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This manuscript used the sci-Plex system for screening compounds to improve the Ascl1-induced
reprogramming from Miller glia to bipolar neurons in vitro, followed by in vivo characterization
of two promising compounds in mice. The findings are valuable for future studies to develop cell
replacement strategies for treatment of retinal degeneration. The strength of evidence is solid,
featuring a scalable drug screening design, albeit with limited mechanistic insights.

Abstract Retinal degeneration in mammals causes permanent loss of vision, due to an inability
to regenerate naturally. Some non-mammalian vertebrates show robust regeneration, via Muller

glia (MG). We have recently made significant progress in stimulating adult mouse MG to regenerate
functional neurons by transgenic expression of the proneural transcription factor Ascl1. While these
results showed that MG can serve as an endogenous source of neuronal replacement, the efficacy
of this process is limited. With the goal of improving this in mammals, we designed a small molecule
screen using sci-Plex, a method to multiplex up to thousands of single-nucleus RNA-seq conditions
into a single experiment. We used this technology to screen a library of 92 compounds, identified,
and validated two that promote neurogenesis in vivo. Our results demonstrate that high-throughput
single-cell molecular profiling can substantially improve the discovery process for molecules and
pathways that can stimulate neural regeneration and further demonstrate the potential for this
approach to restore vision in patients with retinal disease.

Introduction

In mammalian species, retinal neurodegeneration results in permanent visual impairment because
the central nervous system (CNS) lacks an endogenous regenerative capacity. In contrast, many non-
mammalian vertebrates can replace lost neurons via neurogenic reprogramming of non-neuronal cells
(Todd and Reh, 2022). Efforts to stimulate neural cell replacement in mammals, akin to what occurs in
regenerative species, have been met with some success (Jorstad et al., 2017, Lentini et al., 2021).
These approaches are typically focused on using transcription factors (TFs) to reprogram glial cells into
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neurogenic precursors in contexts across the CNS (brain, retina, and spinal cord). However, the repro-
gramming is incomplete, affecting only a subset of cells or producing cells without mature neuronal
markers. Given the vast array of small molecules and biologics available, there is potential to screen
for factors that improve such gene therapy techniques. Scalable methods capable of screening an
increased number of reprogramming treatments have the potential to uncover factors that improve
the regenerative potential of the mammalian CNS. These efforts may lead to future cell-replacement
therapeutics.

We have recently developed methods to stimulate the regeneration of neurons from Muller
glia (MG) in the mammalian retina in vitro and in vivo (Jorstad et al., 2017; Pollak et al., 2013,
Jorstad et al., 2020; Todd et al., 2021; Todd et al., 2022, Ueki et al., 2015). The in vitro viral
overexpression of Ascl1 in primary MG is able to reprogram glia from young mice to acquire a
neurogenic progenitor state and generate neurons (Pollak et al., 2013; Gascén et al., 2016), and
similar results have been obtained with brain astrocytes (Pollak et al., 2013; Gascén et al., 2016).
Ascl1 can also stimulate a neurogenic state in MG in vivo using a transgenic mouse line that targets
this TF specifically to MG. When these mice are subjected to retinal injury using a neurotoxic dose
of NMDA (N-methyl-D-aspartate) and subsequently treated with histone deacetylase (HDAC) inhib-
itors, the MG regenerate functional neurons in adult mice (Jorstad et al., 2017). Follow-up studies
combining Ascl1 with other TFs have proven useful in stimulating glia to regenerate alternate arrays
of neuronal fates (Todd et al., 2021; Todd et al., 2022). These findings have established glia as a
promising source for new neurons that could potentially be used to treat neurodegenerative disor-
ders; however, the efficacy of neurogenesis is often too low to provide enough cells for functional
recovery. Several studies have shown that cell signaling molecules can also affect the process of
reprogramming cell fates, and investigators have suggested that small molecules might be useful
in optimizing this approach for clinical applications of neural repair in combination or separate from
TF overexpression (Jorstad et al., 2020; Gascén et al., 2016; Janowska et al., 2019, Cheng et al.,
2015; Gao et al., 2017).

