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Different lineage contexts direct common pro-neural
factors to specify distinct retinal cell subtypes

Mei Wangh23*@®, Lei Du¥23*, Aih Cheun Lee*, Yan Li*23@®, Huiwen Qin*23, and Jie He»*®
g

How astounding neuronal diversity arises from variable cell lineages in vertebrates remains mostly elusive. By in vivo lineage
tracing of ~1,000 single zebrafish retinal progenitors, we identified a repertoire of subtype-specific stereotyped neurogenic
lineages. Remarkably, within these stereotyped lineages, GABAergic amacrine cells were born with photoreceptor cells,
whereas glycinergic amacrine cells were born with OFF bipolar cells. More interestingly, post-mitotic differentiation blockage
of GABAergic and glycinergic amacrine cells resulted in their respecification into photoreceptor and bipolar cells, respectively,
suggesting lineage constraint in cell subtype specification. Using single-cell RNA-seq and ATAC-seq analyses, we further
identified lineage-specific progenitors, each defined by specific transcription factors that exhibited characteristic chromatin
accessibility dynamics. Finally, single pro-neural factors could specify different neuron types/subtypes in a lineage-dependent
manner. Our findings reveal the importance of lineage context in defining neuronal subtypes and provide a demonstration of

in vivo lineage-dependent induction of unique retinal neuron subtypes for treatment purposes.

Introduction

In invertebrate species, such as Caenorhabditis elegans and Dro-
sophila, diverse neuron types derive from predetermined ste-
reotyped cell lineages (Brody and Odenwald, 2000; Isshiki et al.,
2001; Pearson and Doe, 2004; Sulston, 1976; Sulston et al., 1983;
Udolph et al,, 1995). In the vertebrates, neuronal types are,
however, generated within highly variable cell lineages (He
et al., 2012; Holt et al., 1988; Pearson and Doe, 2004; Turner
et al,, 1990). It has raised a big challenge for the past 30 years
to resolve the question as to how vertebrate neuronal diversity
arises from these highly variable cell lineages.

Increasing evidence suggests the functional relevance of
lineage-related neurons. In the developing mouse cortex,
lineage-related neurons are preferentially connected (Li et al.,
2012). However, the fate specification of lineage-related neurons
is still mostly unknown. On the other hand, current studies on
neuron fate specification are limited mainly to identifying
molecules essential for specifying different neuronal types/
subtypes (Brown et al., 2001; Cepko, 2014; Hatakeyama et al.,
2001). Unfortunately, single molecules, in most cases, are in-
sufficient to specify multipotent neural stem/progenitor cells
into specific neuron types/subtypes, which are highly de-
manding for regenerative medicine (Brzezinski et al., 2012;
Hatakeyama et al., 2001; Powell and Jarman, 2008; Salie et al.,

2005). It is urgent to clarify the influence of lineage context that
neural stem/progenitor cells intrinsically provide on their
neuronal production.

The vertebrate retina is a unique central nervous system
(CNS) structure that has long been used to study vertebrate neu-
ronal type/subtype diversification due to its well-characterized
neuron types/subtypes and laminar organization (Connaughton
et al., 2004; Masland, 2001). The retina comprises six major
cell types, including retinal ganglion cells (RGCs), amacrine
cells (ACs), bipolar cells (BCs), horizontal cells (HCs), pho-
toreceptor cells (PRs), and Miiller glial cells (MCs), with
their cell bodies and processes located in specific layers (Fig. 1 A).
This laminar location and cell morphology allow unambiguous
identification of all major types. Moreover, the retina exhibits
a vast diversity of cell subtypes (>60 classes; Masland, 2012).
For instance, glutamatergic bipolar cells can be subdivided
into ON and OFF subtypes, which initiate the light-ON and
light-OFF responses, respectively (Connaughton, 2011; Shekhar
et al,, 2016). According to neurotransmitter phenotypes, am-
acrine cells are mainly classified as Gamma Aminobutyric Acid
(GABA)-ergic and glycinergic (Balasubramanian and Gan, 2014;
Cherry et al., 2009; Marc and Cameron, 2001; Menger et al.,
1998).
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Figure 1. Major neurogenic lineages in the zebrafish retina. (A) Schematic of zebrafish retina structure. OPL, outer plexiform layer. IPL, inner plexiform
layer. (B) Schematic of the mMAZe construct. (C) The working flow of lineage analysis of 48-hpf RPCs using mMAZe. (D) Schematic of the atoh7:Switch
plasmid (pAtoh7:Switch). (E) The working flow of lineage analysis of atoh7* PRCs using atoh7:Switch. (F) Representatives of major neurogenic lineages traced
by mMAZe. (G) Representatives of major neurogenic lineages traced by atoh7:Switch. (H-L) The top four neurogenic lineages, which were analyzed using
mMAZe and produce RGCs (H), ACs (1), BCs (J), PRs (K), or HCs (L) are listed. Major neurogenic lineages of each neuron type (frequency >15%) are highlighted in
blue. (M-0) The top four lineages, which were analyzed using atoh7:Switch and produce RGCs (M), ACs (N), or BCs (O) are listed. Major neurogenic lineages of
each neuron type (frequency >15%) are highlighted in red. (P) Summary graph of six major neurogenic lineages. Scale bars, 10 um.

Early retinal progenitor cells (RPCs) can produce all retinal
cell types (Turner and Cepko, 1987; Turner et al., 1990). As de-
velopment progresses, late RPCs become neurogenic and pro-
duce lineages with biased types. In the retina, there appears to
be substantial fate bias at the terminal division of RPCs (Cepko,
2014). Early studies showed that cone photoreceptors and hor-
izontal cells are generated in homotypic pairs by dedicated
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precursors (Godinho et al., 2007; Rompani and Cepko, 2008;
Suzuki et al., 2013). More interestingly, retinal major cell types
can also be produced by heterotypic terminal lineages consisting
of two different retinal types (Hafler et al., 2012; He et al., 2012;
Turner et al., 1990). Consistently, earlier live imaging showed
that single atoh7-expressing RPCs frequently produced one RGC
and one progenitor that often produce a pair of PRs (He et al.,
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2012; Poggi et al., 2005). These findings leave the questions as to
whether different retinal neuron subtypes also derive from
specific lineages, and if so, whether these specific lineages are
the results of dedicated progenitors.

Specific types of neurons are direct products of either
asymmetric neurogenic divisions, giving rise to a progenitor and
a differentiating neuron (PD division), or symmetric neurogenic
divisions producing two differentiating neurons (DD division).
Neurogenic RPCs are those undergoing PD or DD divisions,
thereby producing neurogenic lineages. A rapid development of
the zebrafish retina (~60 h; Glass and Dahm, 2004) makes it
possible for a systematic in vivo analysis of neurogenic lineages.
Combining in vivo lineage tracing, single-cell RNA sequencing
(scRNA-seq), and single-cell ATAC (Assay for Transposase Ac-
cessible Chromatin) sequencing (scATAC-seq), we found that
retinal neuron types/subtypes were largely derived from ste-
reotypic neurogenic lineages and revealed the underlying mo-
lecular mechanisms.

Results

Identification of six major neurogenic lineages for all retinal
neuron types

For studying neurogenic lineages in the zebrafish retina, we
developed two lineage tracing methods, termed “modified mo-
saic analysis in zebrafish” (mMAZe; Collins et al., 2010) and
“atoh7:Switch,” and analyzed ~1,000 lineages derived from
single RPCs in vivo (Table S1 and Table S2).

In the mMAZe method, heat shock at 24 h postfertilization
(hpf) allowed the Cre-dependent mosaic induction of kaede, a
photoconvertible protein. Kaede was photoconverted from
kaede-green to kaede-red to precisely label single RPCs at 48 hpf
(Fig. 1, B and C), at which stage RPCs are mostly undergoing the
final cell divisions. The resulting lineages were analyzed at 3 d
postfertilization (dpf; Fig. 1 C), when embryonic development of
the retina is mostly completed. Retinal cell types within lineages
were then identified according to their cell body location and
morphology (Fig. 1 A). We collected 511 lineages, among which
58% were two-cell or three-cell lineages (Fig. S1 B). We focused
on two-cell and three-cell lineages because an earlier time-lapse
study showed that 97% of neurogenic RPCs produce two or three
neurons (He et al., 2012).

