10Cre+Mll1f/fMll2f/f retinae,
correlating cellular stress in general. Lastly and most
importantly, the removal of both Mll1/Mll2 for developing
rods (by NrlCre) did not produce rod functional deficits or
cell loss. In addition, rod degeneration as secondary effects by
neuronal loss at INL has been reported. For example, the loss of
horizontal cells due to Onecut1 and Onecut2 TF deficiency
induced subsequent rod degeneration (Sapkota et al., 2014).

In contrast, the M-cone phenotype was largely attributed to a cell
autonomous mechanism, as M-cone defects was observed in retinae
with Chx10-Cre and Mcone-Cre mediated Mll1/Mll2 deficiency.
Notably, Mll1/Mll2 deficiency only affected the M-cones, not
S-cones. The mechanisms for such specificity of the MLL actions
on cone subtypes remain to be determined. Further studies are
needed to determine if protein factors regulating the S/M cone
gradient or cone opsin expression are affected in the double CKO
mutants.
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Defects in neurogenesis may also contribute to retinal
thinning and reduced cell numbers in INL of the double CKO,
particularly during the first 2 weeks of postnatal development.
P0 Chx10Cre+Mll1f/fMll2f/f retinae had reduced number of Ki67+
and EdU + co-labelled cells, suggestingMll1 andMll2 collectively
affect S-phase entry of retinal proliferating cells. This was
consistent with published studies from mouse brain tissue and
human cancer cell lines (Denissov et al., 2014; Jakovcevski et al.,
2015; Chen et al., 2017; Kerimoglu et al., 2017). In our previous
study, Chx10Cre+Mll1f/f showed an insignificant decrease in
S-phase cell number, while this study presented a further
decline in the double CKO retinae, suggesting a potential
redundancy of Mll1 and Mll2 in regulating S-phase entry of
retinal progenitors. Our EdU pulse-chase experiments at P0 to
P14 showed that after cell cycle exit, P0 progenitor cells in the
double CKO retinae could produce all four types of late-born cells,
namely, rods, ON-bipolar cells, amacrine cells and Muller glial.
Together with the unchanged number of early-born neurons at
P0, these results suggested that Mll1 and Mll2 did not regulate
retinal cell-type specification. Although there was a reduction of
ON-bipolar cells in EdU pulse-chase experiments from P0 to P14,
the overall bipolar cell numbers were unchanged at 1MO. Further
studies are required for examining the functions of MLLs in
different windows of the retinal development.

1MO Chx10Cre+Mll1f/fMll2f/f mutants displayed null ERG
response, despite the presence of rows of ONL cells. One
possible explanation was the loss of synaptic connections
between photoreceptors and inner neurons. The presynaptic
proteins Ctbp2/RIBEYE and VGLUT1 were present at the
outer plexiform layer (Supplementary Figure S16) of the
double CKO retinae, although we could not conclude if
synaptic connections were functional. The most likely
explanation was the decrease in phototransduction, based on
two observations: 1) the absence of A-waves indicating no signals
of ERG response, and 2) the downregulation of key rod and cone
phototransduction genes. It was unclear if other mechanisms
affecting phototransduction were involved.

It remains to be determined if gene misregulation in specific
neurons of Mll1/Mll2 deficient retinae is due to altered histone

H3 K4-methylation. We attempted to address this question by
examining changes of rod-specific gene expression and chromatin
occupancy of the H3K4me3mark. Our surprising finding was that in
spite of the downregulation of rod-specific genes, normal H3K4me3
signals were detected at the regulatory regions of these genes in
Chx10-Cre mediated Mll1/Mll2 knockouts. Instead, H3K4me3
changes were seen in the regulatory regions of constitutively
expressed genes that were unknown to have rod-specific
functions. Thus, both H3K4me3-dependent and independent
mechanisms may attribute to the misregulation in rod functional
development and maintenance. It is possible that the misregulation
mechanisms involved in minor cell types, such as M-cones,
horizontal and amacrine cells might be different from those of
rods. Cell type-specific knockout and single cell-related approaches
are needed to elucidate these mechanisms.

CONCLUSION

In conclusion, this study is the first kind to address the redundancy
functions of MLLs in neuroretinal development and maintenance.
Our findings highlight the complex functions of theMLL1 andMLL2
in neuronal cell types. Our findings may inform the pathogenesis of
the syndromic neurological disorders associated with human MLL1
and MLL2 mutations and phenotype variability.
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