To identify additional compounds that aid in the reprogramming process and further stimulate
neurogenesis from MG-derived progenitors, we set forth to design an assay that could scale the
number of small molecules tested in a given in vitro experiment. Several limitations had made such
plate-based screening difficult in the past: (1) screening was performed using marker genes and
required the design of specific mice or cell lines to detect the emergence of only a single-cell type;
(2) MG are not a large population of cells in the retina of young mice, thus the starting material is
limited; and (3) current imaging-based methods to quantify the reprogramming outcome are low
throughput. While traditional single-cell sequencing methods enable the molecular characteriza-
tion of all cell types in a culture using low cell input without the need for marker genes, they are
too costly for most labs to perform for more than a handful of samples. sci-Plex, a combinatorial
indexing-based technology, scales the number of samples within a given single-cell sequencing
experiment to up to thousands of samples, overcoming such limitations (Srivatsan et al., 2020,
Srivatsan et al., 2020; Cao et al., 2017). However, current applications of sci-Plex have been
performed in combination with the high-throughput sci-RNA-seq3 protocol using culturing systems
or organisms in which cell number is not limited (Srivatsan et al., 2020; Saunders et al., 2022,
Dorrity et al., 2022; Tresenrider et al., 2023). Here, we demonstrate that sci-Plex is also compat-
ible with lower input samples in combination with the sci-RNA-seq2 protocol which requires a
lower cell input and has a higher cell recovery rate. Our application of sci-Plex to reprogram-
ming MG is the first demonstration of sci-Plex’s utility for screening chemical compounds in a
low abundance primary cell type with disease relevance. To examine and validate the utility of
sci-Plex for this purpose, we applied sci-Plex to MG exposed to Ascl1 overexpression for different
timings and durations. We saw that, increasing the length of Ascl1 exposure increased the number
of neurons produced, and we uncovered molecular features associated with progression toward
the neuronal fate. When we applied sci-Plex to a small molecule screen for factors associated
with stem cell biology, we uncovered compounds that had effects on neurogenesis and total cell
recovery. Several of the most effective compounds identified in vitro were further tested in vivo
in a reprogramming assay where Ascl1 is over-expressed specifically in MG (i.e. ANT protocol).
The results of this secondary in vivo screen identified two compounds that significantly enhanced
neurogenesis in adult mouse retina.
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Figure 1. sci-Plex captures the in vitro temporal dynamics of neurogenic reprogramming from Muller glia (MG). (A) Schematic of the sci-Plex
experimental design for assaying reprogramming MG isolated from P11 mice. (B) Combined UMAP of cells from the Timecourse and Pulse experiments.
Cells are colored by cell type. (C) UMAP displaying the pseudotime scores that were calculated for the MG to Bipolar trajectory. (D) Schematic depicting
the timing and duration of Ascl1 OE in the Timecourse (n = 2 wells per condition) and Pulse (n = 3 wells per condition) experiments. (E) Histograms
displaying the frequency of cells with each pseudotime score across Ascl1 OE conditions. The vertical black lines are at pseudotime score 16. The yellow
region corresponds to the MG, the green region corresponds to the ProlL cells, and the purple region reflects cells from the Transition to BP cell state.
(F) Stacked bar plot of the cell type composition across all Ascl1 OE conditions. The colors represent the cell types as indicated. Only the MG and MG-
derived cell types are included. (G) Gene expression plots along pseudotime for genes of interest. Each point represents an individual cell’s expression
of the indicated gene. The cells are colored by cell type as in F. (H) Gene expression heatmap for the top 250 DEGs as assessed across a pseudotime
score of 10-20. The dashed line is at pseudotime score 16. All cells with a non-infinite pseudotime score are ordered by pseudotime score along the
x-axis. Genes were clustered by k-means into three clusters. Figure 1A was created with BioRender.com and Figure 1D was also created with BioRender.
com.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Genes differentially expressed across pseudotime.