Consistent with previous studies, PRs and HCs were mainly
generated as homotypic pairs (PR-PR and HC-HC; Fig. 1, F, K,
and L; He et al., 2012; Rompani and Cepko, 2008; Suzuki et al.,
2013). Interestingly, we found that RGCs, ACs, and BCs were
mainly derived from four major neurogenic lineages with
stereotyped cell type composition (Fig. 1, F and H-J). RGC-2PR
accounted for 65% of RGC-containing lineages (n = 15/23;
Fig. 1, F and H). ACs, the major interneurons in retina, were
predominantly born together with excitatory neurons. Spe-
cifically, AC-2PR and AC-BC lineages made up 47% (n = 43/91)
and 30% (n = 27/91) of AC-containing lineages, respectively
(Fig. 1, Fand I). BC-BC and AC-BC lineages contributed to 54%
(n = 76/140) and 19% (n = 27/140) of BC-containing lineages,
respectively (Fig. 1, F and J). We also found a few cases of BC-
MC lineages (n = 7; Table S1).
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To better characterize neurogenic lineages producing early-
born retinal types, including RGCs and ACs, we also developed
atoh7:Switch. Atoh7, a basic helix-loop-helix (bHLH) transcrip-
tion factor (TF), is among the first set of pro-neural TFs, and
most RGCs and ACs are derived from atoh7-expressing RPCs
(atoh7+ RPCs; Jusuf et al., 2011; Masai et al., 2000; Poggi et al.,
2005). EGFP could sparsely mark individual atoh7-expressing
RPCs through Cre-dependent stochastic removal of the loxP-
DsRed2-loxP cassette, and the resulting lineages were analyzed
at 3 dpf (Fig. 1, D and E). We analyzed in total 484 lineages de-
rived from atoh7* RPCs (atoh7* lineages), among which 135 were
two-cell lineages, and 181 were three-cell lineages (Fig. S1 B). In
all lineages, no MC was detected (Fig. S1 A), consistent with the
fact that MCs are atoh7- (Vitorino et al., 2009). In line with the
results from mMAZe, RGC-2PR was the major neurogenic line-
age of RGC production, while AC-BC and AC-2PR gave rise to the
majority of ACs (Fig. 1, G, M, and N). Interestingly, atoh7* RPCs
were mostly biased toward AC-BC and produced few BC-BC
(Fig. 1, G and O). Meanwhile, independent analysis showed that
~80% AC-BC lineages were atoh7* (Fig. S, E-G). PRs and HCs
were mainly born as homotypic pairs as sub-lineages of atoh7*
RPC (Fig. S1, C and D). Together, RGC-2PR, AC-2PR, AC-BC, BC-
BC, HC-HC, and PR-PR were characterized as the major neuro-
genic lineages that produce all retinal neuronal types (Fig. 1 P).

AC and BC subtypes arise from distinct neurogenic lineages
More than one major neurogenic lineages described above could
produce the same retinal type, such as ACs from both AC-2PR
and AC-BC lineages, and BCs from BC-BC and AC-BC lineages.
This interesting observation raised the question as to whether
the same neuron type produced by different lineages belongs to
different subtypes. It is known that in the inner plexiform layer
(IPL), GABAergic ACs are mainly mono-stratified, whereas most
glycinergic ACs have diffuse terminals (Fig. S2 A; Menger et al.,
1998). We found that in the clones derived from 48-hpf RPCs
using mMAZe, 14/18 ACs produced in the AC-2PR lineage were
mono-stratified, whereas 9/12 ACs within the AC-BC lineage had
diffuse terminals (Fig. S2, D and E), suggesting that ACs in AC-
BC and AC-2PR lineages were biased to be glycinergic and GA-
BAergic, respectively. To identify AC subtypes directly, we
generated two zebrafish lines, Tg(gadib:EGFP) and Tg(glyTL:
EGFP), which specifically label GABAergic and glycinergic ACs,
respectively (Fig. S2, A-C). Next, we analyzed the atoh7* lineages
in both transgenic lines. We found that ACs within the AC-2PR
lineage were predominantly GABAergic (15/17; Fig. 2, A-D). In
contrast, ACs within the AC-BC lineages were mostly glycinergic
(21/25; Fig. 2, A-D). Together, our results showed that ACs
generated by AC-2PR and AC-BC lineages bias to two different
neurotransmitter-specific subtypes (Fig. 2 H).

We also examined BC subtypes (ON, OFF, and ONOFF) within
the BC-BC and AC-BC lineages based on the location of axon
terminals within IPL with the help of sequential photo-
conversion (Fig. S2 F). We found that, in the lineages derived
from 48-hpf RPCs using mMAZe, 84% (n = 16/19) of BCs from
AC-BC lineages were OFF subtype (Fig. 2, E and F), whereas 87%
(n = 66/76) BCs from BC-BC lineages were ON or ONOFF subtype
(Fig. 2, E and G). As expected, >80% of atoh7* BCs were OFF
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Figure 2. AC and BC subtypes in major neurogenic lineages. (A and B) Analysis of GABAergic ACs in AC-2PR and AC-BC lineages. Representative images are
shown in A. Merged channels and separated channels of ACs in yellow rectangles are shown in the right panels. The statistical results are summarized in B.
(C and D) Analysis of glycinergic ACs in AC-2PR and AC-BC lineages. Representative images are shown in C. Merged channels and separated channels of ACs in
yellow rectangles are shown in the right panels. The statistic results are summarized in D. (E-G) Analysis of BC subtypes in AC-BC and BC-BC lineages traced
by mMAZe. Representative images of BC subtypes in E, statistical results of BC subtypes in AC-BC (F), and BC-BC (G). (H) Summary graphic of AC and BC

subtypes in different lineages. Scale bar, 10 um.

subtype (Fig. S2, G and H), which was consistent with the result
that most AC-BC lineages were atoh7* (Fig. S1, E-G). Interest-
ingly, all seven BCs from BC-MC lineages belong to ON or ON-
OFF subtype (Fig. S2, I and J). Thus, distinct BC subtypes were
also derived from different lineages (Fig. 2 H).

Fate respecification of ACs is lineage-dependent after ptfla
knockout

Pancreas-specific transcription factor la (ptfla), a bHLH family
member, is expressed exclusively in postmitotic ACs and HC
precursors (Fujitani et al., 2006; Godinho et al., 2007). ACs and
HCs are known to be respecified into glutamatergic neurons
following ptfla knockdown (Jusuf et al., 2011). We validated this
finding by knocking out ptfla through injecting a set of four
CRISPR/Cas9 ribonucleoprotein complexes in the Tg(ptfla:GFP)
fish line, which destroyed ptfla highly efficiently in GO zebrafish
(Fig. 3, Band C; Wu et al., 2018), and observed EGFP* RGCs, BCs,
and PRs, indicating the respecification of ACs or HCs into glu-
tamatergic neurons (Fig. 3 A). To further determine how
ACs are respecified within the AC-2PR and AC-BC lineages,
we analyzed these two lineages in Tg(ptfla:GFP) after ptfla
knockout (Fig. 3 D). Surprisingly, we found that the vast ma-
jority of ACs in the AC-2PR lineages were respecified into two
PRs (n = 9/10), resulting in new lineages containing two normal
PRs and two respecified PRs (Fig. 3, E and F). In contrast, ACs in
the AC-BC lineages were predominantly respecified into BCs
(n = 15/17), resulting in new lineages consisting of one normal
BC and one respecified BC (Fig. 3, E and F). These results dem-
onstrated that ACs of AC-2PR and AC-BC lineages were respecified
into their sister cell types when ptfla was depleted, suggesting that
fates of sister neurons are intrinsically constrained in mother cells
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before the last division, pointing to the existence of lineage-
specific neurogenic RPCs.

Defining RPC heterogeneity by single-cell RNA sequencing

To search for lineage-specific RPCs, we analyzed the data of
scRNA-seq of 48-hpf RPCs (Xu et al., 2020; Fig. 4 A). Besides the
identification of precursors of PRs and HCs according their pu-
tative markers (Fig. 4 A; and Fig. S3, A and B), we further ana-
lyzed the rest of the progenitors (termed as “undefined RPCs”)
by clustering (Fig. 4 A; and Fig. S3, A and B). To minimize cell
cycle influence (Fig. S3 C and Fig. S4 E), we analyzed undefined
RPCs in G2/M phase, which were aggregated into four clusters
(Clusters A-D; Fig. 4 B). GO analysis of their top featured genes
showed enrichment of TFs (Fig. S3 D). Cluster A expressed TFs
specific to early RPCs at proliferative stage, such as hers, idl, and
her12 (Fig. 4 C; Bai et al., 2007; Ohtsuka et al., 2001; Scholpp et al.,
2009). The other three clusters (Clusters B, C, and D) expressed
TFs related to neurogenesis. RPCs of Cluster D were atoh7- with
the high expression of crx and scrt2, while Clusters B and C were
atoh7* (Fig. 4 C). Cluster B cells specifically expressed onecut],
myca, and pou2f2a, whereas Cluster C cells shared the featured
TFs with Cluster B (atoh?7, tfap2d) and Cluster D (pou3fl, olig2,
vsxl, neurogl; Fig. 4 C). Together, we identified five clusters of
neurogenic RPCs (PR precursors, HC precursors, and Clusters B,
C, and D).

In addition, we performed further analysis on early RPCs
(Cluster A; Fig. 4 C). They could be divided into three clusters
(Fig. S3 E). Clusters 1 and 2 highly expressed early markers (e.g.,
her6 and herl2). Interestingly, they also weakly expressed dif-
ferent neurogenesis-related TFs, suggesting that different early
RPCs might generate distinct neurogenic RPCs. On the other
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Figure 3. AC respecification in AC-2PR and AC-BC lineages after ptfla knockout (KO). (A) Signal of Tg(ptfla:GFP) in control and after knocking out ptfla.
(B and C) Verification of ptfla knockout efficiency through injecting four CRISPR/Cas9 ribonucleoprotein complexes in GO zebrafish. (B) Examples of eight
alleles around targeted sites of sgRNA 1 and sgRNA 4. The first line is the WT sequence, sgRNA targeted sites are highlighted in blue, and mismatches are
highlighted in red. (C) Summary of characteristics of 59 ptfla alleles analyzed. (D) The workflow to analyze AC respecification. (E) 9/10 ACs in AC-2PR lineages
were respecified as two PRs, and the resulting lineages were 2PR"™s-2PR"'™ (left panel). 15/17 ACs in AC-BC lineages were respecified as single BC, and the
resulting lineages were BC™s-BC"°™ (right panel). Zoom-in images within yellow rectangles are shown in the right panels. (F) The summary graphic illustrates
the AC respecification in AC-2PR and AC-BC lineages after ptfla knockout. res, respecified; norm, normal. Scale bar, 10 pm.

hand, we also observed that some large-size lineages (more than
three cells per lineage) occurred frequently in the lineages
traced by atoh7:Switch and mMAZe, such as 4BCs, RGC-AC-BC-
2PR, and RGC-2AC-BC-2PR (Table S1 and Table S2), suggesting
that lineage-specific progenitors might exist in earlier RPCs. The
link between early RPCs and neurogenic lineages needs future
investigation.