Figure supplement 1. Sequencing quality control for the Timecourse and Pulse experiments.

Figure supplement 2. Cell type annotation for the Timecourse and Pulse experiments.

Figure supplement 3. Visualization of cell composition changes across time in the Timecourse and Pulse experiments.

Figure supplement 4. Retention of late pseudotime cells in the Pulse experiment matches loss of Ascl1 expression.

Results

sci-Plex captures the in vitro temporal dynamics of neurogenic
reprogramming from MG

We first aimed to assess the ability of sci-Plex to assign cells to specific wells in an expected manner
by observing the in vitro kinetics and dynamic gene expression program of Ascl1-dependent MG
reprogramming. Retinas were isolated from P11 mice expressing a constitutive rtTA driving a tet-
inducible Ascl1-GFP. The retinas were dissociated and grown as previously described to enrich for
MG (Pollak et al., 2013). We have previously shown that induction of Ascl1, by addition of doxycy-
cline to the medium, induces neurogenesis in the MG, and that the new neurons generated from the
reprogrammed MG most closely resemble bipolar neurons (Pollak et al., 2013; Figure 1A). Taking
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advantage of the ease by which condition number can be scaled with sci-Plex, we induced Ascl1 in
replicate for 1-5 days at varying windows of time, allowing us to temporally track the conversion of
MG to neurons (Figure 1A, B). Upon collection, nuclei were isolated in their individual treatment
wells, the nuclei were barcoded with well-specific polyadenylated oligonucleotides ‘hashes’, and
then pooled for sci-RNA-seq2 (Srivatsan et al., 2020; Cao et al., 2017). We recovered 12,850 cells
across two experiments and 30 wells (Timecourse: 7004, Pulse: 5846) with a median UMI (unique
molecular identifier) count of 3172 and 2398 after all filtering steps, respectively (Figure 1—figure
supplement 1A-K). The hash recovery rate was 68% for both experiments (Figure 1—figure supple-
ment 1C, D, G, H). The experiments were integrated and visualized by UMAP (Uniform Manifold
Approximation and Projection) using Monocle3 (Cao et al., 2017; Cao et al., 2019). The clusters
were annotated according to cell type using the expression of known marker genes (Figure 1—figure
supplement 2A-C; Cao et al., 2017, Cao et al., 2019). Most cells fell into one of four clusters: (1)
MG; (2) Progenitor-like cells (ProL); (3) Transition; and (4) neuronal precursors (NeuPre). In addition, we
identified other clusters of non-MG-derived cells, including microglia, astrocytes, and fibroblast-like
cells (FibroL), potentially derived from vascular cells (Figure 1C).