We also performed scRNA-seq analysis of enriched atoh7*
RPCs. To efficiently label and isolate atoh7* RPCs, the con-
ventional transgenic reporter line Tg(atoh7:gapRFP) is lim-
ited due to the stability of fluorescent protein, in which
most labeled cells are neurons rather than progenitor cells.
We therefore constructed Tg(atoh7:turboGFP-destl), in which
turboGFP-destl exhibits the fast protein maturation and
degradation (Fig. 4 D and Fig. S4 A; Evdokimov et al., 2006; Li
et al,, 1998). In the Tg(atoh7:TurboGFP-destl::atoh7:gapRFP) ret-
ina, GFP*RFP- cells, which are enriched with atoh7* RPCs,
were collected for scRNA-seq (Fig. S4 B). Besides PR pre-
cursors (Fig. S4, C and D), atoh7* RPCs were aggregated into
four clusters (Clusters 1-4; Fig. S4 F). Consistently, Clusters
1-3 showed very similar featured TFs as Clusters A-C of 48-
hpf RPCs (Fig. 4, C and E). Cells in Cluster 4 had no specific
highly expressed genes while weakly expressing the fea-
tured TFs of Clusters 2 and 3 (Fig. 4 E and Fig. S4, F and G),
suggesting Cluster 4 may represent a transitional state. Thus, the
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independent scRNA-seq analysis validated two clusters of atoh7*
neurogenic RPCs.

TF-defined RPCs generate distinct neurogenic lineages

Since we have known that HCs and PRs are generated by dedicated
progenitor cells, we next examined whether the major neurogenic
lineages of RGC-2PR, AC-2PR, AC-BC, and BC-BC were produced by
intrinsically different RPCs. We traced the lineages derived from
vsxl-expressing RPCs (Clusters C and D of 48-hpf RPCs) and onecutl
(OC1)-expressing RPCs (Cluster B of 48-hpf RPCs; Fig. 4 B). We
created Bacteria Artificial Chromosome (BAC) plasmids of vsxI:Gal4
and OCLGal4 (Fig. 5, A and B), which allowed the labeling of vsxi- or
OCl-expressing RPCs with kaede (UAS:kaede).

We found that vsxI-expressing RPCs predominantly generate
ACs and BCs (Fig. 5 C). The photoconversion of individual vsxI-
expressing RPCs around 48 hpf enabled the single-cell lineage
tracing (Fig. 5 D), and found vsxI-expressing RPCs produced far
more BC-BC (n = 15) and AC-BC (n = 7) lineages than RGC-2PR
(n =1) and AC-2PR (n = 2) lineages (Fig. 5, D and E). Moreover,
nearly 80% of vsxI* ACs were glycinergic (Fig. 5, F and G),
consistent with the earlier result that ACs in AC-BC were
glycinergic-biased (Fig. 2, A-D). Note that vsxl-expressing RPCs
included atoh7- (Cluster D of 48-hpf RPCs) and atoh7* clusters
(Cluster C of 48-hpf RPCs; Fig. 4 B). We have shown that BC-BC
lineages were atoh7- lineages while AC-BC lineages were atoh7*
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(Fig. 1, ] and 0). Thus, BC-BC lineages were likely derived from
vsxI*atoh7- RPCs, while AC-BC lineages were derived from
vsxI*atoh7* RPCs.

However, OCI-expressing RPCs preferentially produce RGCs,
ACs, HCs, and PRs (Fig. 5 C). We performed the lineage tracing of
OCI* RPCs by analyzing spatially well-isolated clones (Fig. 5 H),
and found AC-2PR (n = 32) and RGC-2PR (n = 18) lineages were
much more abundant than AC-BC (n = 4) and BC-BC (n = 2)
lineages (Fig. 5, H and I). Consistently, >80% of OCI* ACs were
GABAergic (Fig. 5, ] and K).

In conclusion, transcript-defined RPCs produced distinct sets
of major neurogenic lineages, that is, vsxI* RPCs bias toward BC-
BC and AC-BC lineages, whereas OCI* RPCs bias toward RGC-2PR
and AC-2PR lineages (Fig. 5 L).

A developmental landscape of chromatin accessibility of
lineage-specific TFs

To gain more insights into the developmental establishment of
lineage-specific neurogenic RPCs at the chromatin level, we ob-
tained chromatin accessibility profiles of 4,058 qualified 48-hpf
retinal cells by scATAC-seq. We performed clustering analysis on
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these cells and quantified gene activities in each cell by assessing
chromatin accessibility (Stuart et al., 2019; see Materials and
methods). Among these clusters, we identified five RPC populations,
including her12°Pem, scrt2°Pe”, atoh7°Pe her12°Pe", atoh7°PenOCIPe™,
and atoh7°PerheriaclosedQCrelosed (Fig. 6 A). Interestingly, their
gene activity pattern was consistent with the gene expression
pattern obtained by scRNA-seq (Fig. 4 C and Fig. 6 B). Further
integration analysis also showed the strong correlation among
these five RPC populations of scATAC-seq data and Clusters
A-D of 48-hpf RPCs in the scRNA-seq data (Fig. S5 E). Note
that scrt2°P° and atoh7°Petheri2€losedQCIclosed represented vsxI*
RPCs producing AC-BC and BC-BC lineages, while atoh7°PerQC1oPen
represented OCI* RPCs producing RGC-2PR and AC-2PR lineages
(Fig. 5). The pseudo-time analysis further showed the develop-
mental trajectory of these five RPC populations (Fig. 6 C). Spe-
cifically, herl2°P were RPCs at the earliest stage and gave rise to
scrt2°P and atoh7°Peher2°Pe®, which in turn developed into
atoh7°PenOCIoPe" and atoh7°Peher12cosed0CIlosed (Fig. 6 D).

Next, we examined chromatin accessibility of lineage-specific
TFs, including vsxI and OCI, in these five ATAC-based RPC
populations. Notably, vsxI and OCI had different characteristic
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dynamics of their chromatin accessibility. The promoter region
(around transcription start site) of vsxl was open in all RPCs,
while its distal element exhibited specific accessibility in vsxI*
RPCs (atoh7°oPerheri2closedQCrclosed and scrt2°re" RPCs; Fig. 6 E),
suggesting that chromatin accessibility of the distal element
rather than the promoter region accounts for lineage-specific
vsx] expression. On the contrary, the promoter region of OCI
became accessible specifically in OCI* RPCs (Atoh7°PerQCIoPe"),
while its distal elements of OCI were accessible in all three
atoh7°Pe"RPCs (Fig. 6 F and Fig. S5 G). These results suggest that
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the distal regulatory element of OCI is primed earlier than the
lineage-specific opening of its promoters. It is exciting that the role
of this priming of distal elements may be clarified in the future.
Together, we demonstrated the characteristics of chromatin
accessibility dynamics of lineage-specific TFs (Fig. 6 G).

Single TFs specify different retinal neuron types/subtypes in a
stereotyped lineage-dependent manner

Previous studies have shown the essential roles of TFs in
neuronal fate specification. For instance, atoh? is required for
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Figure 6. Different chromatin accessibility dynamics of vsx1 and OC1 in 48-hpf RPCs. (A) A t-SNE plot of 48-hpf RPCs based on their chromatin ac-
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48-hpf RPCs. (G) A summary schematic shows the different chromatin accessibility dynamics of vsx1 and OCI in 48-hpf RPCs.

specifying RGCs (Kay et al., 2001; Wang et al., 2001), whereas
otx2 and ptfla are necessary for specifying BCs/PRs (Koike et al.,
2007; Li et al., 2015; Nishida et al., 2003) and ACs/HCs (Fujitani
et al., 2006; Jusuf and Harris, 2009; Nakhai et al., 2007), re-
spectively. However, these TFs are not sufficient to commit all
RPCs into single neuron types, which is likely due to the RPC
heterogeneity. Since lineage-specific RPCs represent relatively
homogenous progenitors, we then overexpressed individual
TFs in these lineage-specific RPCs and examined their fate
outputs. Using the Gal4/Upstream Activation Sequence (UAS)
system, we overexpressed individual TFs in vsxI* or OCI* RPCs
using vsxl or OCI promoters and reported by nucleus-localized
tdTomato (tdTomato-NLS). We performed the overexpression
in the Tg(ptfla: GFP) transgenic line to facilitate the identifi-
cation of retinal cell types according to their relative positions
related to ACs and HCs.

The overexpression of atoh7 in OCI* RPCs led to a significant
increase in RGC production (Fig. 7, E and F), whereas the
overexpression in vsxI* RPCs did not affect RGC production
(Fig. 7, A and B). Thus, overexpression of a common TF could
promote the generation of a neuronal type in one lineage but not
in another. Furthermore, otx2 overexpression led to the induction
of different neuronal types in vsxI* and OCI* RPCs. Specifically,
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vsxI* RPCs mainly (~97%) produced BCs (Fig. 7, A and B), whereas
OCI* RPCs mostly (~73%) generated PRs (Fig. 7, E and F). It in-
dicates that the overexpression of a common TF could promote the
production of distinct neuronal types in different lineages. Finally,
when we overexpressed ptfla, vsxI* RPCs mostly produced glyci-
nergic ACs (79%; Fig. 7, A-D), whereas OCI* RPCs mainly gener-
ated GABAergic ACs (78%; Fig. 7, E-H). Thus, the overexpression
of a common TF could promote the production of different neu-
ronal subtypes in different lineages.

Taken together, the overexpression of single TFs could re-
program transcript-defined RPCs into single neuronal types or
subtypes in a manner that depends on their lineage context
(Fig. 71).

Discussion

Over the past three decades, increasingly sophisticated clonal
analyses allowed us to appreciate the high variability of cell
lineages derived from single RPCs during early neurogenic
stages (Holt et al., 1988; Turner et al., 1990). In this study, we
focused on a specific population of RPCs at a later stage that will
undergo PD or DD division to give rise to neurons directly. Using
newly developed in vivo single-cell lineage tracing methods, we
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Statistical distribution of OC1* AC subtypes is shown in H. (I) A summary graph. Scale bar, 10 pm. **, P < 0.001; ***, P < 0.0001 (Fisher’s exact test).

discovered six major neurogenic lineages, each generating ste-
reotypic retinal cell types and subtypes. Then we performed
scRNA-seq analysis of neurogenic RPCs and revealed RPC het-
erogeneity. More importantly, different transcript-defined RPCs
bias to generate distinct major neurogenic lineages, indicating
the existence of lineage-specific neurogenic RPCs in the devel-
oping retina. Interestingly, three well-known pro-neurogenic
TFs, when overexpressed in lineage-specific RPCs, could mark-
edly bias the production of neuronal types or subtypes in a
lineage-dependent manner.

Developmental emergence of heterogeneity in RPCs

Our study showed that neurogenic RPCs undergoing PD and DD
divisions predominantly gave rise to small clones (mainly two-
or three-cell clones), which exhibited an obvious bias in neuron
types (Fig. 1 and Fig. 2). Combining scRNA-seq, in vivo lineage
tracing, and genetic manipulations, we identified transcript-
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defined RPCs (such as atoh?, OCl, and vsxI) that are destined to
generate biased neurogenic lineages. In addition, clustering
analysis of 48-hpf early RPCs showed their heterogeneity in
terms of the expression of pro-neural TFs, suggesting that the
emergence of lineage-specific RPCs might be earlier (Fig. S3 E).

Our findings raised the interesting question as to how such
transcript-defined RPCs arise. Previous studies found that a
stochastic model incorporating stochastic expression of TFs
could well explain clonal cell-type variability in zebrafish (Boije
et al., 2015). Stochastic fate choices can act through either in-
trinsic or environmental mechanisms. Gene oscillation is one
mechanism to create stochastic gene expression. For instance,
many genes express in an oscillation manner in neural stem
cells, such as hesl, ascll, olig2, Ngn2, and DIlI (Imayoshi et al., 2015;
Shimojo et al., 2008). At any given point, cells within a popu-
lation are staying at different expression phases and respond
differently even to the same stimulus (Kobayashi et al., 2009).
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Alternatively, RPCs follow stochastic migration trajectories via
interkinetic nuclear migration in the retinal neuro-epithelium,
where an apical-basal gradient of Delta, a ligand for the Notch
activation, is present (Del Bene et al., 2008). As a result, dif-
ferent levels of Notch exposure may result in stochastic fate
choices of individual RPCs. Future mechanistic study on the
stochastic transcription of TFs might yield insight into the
emergence of transcript-defined RPCs and provide an integrated
picture by bridging the gap between stochastic and determin-
istic cell fate regulation in the vertebrate CNS.

Lineage-specific RPCs generate distinct retinal neuron types
Using a systematic in vivo lineage analysis, we identified a set of
six major neurogenic lineages that are responsible for the pro-
duction of all retinal cell types (Fig. 1). Interestingly, different
subtypes of ACs and BCs were generated by different RPCs, as
GABAergic ACs and glycinergic ACs derived from OCI* and vsxI*
RPCs, respectively, while OFF and ON BCs were segregated in
atoh7* and atoh7- lineages (Fig. 2). Although we have identified
the lineage-dependent generation of AC and BC subtypes, we did
not obtain direct evidence for more finely subdivided subtypes,
such as different subtypes of OFF-subtype BCs (sl1-s3). Local
environmental cues and neuron-neuron interaction during the
formation of IPL may be important players. Single-cell sequencing
and lineage analysis of more defined RPC subpopulations may
reveal to what extent lineage-dependent and -independent mech-
anisms contribute to neuronal subtype specification, and a more
complete picture of the specification of diverse neuronal diversity in
the zebrafish retina.

However, we have not excluded the existence of additional
major neurogenic lineages, such as AC-AC, which has been
shown to be one of the major lineages for AC production (He
et al., 2012), but was absent in our study using the atoh7:Switch
labeling method. This discrepancy could be due to the low
transcriptional activity of the atoh7 promoter in the RPCs that
give rise to AC-AC. Future studies are needed to examine the
subtype of ACs in the AC-AC lineages.

Whether similar lineage-specific progenitors exist in develop-
ing mammalian cortex is still controversial. Through the lineage
tracing using MADM labeling, cortical progenitors marked at the
early neurogenic stages were found to produce both deep and
superficial layer neurons but were seldom restricted to specific
neuron types (Gao et al., 2014). Cux2* cortical progenitors can be
intrinsically specified into only upper-layer neurons (Franco et al.,
2012), suggesting the presence of lineage-specific cortical pro-
genitors. On the other hand, contradictory results were also re-
ported (Guo et al, 2013; Eckler et al., 2015). Recent studies,
however, favor the possibility of the coexistence of progenitors
with or without lineage restriction (Garcia-Moreno and Molnar,
2015; Llorca et al., 2019). Using combined approaches, cortical
progenitors marked at the onset of the neurogenesis can generate
translaminar (~80%), deep layer-restricted (~10%), and superfi-
cial layer-restricted (~10%) lineages in the developing mouse
neocortex (Llorca et al., 2019). In the future, more systematic
single-cell transcriptome and lineage analyses of neural progeni-
tors are needed for a better characterization of lineage-specific
progenitors in the developing mammalian cortex.
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Temporal generation of different neuron types

In the developing vertebrate retina, distinct retinal types occur
in a temporally sequential but overlapping manner (Cepko,
2014). Our analyses revealed the lineage-specific progenitors,
providing new insights into this temporal generation of differ-
ent neurons. Interestingly, our data showed that OCl-expressing
RPCs produced RGCs, GABAergic ACs, which are early-born. On
the contrary, vsxl-expressing RPCs gave rise to glycinergic ACs
and BCs, which are the late-born neurons. One possibility is the
earlier occurrence of OCl-expressing RPCs than vsxl-expressing
RPCs. Alternatively, onecutl-expressing RPCs exhibit shorter
cell-cycle lengths than vsxl-expressing RPCs. To distinguish the
two possibilities, future analysis is required. Meanwhile, within
three-cell lineages (RGC-2PR and AC2-PR), we observed the
sequential generation of RGC/AC and PRs. Thus, within the
stereotyped lineages derived from lineage-specific RPCs,
the generation of distinct retinal cell types conforms to the con-
served temporal order we observed at the population level.

Functional significance of clonally related neurons within
stereotyped lineage

To what extent the lineage origin of neurons contributes to the
neural circuit assembly remains an outstanding question under
dispute in recent years. In the developing mouse cortex, clonally
related cortical neurons are preferentially connected (Yu et al.,
2009). Even long-range connections among clonally related
neurons were found in frontal and sensory cortices (Ren et al.,
2019). However, no preference for the connection among clon-
ally related hippocampus neurons was found (Xu et al., 2014). In
the retina, light signals are channeled into ON and OFF parallel
circuits, which begin with ON and OFF BCs, respectively (Demb
and Singer, 2015; Popova, 2014). We found distinct major neu-
rogenic lineages gave rise to ON and OFF BCs, which suggests a
potential lineage basis of the development of ON and OFF cir-
cuits. Are glycinergic ACs connected with OFF BCs within AC-
BC? If so, how do they integrate with other neurons to assemble
a complete OFF circuit? Further experiments addressing these
questions will provide insights into the relationship between
the lineage origins of neurons and the formation of retina
microcircuits.

Lineage-dependent respecification of retinal neurons and its
implication

Reprogramming of neural progenitor cells into specific neuron
types represents a new approach in regenerative medicine. A
significant challenge in neuronal reprogramming is to efficiently
generate the unique cell type that is needed. One reason that
leads to the challenge is only a small part of progenitors respond
to the TF overexpression. For instance, atoh7 promoted the
generation of RGC in OCI* RPCs but did not affect vsxI* RPCs.
Another reason is that an individual TF could specify more than
one neuron type, such as ptfla for GABAergic ACs, glycinergic
ACs and HCs, as well as otx2 for PRs and BCs (Fujitani et al.,
2006; Jusuf et al., 2011; Koike et al., 2007; Nishida et al., 2003).
With the identification of lineage-specific RPCs, we were able to
get unique retinal types efficiently through in vivo cell re-
programming by the overexpression of single TFs. Thus, we
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have demonstrated the possibility of lineage context-dependent
production of specific neuron types. It would be of interest to
determine whether the lineage-dependent cell reprogramming
could also occur in the mammalian CNS as well as neural pro-
genitor cells derived from human stem cells, thus providing the
cell resource of high purity for cell therapy.