Having annotated the cells, we next ordered all the cells originating from reprogrammed MG into a
pseudotime trajectory to better understand the sequence of gene regulatory events on the path from
MG to neuronal identity (Figure 1D). We then assessed how the timing and duration of Ascl1 over-
expression affected reprogramming progression when Ascl1 was added continuously (Timecourse)
or pulsed (Pulse). In the Timecourse experiment, Ascl1 expression was induced for either 0, 1, 2, 3,
4, or 5 days and then the cells were collected (Figure 1B). During the timecourse, we saw that Ascl1
stimulated a rapid transition away from MG (i.e. the start of the pseudotime trajectory) that persisted
across all time points (Figure 1E). As expected, increased duration of Ascl1 overexpression led to cells
further along the pseudotime trajectory, consistent with the need for Ascl1 expression to drive cells
from the ProL state toward the neuronal state. In the Pulse experiment, we initiated Ascl1 expression
in all samples at the same time, but then removed doxycycline after either 1, 2, 3, 4, or 5 days to
shutdown Ascl1 overexpression. The cells were all collected 5 days after the start of Ascl1 expression
regardless of Ascl1 expression duration (Figure 1B, Pulse). When Ascl1 was maintained for the entire
5 day period (Figure 1D, E), the distribution of cells across pseudotime was similar to that observed in
the Timecourse experiment, with few MG remaining. However, the pseudotime profiles were remark-
ably different when Ascl1 overexpression was removed for any period of time for all cell types with
the exception of NeuPre (Figure 1—figure supplement 3C). When Ascl1 was expressed in the cells
for 2 or fewer days, almost all of the cells were identified as MG (Figure 1E, F). After 3 or more days
of Ascl1 expression, transition and neurogenic precursor (NeuPre) cells began to accumulate, though
a substantial number of MG were also present even after 4 days of Ascl1 exposure and 1 day without
when compared to the Timecourse experiment (Figure 1F, Figure 1—figure supplement 3C). These
results suggest that even after 4 days of Ascl1 expression, removal of Ascl1 allows a subset of the cells
to return to a glial state, while another subset of cells that have made it far enough along the repro-
gramming trajectory are no longer dependent on Ascl1 to remain committed to their neuronal fate.

To further understand the molecular features of the cells as they progress toward a more neuronal
fate, we analyzed changes in gene expression around the pseudotime stage associated with a
decreased reliance on Ascl1. We found the local minima (10 < pseudotime < 20) of pseudotime
density plots from the Pulse experiment to be 16 (Figure 1—figure supplement 4A). The accumula-
tion of cells with a pseudotime value of >16 encompasses the population of cells that remain in the
NeuPre or Bipolar fate even after removal of Ascl1 induction. Coincidentally, in the Timecourse exper-
iment, decreased Ascl1 expression is observed at pseudotime values >16 (Figure 1—figure supple-
ment 4B). While seemingly surprising, this decrease in Ascl1 expression with continued exposure to
the induction signal is a phenomenon we consistently observe in both our in vitro and in vivo repro-
gramming paradigms (Todd et al., 2021, Todd and Reh, 2022; Todd et al., 2020). We do not have
definitive knowledge of the mechanism behind how Ascl1 expression is repressed, but it is possible
that mature neurons have a mechanism to downregulate it.

To find the genes dynamically expressed during the loss of Ascl1 expression and gain of a more
neuronal fate, we performed differential gene expression analysis across pseudotime using cells with
pseudotime values from 10 to 20 (Figure 1—source data 1). We were particularly interested in iden-
tifying transcriptional regulators and signaling molecules. In the top 250 most differentially expressed
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genes, three major regulatory patterns (Cluster 1: increasing, Cluster 2: a transient increase, Cluster
3: decreasing) were observed (Figure 1G, H). The downregulation of IdT and Id3 in Cluster 2 was
consistent with known biology: these factors (1) form heterodimers with bHLH TFs making them inca-
pable of binding their target sites (Roschger and Cabrele, 2017) and (2) have been previously impli-
cated in maintaining retinal progenitors and MG in a progenitor state (Jorstad et al., 2017, Pollak
et al., 2013; Jorstad et al., 2020; Todd et al., 2021; Todd et al., 2022; Ueki et al., 2015). Genes
in Cluster 1, which increase during the progenitor-to-neuron transition, are also associated with the
normal development of neurons (Elavl3, Map2) and with processes such as neuronal maturation and
synaptogenesis (Nrxn3, Syt1). There were also four TFs that increased in their expression right around
the loss of Ascl1 dependence: Sox4, Neurog2, Myt1, and Rorb. All of these genes are expressed in the
retina during the early stages of neurogenesis (Vasconcelos et al., 2016; Lee et al., 2019, Hufnagel
et al., 2010; Liu et al., 2017, Usui et al., 2013; Jiang et al., 2013). Of note, Myt1 is a direct target of
Ascl1 and although it has been studied more thoroughly in the brain, it is associated with repression
of progenitor gene expression programs (Vasconcelos et al., 2016; Lee et al., 2019). Another factor
on the list, Rorb is involved in the specification of photoreceptor, amacrine, and horizontal but not
bipolar cell fates (Liu et al., 2013; Swaroop et al., 2010). Our results thus show the ability of sci-Plex
to be used in MG cultures and we have identified potential regulators of critical steps in the MG to
neuron reprogramming paradigm.