Materials and methods

Zebrafish husbandry

Zebrafish lines were maintained and bred at 27°C on 14-h-light/
10-h-dark cycles. Zebrafish embryos were obtained from natural
spawning of fish lines and raised in embryo medium (NaCl 5.03
mM, KCl 0.17 mM, CaCl, « 2H,0 0.33 mM, MgSO, « 7H,0 0.33
mM, and methylene blue 0.0002% [wt/vol]) at 28.5°C. The
embryos were staged by hpf before 72 hpf as previously de-
scribed (Kimmel et al., 1995) and by dpf after that. Embryos used
for imaging were treated with 0.003% phenylthiourea (Sigma-
Aldrich, P7629) from 12 hpf to avoid pigmentation. Zebrafish sex
cannot be determined until 25 dpf (Takahashi, 1977), so the sex
of the experimental animals was unknown. All animal proce-
dures performed in this study were approved by the Animal Use
Committee of the Institute of Neuroscience, Chinese Academy of
Sciences (NA-045-2019).

Zebrafish transgenic lines

The following published transgenic lines were used: Tg(UAS:kaede)
(Scott and Baier, 2009), Tg(ptfla:GFP) (Godinho et al.,, 2005),
Tg(atoh7:gal4) (Maddison et al., 2009), and Tg(atoh7:GFP) (Masai
et al., 2003). The following transgenic lines were generated in this
study: Tg(gadib:EGFP), Tq(glyt:EGFP), Tg(mMAZe), and Tg(atoh?:
turboGFP-destl). They were created by co-injecting 10 ng/pl plas-
mids with 50 ng/pl tol2 mRNA into WT embryos at the one-cell
stage. Injected embryos were screened at 3-5 dpf for positive
founder. Founders with germline transmission were crossed with
WT fish to generate stable transgenic lines.

Plasmid construction

BAC plasmids

atoh7:Switch, gadib:EGFP, glytl:EGFP, vsxl:gal4, and OCl:gal4 were
generated according to the previous protocol (Suster et al., 2011).
BAC plasmids containing genes of interest were ordered from
commercial companies (Table 1).

These original BAC plasmids were first electroporated into
the SW105 bacteria strain. The iTol2 cassette with 50-bp ho-
mologies on each end targeting the BAC backbone was amplified
by PCR and inserted into the BAC plasmids via recombineering
in SW105. Next, the cassettes including reporter genes (loxP-
DsRed2-loxP-EGFP for atoh7:Switch, EGFP for gadib:EGFP and
glytL.EGFP, Gal4 for vsxl:gal4 and OCl:gal4) and an kanamycin-
resistance gene (neo) flanked by FRT sites (FRT-neo-FRT) were
inserted into the start codons of genes of interest via re-
combineering. The FRT-neo-FRT cassettes were then excised by
the induction of L-arabinose (Sigma-Aldrich, A3256). The final
BAC plasmids were extracted using the commercial kit Nucle-
oBond BAC 100 (MACHEREY-NAGEL, 740579) following the
manufacturer’s protocol.
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Table 1. Original BAC plasmids information

Gene BACID Company

atoh?7 DKEY-51A16 Source BioScience

gadlb DKEY-251E16

slc6a9(glyt1) CH211-261P7 BACPAC Resources Center
vsxl CH211-67N1

oc1 CH211-277D2

mMAZe and MAZe-mCherry

The plasmid of mMAZe was created using the gateway cloning
technology as described (Kwan et al., 2007). Entry clones, p5E-
MAZe and pME-Kaede, were generated by performing BP clonase
reactions (Gateway BP Clonase II Enzyme Mix, Invitrogen,
11789020) of an 8-kb MAZe fragment and a Kaede fragment with
the pDONR P4-PIR and pDONR 221 vectors, respectively. Next,
p5E-MAZe, pME-Kaede, p3E-polyA, and the destination vector
pDestTol2pA2 were assembled in an LR reaction (Gateway
LRClonase II Enzyme Mix, Invitrogen, 11791020) to generate the
final plasmid of mMAZe. The vectors of pDONR P4-PIR,pDONR
221, p3E-polyA, and pDestTol2pA2 were kind gifts from the Na-
tional Institute of Genetics (Mishima, Japan). For the con-
struction of MAZe-mCherry, kaede of mMAZe was replaced by
mCherry.

Conventional plasmids

For the plasmids of UAS:kaede, UAS:mRuby3, UAS:atoh7-p2a-
tdTomato-NLS, UAS:otx2-p2a-tdTomato-NLS, UAS:ptfla-p2a-
tdTomato-NLS, UAS:ptfla-p2a-mRuby3, and atoh7:turboGFP-destl,
DNA fragments of the corresponding cassettes for each plas-
mid were inserted into the pDestTol2pA2 vector (Kwan et al.,
2007) through homologue recombination using the ClonEx-
pressMultiS One Step Cloning Kit (Vazyme, C113-02). The
coding fragments of Atoh7, Otx2, and Ptfla were amplified
from the cDNA library of 48-hpf zebrafish. For atoh7:turboGFP-
destl, the atoh7 promoter ranges from 7.8 kb upstream of the
atoh7 coding sequence.

Confocal imaging and kaede photoconversion

Embryos at the desired stage were anesthetized by 0.04% tri-
caine mesylate (MS-222; Sigma-Aldrich, A5040) and embedded
in 1% low-melting agarose (Sigma-Aldrich, A0701). Retinas were
imaged using the inverted laser-scanning confocal microscope
(Olympus, FV1200) under 30x (oil, NA = 1.05) or 60x (water, NA
= 1.20) objectives. If further experiment was needed, embryos
were immediately released from the agarose and were allowed
to develop in the embryo medium. For kaede photoconversion,
pulses of 405-nm laser were applied to desired single cells with
kaede-green signals until the kaede-green proteins were con-
verted to kaede-red.

Lineage tracing

Lineage tracing using mMAZe

To efficiently label single RPCs, Tg(mMAZe::UAS:kaede) embryos
at 24 hpf were treated with heat shock at 39°C for 15 min. After
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that, kaede photoconversion in single progenitors was per-
formed at 48 hpf. Typically, two to three progenitors were
photoconverted in each embryo. The embryos were then raised
in embryo medium at 28.5°C separately. Lineages with kaede-
red signals were obtained at 3 dpf.

Lineage tracing using atoh7:Switch

WT embryos were injected with the atoh7:Switch BAC plasmid
(10 ng/pl) together with tol2 mRNA (50 ng/pl) at the one-cell
stage, followed by cre mRNA (10 ng/ul) injection into yolk at the
8- or 16-cell stage. For the systematic analysis (Fig. 1), spatially
isolated atoh7* lineages (EGFP signals of atoh7:Switch) with less
than seven cells were obtained at 72 hpf by confocal imaging
(Olympus, FV1200). For the analysis of AC subtypes in WT and
AC respecification after ptfla knockout, sparsely distributed
atoh7* lineages (DsRed2 signals of atoh7:Switch) were collected
at the stage depending on the experiments.

Lineage tracing of vsx1* RPCs and OC1* RPCs

vsxl:gal4 or OCl:gal4 BAC plasmids were injected with UAS:
kaede plasmid. At 48-54 hpf, individual vsxI* kaede* retinal cells
were photoconverted, and then the lineages were analyzed at
3 dpf. However, the OCI promoter was too weak to trigger a strong
enough kaede signal for photoconversion, so we collected spatially
isolated OCI* cells (containing two to five cells) as lineages derived
from single RPCs.

Analysis of cell subtypes in major neurogenic lineages

AC subtypes

To analyze the morphology of ACs traced using mMAZe (Fig. S2,
D and E), only ACs whose stratification could be identified
clearly were taken into account. ACs that terminated flatly in
one or two layers in IPL were assigned as “flat,” and ACs that
terminated diffusely were assigned as “diffuse.” To analyze the
AC subtypes in lineages of AC-BC and AC-2PR (Fig. 2, A-D),
lineage tracing using atoh7:Switch was performed in Tg(gadib:
EGFP) or Tg(glyt:EGFP). At 4 dpf, embryos with EGFP (signal of
Tg(gadib:EGFP) or Tq(glyTL:EGFP)) and DsRed2 (signal of atoh?:
Switch) signals were selected. DsRed2 and EGFP signals were
amplified by whole-mount immunostaining before imaging.

BC subtypes

BC subtypes were characterized by the locations of their axon
terminals in the inner plexiform layer at 4-5 dpf. In AC-BC and
BC-MC lineages traced by mMAZe, axon terminals of BCs were
easily identified. Kaede-red signals could be enhanced by re-
photoconversion if needed. In BC-BC lineages obtained by
mMAZe, BC subtypes were determined by sequential photo-
conversion (Fig. S2 F). Only those BCs whose subtype could be
assigned unambiguously were taken into account.

Ptfla knockout

Four sgRNAs targeting the coding sequence of ptfla were de-
signed using the CRISPRScan online tool (https://www.crisprscan.
org/; Moreno-Mateos et al., 2015). To generate the template for
in vitro transcription of the sgRNAs, a DNA fragment of standard
sgRNA scaffold (Gagnon et al., 2014) was amplified with a mixture
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of four forward primers and one reverse primer. Forward
primers consist of three elements: the T7 promoter sequence,
sgRNA-targeting sequence, scaffold-targeting sequence. The
primers used are listed in Table 2.