sci-Plex as a screen to identify small molecules that affect Ascl1-
dependent MG reprogramming

The above results supported the potential of sci-Plex to study neurogenic reprogramming, so we
next embarked on a larger-scale screen for factors that can improve the efficiency of neurogenesis
from MG. We screimed to assess the ability of sci-Plex to assign cells to specific wells in an expected
manner by observing the in vfrom the TocriScreen Stem Cell Library (Figure 2—source data 1). The
compounds target a range of biological functions with a bias toward epigenetic modulators and
modulators of common signaling pathways (Figure 2A). We followed the same treatment regime as
for the timecourse experiment in which MG were isolated from P11 mice that express a constitutive
rtTA and harbor a tet-inducibe Ascl1-GFP. The MG were selectively cultured before induction of Ascl1
with doxycycline. Small molecules from the TocrisScreen Stem Cell Library were added at the same
time as the doxycycline and remained in culture until the cells were collected on Day 5 (Figure 2B).
The compounds were applied across three doses (0.1, 1, and 10 uM) with each compound being
tested on one of two different collection days. We included three wells per collection day in which
only doxycycline was added (Only Ascl1) and three wells per collection day in which doxycycline was
not added (No Ascl1). To maximize the range of compounds tested, we opted to perform the sci-Plex
experiment once, and then follow-up with compounds that elicited strong effects through subsequent
in vivo validation experiments. In sum, we screened 92 small molecules and two control conditions
from a total of 265 individual wells after filtering out conditions with low cell recovery.

We used sci-RNA-seq?2 to profile a total of 27,152 cells (Collection 1: 6282, Collection 2: 20,870)
(Figure 2—figure supplement 1A-G). The median UMI count was 3551 for Collection 1 and 2166
for Collection 2 (Figure 2—figure supplement 1H, I). A hash could be called for 65-74% of the cells
(Figure 2—figure supplement 1C, F). We performed dimensionality reduction and clustering with
Monocle3 and used marker genes to annotate cell types by cluster. All cell types not of retinal/MG
origin were discarded (Figure 2—figure supplement 2A-C), and the dimensionality reduction and
cell type annotation was repeated (Figure 2C).

To identify the molecules most likely to promote reprogramming, we pooled the clusters corre-
sponding to neurogenic precursors (NeuPre: Gap43, Snap25, Dcx) and bipolar neurons (BP: Snap25,
Vsx2, Cabp5, Otx2, Grik1) together into a common Neuron annotation and for each drug, calcu-
lated the abundance of Neurons relative to Ascl1 (Figure 2). Many of the molecules did not have
clear effects on the reprogramming process. However, we found several molecules that increased
neurogenesis and others that reduced neurogenesis. The molecules that most markedly increased
the percentage of Neurons, included DBZ (Milano et al., 2004), DMH-1 (Hao et al., 2010), RepSox
(Ichida et al., 2009; Gellibert et al., 2004), SB 431542 (Inman et al., 2002, Laping et al., 2002), and
WH-4-023 (Theunissen et al., 2014; Clark et al., 2012; Martin et al., 2006). These compounds target
one of three molecular signaling pathways: Notch, BMP/TGF-beta, and LCK/SRC. We also calculated
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Figure 2. sci-Plex as a screen to identify small molecules that affect Ascl1-dependent Muller glia (MG) reprogramming. (A) Bar plot representing the
distribution of targets for the 92 compounds included in the screen. (B) Schematic of the experimental design for the small molecule screen. (C) UMAP
of the MG and MG-derived cell types. Cells are colored by cell type. (D) UMAP from C with cells colored by collection. (E) Dot plot of the genes used
to define the MG-derived cell types from the screen. Dot size indicates the percent of cells that express the gene of interest. The color indicates the
log10 mean UMIs per cell. (F) Quantification of the fold change in Neuron cell counts between each indicated condition and the Ascl1 only control. The
plots from Collections 1 and 2 used only the control wells collected on their respective days. The dose of each compound is indicated by the size of the
dot. (G) Quantification of the total cell counts for each treatment. The compound'’s dose is indicated by the size of the dot. (H) Plots displaying the fold
change of Neuron (red) and ProlL (orange) cell counts compared to Ascl1 only across all doses for the top hits from the screen. All conditions in which at
least 20 cells were recovered are displayed. Figure 2B is created with BioRender.com.