The sgRNAs were then in vitro transcribed and purified us-
ing the LiCl precipitation approach (MEGAscript T7 Transcrip-
tion Kit, Invitrogen, AM1334). To knock out ptfle, the mixture of
the four sgRNAs (in total 200 ng/pl) and Cas9 protein (400 ng/
ul; Novoprotein, E365-01A) were coinjected into the yolk of
Tg(ptfloa: GFP) embryos at the one-cell stage.

To quantify ptfla sgRNA efficiency, five Tg(ptfloa:EGFP) em-
bryos with ectopic BCs, PRs, and RGCs after injecting ptfla
sgRNA and cas9 protein were mixed and treated with NaOH to
extract the genomic DNA. Ptfla DNA fragments were amplified
with primers flanking the sgRNA target sites. The primers’ se-
quences are ptfla-sgtest-F (5'-3') ATGGACACTGTGTTGGATCC,
and ptfla-sgtest-R (5'-3') CATACTTGTTCCTCGGTGGC. These
amplified products were inserted into Blunt Zero Vector
(TransGen Biotech, CB501-01) and then sequenced with MI3F
primer. Tg(ptfla:GFP) embryos had no injection treatment in
control groups. The conclusion was drawn based on three in-
dependent replicates.

Quantification of the respecified lineages of AC-BC and AC-2PR
after Ptfla knockout

Lineages consisting of two normal PRs (DsRed2*GFP-) and one
or more respecified neurons (DsRed2*GFP*) after ptfla knockout
were taken as candidates of respecified lineages derived from
AC-2PR. In total, 10 candidates were collected: 9 2PRres-2PRuorm
(Fig. 3, E and F) and 1 RGCrs-2PR"*"™, However, from the lin-
eage tracing results using atoh7:Switch in WT embryos (Table
S2), these candidates could also come from 2HC-2PR (n = 6) and
AC-2HC-2PR (n = 6). Compared with the AC-2PR lineages (n =
82), these two lineages only took up ~12.8% (12/94) of the con-
tribution. Similarly, lineages consisting of one normal BC
(DsRed2*GFP-) and one or more respecified neurons (DsRed2*GFP*)
were taken as candidates derived from AC-BC. Of all 17 candi-
dates, 15 were BC"s-BC°™™ (Fig. 3, E and F), and 2 were RGC"®s-
BCrr™_ These candidates could only come from AC-BC since
BC-HC(s) lineage was absent in atoh7* lineages.

Whole-mount immunostaining

Embryos were fixed in 10% formalin (Sigma-Aldrich, ht5011-
1CS) at 4°C overnight, washed with 1x PBT (1x PBS with 0.25%
Triton X-100), incubated in 0.05% trypsin-EDTA on ice for
45 min, followed by two quick washes and a 5-min wash with 1x
PBT. Non-specific binding was blocked by incubating the sam-
ples with the blocking buffer (2% sheep serum, 1% DMSO
[Sigma-Aldrich, D2438], diluted with 1x PBT), and then embryos
were incubated with the primary antibodies (diluted by the
blocking buffer) at 4°C overnight. The primary antibodies were
rabbit polyclonal anti-DsRed2 (1:500; Takara Bio, 632496) and
chicken monoclonal anti-GFP (1:2,000; Abcam, ab13970). Em-
bryos were washed by 1x PBT and then incubated with the
secondary antibodies (diluted by 1x PBT with 2% BSA) at room
temperature for 4 h. The secondary antibodies were Alexa Fluor
594 goat anti-rabbit (1:1,000; Yeasen, 33112ES60), and Alexa
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Table 2. Primers used to synthesize ptfla sgRNA
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Primer

Sequence (5’ to 3')

Forward primer 1

TGTAATACGACTCACTATAGGTAGTCGGATATCACAGGAGTTTTAGAGCTAGAAAT

Forward primer 2

TGTAATACGACTCACTATAGGGGCTTACTGAAGAGGCGGGTTTTAGAGCTAGAAAT

Forward primer 3

TGTAATACGACTCACTATAGGCAGTCGGACATGCCAATTGTTTTAGAGCTAGAAAT

Forward primer 4

TGTAATACGACTCACTATAGGAAGTCGTCTGTGTCCAAGGTTTTAGAGCTAGAAAT

Reverse primer

AAAAAAAGCACCGACTCGGTGCCAC

Fluor 488 goat anti-chicken (1:1,000; Yeasen, 34606ES60). All
procedures were performed in darkness from this step onward.
Embryos were then washed by 1x PBT and finally kept in 1x PBS
at 4°C before imaging.

Slice immunostaining

Tg(gadlb:EGFP) embryos at 4 dpf were fixed by 4% PFA and cryo-
sectioned with 20 um width. The slices were sequentially trea-
ted with 1x PBS, Antigen Retrieval Solution (Beyotime, P0090),
and 5% BSA. The slices were then incubated with chicken-anti-
GFP (Abcam, ab13970, 1:5,000 in 5% BSA/PBS) and rabbit-anti-
gad65/67 (Abcam, ab11070; 1:500 in 5% BSA/PBS) at 4°C for >16 h,
washed with 1x PBS, incubated with Alexa Fluor 594 goat anti-
rabbit and Alexa Fluor 488 donkey anti-chicken for 3 h at
room temperature. The slices were washed with 1x PBS, air
dried, and mounted with coverslip. The signals were checked
on a confocal microscope (Olympus, FV1200) under 60x (water,
NA = 1.20) objective. Rabbit anti-gad65/67 was omitted in the
control group. The conclusion was drawn based on two inde-
pendent replicates.

RNA probe synthesis

To synthesize glytl antisense RNA probe, partial glytl coding
region was amplified from cDNA library with primers: glytl-F/
T7-glytl-R. For sense probe (control), the template was amplified
with primers: T7-glytl-F/glytl-R. Then RNA probes were syn-
thesized through T7 RNA polymerase (Promega, P2077) ac-
cording to the manual (Table 3).

RNA in situ hybridization with immunostaining

This experiment needs 3 d in total. On the first day, Tg(gadlb:
EGFP) embryos at 4 dpf were fixed and cryo-sectioned with
20 pm width. Slices were fixed again with 4% PFA for 10 min
and then washed with 1x PBS. Endogenous peroxidases were
blocked by 0.1% H,0, treatment for 30 min and slices were then
washed with 1x PBS. Slices were treated with 10 pg/ml pro-
teinase K (Sigma-Aldrich, V900887) in Tris-EDTA (TE) buffer at
37°C for 10 min, fixed again with 4% PFA, washed with 1x PBS,
treated with 0.2 M HCI for 10 min, and washed with 1x PBS.
Slices were treated with 0.1 M triethanol amine-HCl (pH 8.0) for
1 min. 1/400 volume acetic anhydrate was added to the solution,
and incubation was continued for 10 min. The slices were
washed with 1x PBS and then dehydrated sequentially with 60%,
80%, 95%, 100%, and 100% ethanol for 90 s. The slices were air-
dried and incubated with hybridization buffer (50% formamide,
10 mM Tris-HCI, pH 8.0, 200 pg/ml yeast tRNA, 10% dextran
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sulfate, 1x Denhardt’s solution, 600 mM NaCl, 0.25% SDS, and
1 mM EDTA, pH 8.0) containing 1 pug/ml antisense or sense RNA
probe at 60°C for >16 h. On the second day, slices were washed
sequentially with 2x Standard Saline Citrate (SSC)/50% form-
amide at 60°C for 30 min, TNE (10 mM Tris-HCI, pH 7.5, 0.5 M
NaCl, and 1 mM EDTA) at 37°C for 10 min, 20 pg/ml RNaseA in
TNE at 37°C for 10 min, 2x SSC at 60°C for 20 min, 0.2x SSC at
60°C for 20 min, 0.1x SSC for 20 min, TN buffer (100 mM Tris-
HCI, pH 7.5, and 0.15 M NaCl) for 5 min, and TNB buffer (TN
buffer with 0.5% Blocking reagent) for 30 min. Finally, the slices
were incubated with anti-dig-peroxidase (Roche, 11207733910, 1:
500) and rabbit-anti-GFP tag (Proteintech, 50430-2-AP, 1:500)
at 4°C for >16 h. On the third day, TSA detection was performed
with cy3 labeling (PerkinElmer, NEL753001KT) according to the
manufacturer’s instructions. Slices were incubated with 488-
goat-anti-rabbit for 3 h and washed with 1x PBS. Coverslips were
mounted, and the signal was checked on a confocal microscope
(Olympus, FV1200) under 60x (water, NA = 1.20) objective. The
conclusion was drawn based on two independent replicates.

Single-cell RNA-seq library construction of atoh7* RPCs
Retinas of Tg(atoh7:gapRFP::atoh7:turboGFP-dest]) embryos at
around 44 hpf were dissected in Ca?* free medium (116.6 mM
NaCl, 0.67 mM KCl, 4.62 mM Tris base, and 0.4 mM EDTA, pH
7.8) and digested by 100 pl 0.25% trypsin (Biosharp, BS051C)-
EDTA at 37°C for 8 min. The digestion was then terminated by
100 pl 6% BSA (Sigma-Aldrich, B2064). Following that, the
single-cell suspension was filtered with a 40-um cell strainer.
TurboGFP* cells were obtained with fluorescence-activated cell
sorting (MoFloXDP, Beckman Coulter) and centrifuged at 500 g,
4°C, for 5 min. Then the cells were washed once with PBS-0.04%
BSA and resuspended in 30 pl PBS-0.04% BSA for cell loading.
About 7,000 TurboGFP* cells were loaded, and the single-cell
RNA-seq library was prepared using the Chromium Single Cell
3’ Library & Gel Bead Kit v2 (10x Genomics, PN-120237) fol-
lowing the manufacturer’s protocol. After that, the library was
sequenced on the Illumina NovaSeq 6000 (paired-end: 150 bp
for both reads, Novogene).