The online version of this article includes the following source data and figure supplement(s) for figure 2:
Source data 1. Small molecules used from Tocriscreen Stem Cell Library.
Source data 2. Genes used and GO annotations in unknown clusters.

Figure 2 continued on next page
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Figure supplement 1. Sequencing quality control of small molecule sci-Plex screen.

Figure supplement 2. Cell type annotation of small molecule sci-Plex screen.

Figure supplement 3. Gene Ontology (GO) term enrichment of Unknown cell clusters from the sci-Plex screen.

Figure supplement 4. Cell type distributions across treatment conditions.

the number of cells recovered per well, and noticed that for a few treatments, far more total cells,
regardless of cell type identity, were recovered than average. This was most prominent for metformin,
sodium 4-phenylbutyrate, and valproic acid (Figure 2E). Both sodium 4-phenylbutyrate and valproic
acid are HDAC inhibitors which is of interest because TSA (Trichostatin A), another HDAC inhibitor, is a
significant stimulus for Ascl1-dependent reprogramming in vivo (Jorstad et al., 2017). Unexpectedly,
metformin, a compound that is approved for the treatment of diabetes with other potential clinical
uses (Cicero et al., 2012), also increased cell recovery in our assay. Because metformin has not been
evaluated in the context of retinal reprogramming, we decided to pursue it and the five compounds
that increased neurogenesis with further experiments in vivo. Thus, the use of sci-Plex aided us in
narrowing down 92 compounds to 6 for follow-up investigations.

In addition to detecting shifts along the reprogramming trajectory, we also detected what appeared
to be previously undetected cell states (Figure 2C, Unknown clusters). To characterize these, we
performed Biological Process GO term enrichment on genes with high regional specificity for each
cluster (Figure 2—source data 2). Cluster Unknown 1 was enriched with genes related to ER stress,
Unknown 2 had markers of Immune reactive cells, and Unknown 3 had non-retinal neuronal charac-
teristics (Figure 2—figure supplement 3A-C, Figure 2—source data 2). The Unknown 4 cells had
77 genes with high specificity to the cluster, but only two enriched gene sets ‘regulation of ion trans-
membrane transport’ and ‘action potential’ (Figure 2—source data 2). With such a small number of
enriched gene sets, we were unable to make further conclusions about the identity of that cell cluster
and have left them annotated as Unknown.

We next set out to understand how each treatment altered the distribution of cells across these
novel clusters. We generated a heatmap in which treatments with similar cell type compositions
were clustered together (Figure 2—figure supplement 4A). In doing this, we found that for a small
number of treatments, the majority of cells come from either the ER stressed cluster of cells or the
Unknown cluster of cells (Figure 2—figure supplement 4B). Interestingly, the treatments that led to
the Unknown cluster include two HDAC inhibitors (Cl 994, SAHA) (Kraker, 2003; Butler et al., 2000).
It is possible that these cells are deregulated without having yet experienced a change in fate toward
a more specific cell type. The treatments that lead to increased cell counts in the ER stressed cluster
include two bromodomain (acetylated lysine binders) inhibitors (I-BET 151 dihydrochloride, CPI 203)
(Devaiah et al., 2012; Dawson et al., 2011). While these observations do not directly help us identify
better treatments for reprogramming MG, they do help us find compounds that affect the molecular
state of MG cells exposed to Ascl1 overexpression (Jorstad et al., 2017).