Single-cell ATAC-seq library construction

About 10 zebrafish retinas at 48 hpf were dissected in DMEM/
F12 medium and digested by 100 pl papain (Worthington Bio-
chemical Corporation, LS003126) solution at 37°C for 17 min.
During the digestion, we pipetted the tissues about four times.
The digestion was then terminated by 400 pl washing buffer
(10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl,, 0.1% Tween-20,
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Table 3. Primers used to synthesize RNA probes
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Primer name

Sequence (5'-3')

glytl-F AGCAGTTCCAGGAGAGCCAG
T7-glytl-R TAATACGACTCACTATAGGGGCCAGACAACCCAGGATAGG
T7-glytl-F TAATACGACTCACTATAGGGAGCAGTTCCAGGAGAGCCAG
Glytl-R GCCAGACAACCCAGGATAGG

and 1% BSA). Subsequently, the single-cell suspension was fil-
tered with a 40-pm cell strainer and centrifuged at 500 g, 4°C,
for 5 min. The cell pellet was resuspended by 50 ul PBS-0.04%
BSA and centrifuged at 300 g, 4°C, for 5 min. Next, 45 pl su-
pernatant was removed and replaced by 45 pl chilled lysis buffer
(10 mM Tris-HCI, 10 mM NaCl, 3 mM MgCl,, 0.1% Tween-20,
0.1% NP-40, 0.01% Digitonin [Invitrogen, BN2006], and 1%
BSA). The sample was then gently pipetted three times and in-
cubated on ice for 3.5 min. After that, 50 pl chilled wash buffer
(10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl,, 0.1% Tween-20,
and 1% BSA) was added to the tube without pipetting. Immedi-
ately, the sample was centrifuged at 500 g, 4°C, for 5 min. 95 pl
supernatant was removed, and 45 pl chilled diluted nuclei buffer
(10x Genomics) was added without pipetting. Again, the sample
was centrifuged at 500 g, 4°C, for 5 min. After removing all
supernatant, the nuclei were resuspended with 10 pl chilled
diluted nuclei buffer. About 12,000 single nuclei were loaded,
and the single-cell ATAC-seq library was prepared using the
Chromium Single Cell ATAC Library & Gel Bead Kit (10x Ge-
nomics, PN-1000111) following the manufacturer’s protocol.
After that, the library was sequenced on the Illumina NovaSeq
6000 (paired-end: 50 bp for both reads, Novogene).

scRNA-seq data analysis

Raw data were aligned (zebrafish genome, GRCz10), filtered, and
counted using Cell Ranger software (v2.1.0, 10x Genomics). On
average, 51,235 and 181,837 reads per cell were obtained, and
3,621 and 3,340 cells were recovered for whole retina at 48 hpf
and atoh?7 samples, respectively. The following analyses were
performed using the R package “Seurat” (v2.3.4; Butler et al.,
2018). We first filtered out low-abundance genes (detected in
fewer than three cells), poor libraries (with <200 genes or >5%
of transcripts coming from mitochondrial genes), and cell dou-
blets (with >4,000 genes). The filtered data (15,667 genes x 3,587
cells for whole retina at 48 hpf and 14,907 genes x 3,298 cells for
atoh7 sample) were then log normalized and scaled with the
default parameters. Highly variable genes (with the mean ex-
pression between 0.0125 and 3 and standard deviation of at least
0.5) were selected and used for principal components analysis.
After that, the graph-based clustering was performed with the
PCs defined by the PCElbowPlot function. We found marker
genes for each cluster using the FindAllMarkers function (with
genes detected at a minimum percentage of 25%) and identified
the clusters with known marker genes. In both samples, clusters
expressing proliferating markers, such as pcna or mki67 (Gerdes
et al., 1984; Miyachi et al., 1978), were defined as RPCs. Among
them, PR precursors were characterized due to their specific

Wang et al.
Lineage logic of neuron diversification

expression of nr2e3, otx5, and crx (Peng et al.,, 2005; Sauka-
Spengler et al., 2001); one cluster in a 48-hpf sample with the
specific expression of proxla was defined as HC precursors
(Godinho et al., 2007); the remaining clusters were named as
undefined RPCs. We identified neurons (RGCs, ACs, and BCs) for
their expression of rbpms2b, tfap2a, and vsxl, separately
(Diekmann and Stuermer, 2009; Jin et al., 2015; Passini et al.,
1997). The clustering result was visualized using t-distributed
stochastic neighbor embedding (t-SNE) with the cells grouped
by their identities (Fig. S3 A). Gene expression patterns of
marker genes for each group of cells were shown using the
DotPlot function (Fig. S3 B).

Next, we analyzed the undefined RPCs in detail. Using the
CellCycleScoring function, we assigned each cell with the cell-
cycle state of GO/GI1 phase, S phase, or G2/M phase. However,
we can see that cell cycle played important roles in clustering in
both samples. To minimize the cell cycle influence on clustering,
we extracted undefined RPCs at G2/M phase (635 cells for 48-
hpf sample and 849 cells for atoh? sample). Similar to the above
processing, the expression data were normalized, scaled, and
further clustered. The 48-hpf sample was clustered into four
clusters. After the same analysis for differential gene expression,
we performed GO analysis of the top 15 featured genes for all
clusters using the DAVID online tool (https://david.ncifcrf.gov/;
Huang et al., 2009) and found an enrichment of TFs (Fig. S3 D).
The atoh7 sample was clustered into six clusters. Among them,
four clusters (merged into two groups, groups 2 and 3) had very
similar TF expression patterns to the two atoh7* clusters in the
48-hpf sample (Fig. 4, C and E). Actually, the only difference
between the two clusters in each group was the expression of
cell cycle genes. Finally, we extracted the 48-hpf early RPCs
(Cluster A; Fig. 4, B and C) and performed the normalization,
dimensionality reduction, and clustering analysis as previously
described.

scATAC-seq data analysis

The raw datasets were aligned (zebrafish genome, GRCz10),
filtered, and counted using the Cell Ranger ATAC software (v1.1,
10x Genomics). On average, 3,798 fragments per cell were ob-
tained, and 4,200 cells were recovered.

The clustering analyses were performed using the R package
“Signac” (v0.1.6; Stuart et al., 2019). We first computed quality
control (QC) metrics and removed the outliers. Specifically, we
filtered out low-quality cells (with <15% peak-region fragments
or >10 folds of mono-nucleosome to nucleosome-free fragments)
and doublets (with >10,000 peak-region fragments). We then
normalized the filtered data (107,585 peaks x 4,058 cells) by the
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RunTFIDF function and ran a singular value decomposition us-
ing “LSI” with all peaks. Next, we performed graph-based
clustering by FindNeighbors and FindClusters functions using
the first 20 dimensions of reduction as an input. In total, we got
21 clusters at a resolution of 1.4. We quantified gene activities for
each gene using the CreateGeneActivityMatrix function through
counting the number of fragments that located at the gene body
and 500 bp upstream of transcription start site, and normalized
the data using the NormalizeData function. The identity of each
cluster was then assigned according to the activities of known
marker genes of specific cell types (Fig. S5 B). Clusters with high
activity of nr2e3 and reml were assigned as PR precursors
(clusters 2, 4, and 21) and HC precursors (cluster 17), respec-
tively. ACs (clusters 9, 13, 14, 15, and 16), RGCs (clusters 10, 11, 12,
and 19), and BCs (clusters 3 and 6) were assigned for the high
activities of tfap2a, pou4f2, and vsxl, separately. Clusters (clusters
5,7, 8,18, and 20) that had high her4.I activity but low activities
for the neuronal marker genes were characterized as RPCs.
Cluster 1 had a very low fraction of peak-region fragments, so we
removed this cluster of cells as it may represent low-quality cells
or technical artifacts.

To further study the chromatin characteristics of RPCs, we
extracted 914 48-hpf RPCs and performed the normalization,
dimensionality reduction, and clustering steps as previously
described. We obtained five clusters at a resolution of 0.6.
Clusters 1, 4, and 5 had high activities for herl2 and heré (com-
bined as group herl2Pe"), Cluster 3 had high atoh? and tfap2d
activities (termed as atoh7°Pe"). Cluster 2 had specific scrt2 and
scg3 activities (termed as scrt2°e"; Fig. S5 C). Atoh7°Pe" RPCs were
further subclustered into three clusters (atoh7°Peheri2oper,
atoh7°PenQCI°Pen, and atoh7°Perheri2closedQClclosed) at a resolution
of 0.8 (Fig. S5 D). Next, we performed the integration analysis
of 48-hpf scATAC-seq and scRNA-seq data using the Find-
TransferAnchors and TransferData functions of “Signac.” Spe-
cifically, 914 48-hpf RPCs with ATAC-based gene activities were
anchored to the 635 48-hpf RPCs at G2/M phase with gene
expression levels. As a result, each cell in the scATAC-seq data
was assigned with four prediction scores for the Clusters A-D of
scRNA-seq data, which were shown in a dotplot with a cutoff of
0.3 (Fig. S5 E). The read coverage of regions near vsxl and OCl in
each group were plotted by the CoveragePlot function (Fig. 6, E
and F).

We performed the pseudo-time analysis of the 914 RPCs by
“Monocle3” (v0.2.0; Cao et al., 2019). We first processed the data
using “LSI” and then continued with the standard dimension-
ality reduction using “UMAP.” Next, we transferred the clus-
tering result by “Signac” to this dataset. By the default learn
graph and order cells functions, we obtained the pseudo-time of
each cell. Then we transferred the pseudo-time information
back to the “Signac” dataset and visualized them in the t-SNE
plot (Fig. 6 C).

For the coaccessibility analysis to predict the enhancer-
promoter connections, we ran the standard process of “Cicero”
(v1.3.4.3; Pliner et al., 2018) for the 914 RPCs. After that, we
obtained a “Cicero coaccessibility” score between -1 and 1 (a
higher number indicates higher coaccessibility) between each
pair of peaks. Among the peaks, those overlapped with gene
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Table 4. The representative contigency table for Fisher’s exact test

Control Atoh7 misexpression
RGC 64 137
Non-RGC 382 193

transcription start sites were defined as promoters, and the
others were distal elements. The “Cicero coaccessibility” scores
between the promoter and its related distal elements of vsxI or
0C1 were shown (Fig. S5, F and G).

Single TFs overexpression

To overexpress single TFs (atoh?, otx2, or ptfle) in vsx1* RPCs (or
OCI* RPCs), plasmids of vsxI:Gal4 (or OCL:Gal4; 15 ng/pl) and UAS:
TF-p2a-tdTomatoNLS (UAS:tdTomato-NLS in blank group; 15 ng/
pl), together with tol2 mRNA (50 ng/ul) were injected into the
cells of Tg(ptfla:EGFP) embryos at the one-cell stage. At 3 dpf,
cells with tdTomato-NLS signals in each group were collected
unbiasedly. Cell identity was finally characterized by their cell
body location.

For the statistical analysis of cell-composition difference be-
tween control groups and TF overexpressed groups (Fig. 7), we
obtained in total 170-446 cells (including RGCs, ACs, BCs, HCs,
and PRs) from >10 embryos for each group. Fisher’s exact test
was used for the statistical test. To test the difference of a spe-
cific cell type, for instance, the difference of OCI* RGCs between
the blank group and the atoh7 overexpression group, 446 cells
were collected in the blank group (pOCL:Gal4 + pUAS:tdTomato-
NLS), including 64 RGCs and 382 non-RGCs (123 ACs, 17 BCs, 61
HCs, and 181 PRs; first bar of Fig. 7 F). In the experimental group
(pOCL:Gal4 + pUAS:Atoh7-p2a-tdTomato-NLS), 330 cells were col-
lected, including 137 RGCs and 193 non-RGCs (77 ACs, 11 BCs, 28
HCs, and 77 PRs; second bar of Fig. 7 F). The input for Fisher’s
exact test is shown in Table 4.

The result (P < 2.2e-16) showed that RGC ratio in the atoh7
misexpression group was significantly increased compared with
the blank group. Similar analyses were performed for all the cell
types between blank groups and TF-misexpressed groups. The
significant P values are shown in Fig. 6: *, P < 0.01; **, P < 0.001;
and ***, P < 0.0001.

Image processing

Image analysis was performed with FV10-ASW 4.0 (Olympus),
Imaris 7.6.5 (Bitplane), and Image] (National Institutes of Health).
Cell types and cell numbers were determined manually. For pre-
sentation, maximal intensity projection of several z-sections was
used, and brightness and contrast of each channel (GFP or RFP)
were adjusted separately. All manipulations were applied for the
whole pictures, and then the regions of interest were selected and
cropped from the whole picture for presentation.

Data availability

Atoh7 scRNA-seq and 48-hpf scATAC-seq datasets generated in
this study have been deposited in GEO under accession no.
GSE150839. 48-hpf scRNA-seq data is from GSE122680 (Xu etal.,
2020).
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Online supplemental material

Fig. S1 shows characteristics of lineages traced by mMAZe and
atoh7:Switch. Fig. S2 displays AC and BC subtypes. Fig. S3 shows
scRNA-seq of 48-hpf retina. In Fig. S4 shows scRNA-seq of
atoh7* RPCs. Fig. S5 shows scATAC-seq of 48-hpf retina. Table S1
lists lineages traced by mMAZe. Table S2 lists lineages traced by
atoh7:Switch.
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Figure S1. Characteristics of lineages traced by mMAZe and atoh7:Switch. (A) Cell type distribution of lineages traced by mMAZe (1,595 cells in total) and
atoh7:Switch (1,302 cells in total). (B) Size (the number of cells per lineage) distribution of lineages traced by mMAZe (n = 511) and atoh7:Switch (n = 484).
(C) Top4 lineages traced by atoh7:Switch which produce PR(s). (D) Top4 lineages traced by atoh7:Switch which produce HCs. (E-G) Atoh7 expression in AC-BC
lineages. (E) Schematics of MAZe-mCherry. (F) Workflow to analyze atoh7 expression in AC-BC. Sparse mCherry expression was achieved by heat shock at 48

hpf. Spatially isolated AC-BC lineages were analyzed at 72 hpf. (G) Atoh7 expression (labeled by GFP) in AC-BC lineages. Image in yellow rectangle was zoomed
in on the right panel. All images presented are in Z-stack. Scale bar, 10 pm.
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Figure S2.  AC and BC subtypes. (A) Signal of Tg(gad1b:EGFP) and Tg(glytL:EGFP). (B) Verify Tg(gad1b:EGFP) by double immunostaining of EGFP and gad65/67.
142/144 EGFP* ACs were gad65/67*. Lower panels show the zoom-in result, and the colabeled cells are indicated by asterisks. (C) Verify Tg(glyt1:EGFP) by RNA
in situ hybridization of glytl with immunostaining of EGFP. 130/132 EGFP* ACs were glyt1*. Lower panels show the zoom-in result, and the colabeled cells are
indicated by asterisks. (D and E) AC morphology in AC-2PR and AC-BC lineages, which were traced by mMAZe (D) and distribution summary is shown in E.
(F) An example illustrates sequential photoconversion. BC 1 was determined as ON-subtype after the first photoconversion, and then BC 2 was determined as
ON-subtype after the second photoconversion. (G and H) Atoh7* BC subtypes were determined by photoconverting kaede-green to kaede-red (G). The
distribution summary is shown in H. (1 and J) All BCs from BC-MC lineages were ON- or ONOFF-subtype (1), and the statistical results are shown in J. Allimages
are presented in Z-stacks. Cell terminals are indicated by arrowheads. Scale bar, 10 pum.
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Figure S3. Single-cell RNA sequencing of 48-hpf retina. (A) The t-SNE plot of the 3,587 qualified cells of zebrafish retina at 48 hpf and the annotation.
(B) Featured genes of each cell cluster in A. (C) Cell-cycle distribution of cells in A. Cells during the same cell-cycle phase tend to cluster together. (D) GO
analysis of top featured genes of 48-hpf RPCs showed the enrichment of transcription factors. HLH, helix-loop-helix. (E) Gene expression pattern of the three
populations of 48-hpf early RPCs. Genes listed are the featured TFs of 48-hpf RPCs in (Fig. 4 C).
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Figure S4. Single-cell RNA sequencing of atoh7* RPCs. (A) Time-lapse result of Tg(atoh7:turboGFP-destl::atoh7:gapRFP) retina. TurboGFP-destl signal
appears and disappears earlier than that of gapRFP. (B) FACS analysis of retinal cells from the Tg(atoh7:turboGFP-dest1::atoh7:gapRFP) embryos. The GFP*RFP-
cells for scRNA-seq are highlighted. (C) The t-SNE plot showing the clustering result of GFP*RFP~ cells in B and the annotation. (D) Featured genes of each cell
cluster in C. (E) Cell-cycle distribution of cells in C. Cells during the same cell cycle phase tend to cluster together. (F) Four clusters of atoh7* G2/M RPCs.
(G) Expression patterns of cluster 2-specific (onecutl, pou2f2a, myca) and cluster 3-specific (vsx, olig2, pou3f1) TFs of cells in F.
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Figure S5. ScATAC-seq of 48-hpf retina. (A and B) The clustering result of 48-hpf retinal cells. Clusters are shown in a t-SNE plot (A) and annotated by their
specific gene activities. Gene activity patterns of all clusters are shown in a dot plot (B). (C and D) Clustering results of all RPCs (C) and atoh7°Pe" RPCs (D).
(E) Correlation among the five RPC populations of 48-hpf scATAC-seq data (Fig. 6 A) and Clusters A-D of 48-hpf scRNA-seq data (Fig. 4 B) with the minimal
prediction scores of 0.3. (F and G) Cicero co-accessibility among elements surrounding vsx1 (F, top) and OCI (G, top). Peak positions are marked by black bars.
The proximal opening (highlighted in red) and distal opening (highlighted in blue) in the 48-hpf RPCs are shown in the coverage plots. The proximal element of
0C1 (marked by the dashed box) is magnified (G, right).

Tables S1 and S2 are provided online as separate Excel files. Table S1 lists lineages traced by mMAZe. Table S2 lists lineages traced
by atoh7:Switch.
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