Validating sci-Plex hits in an in vivo neuronal regeneration paradigm

We next aimed to assess whether the positive hits that increased neurogenesis from the in vitro sci-
Plex screen could be validated in vivo. Before testing compounds from the in vitro screen in vivo, we
sought to validate that in vivo MG express the signaling pathways targeted by our small molecule
compounds during neurogenic reprogramming. We analyzed scRNA-seq libraries made from our in
vivo regeneration experiments where we used mice engineered to express Ascl1 specifically in the
MG (Figure 3A), then induced retinal injury with an intravitreal injection of NMDA, and a co-injection
of TSA (Figure 3B). The mice were sacrificed and GFP expressing cells were sorted and subjected to
10x scRNA-seq either 5, 9, or 21 days after injury the day 5 and 9 libraries were originally published in
Todd et al., 2020; Figure 3—figure supplement 2A, B. Dimensionality reduction was performed to
generate a UMAP from which clusters were defined and cell types were annotated using Marker genes
(Figure 3C, D, Figure 3—figure supplement 2A, B). A small number of rod and cone cells are present
even in the earliest time point and most likely are contaminating cells from the FACS (fluorescence-
activated cell sorting). As expected, with increasing time after injury, we observe greater numbers
of MG-derived bipolar cells. This is most evident in the time between 9 and 21 days. However, even
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Figure 3. Validation of sci-Plex hits in an in vivo neuronal regeneration paradigm. (A) Schematic of the transgenic mouse used to induce Ascl1 and GFP
specifically in Muller glia (MG). (B) Experimental paradigm for testing the in vivo dynamics of Ascl1-dependent MG reprogramming. (C) Dot plot of

the genes used to define the major cell types found in the reprogramming cells in vivo across all time points. The size of the dot indicates the percent
of cells that express the gene of interest. The color indicates the log10 mean UMIs per cell. (D) An integrated UMAP of the cells recovered from in

vivo reprogramming 5, 9, or 21 days after NMDA treatment. Cells are colored by cell type. (E) Stacked bar plot of the cell type composition across in
vivo Ascl1 OE durations. The colors represent the cell types as in D. Only the MG and MG-derived cell types are included. (F) Heatmap of the in vivo
expression of genes related to the pathways regulated by the top small molecules hits from the in vitro screen. Reprogramming cells are ordered along
pseudotime. The row normalized z-score was calculated from size factor normalized gene expression counts. (G) Experimental paradigm for testing

the in vivo effect of hit compounds on reprogramming. (H) Representative sections of retina after Ascl1 only, Ascl1T/NMDA/TSA or Ascl1T/NMDA/TSA/

Figure 3 continued on next page
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Figure 3 continued

Metformin treatment. Immunostaining for GFP (green) and Otx2 (purple) show MG-derived cells (GFP+) expressing the neuronal marker Otx2. Scale

bar = 50 pm. (I) Quantification of the percentage of GFP+ MG-derived cells that express the neuronal marker in Ascl1//NMDA/TSA (control) versus the
addition of Metformin (p = 0.017). Statistical significance (p < 0.05) as denoted by * was determined using an unpaired t-test. Height of the bar indicates
the mean, and the error bars indicate the standard deviation. Each individual is plotted as a dot. (J) Quantification of the percentage of GFP+/Otx2+
cells in control versus DBZ treatment (p = 0.0009). Statistical significance (p < 0.05) as denote by * was determined using an unpaired t-test. Height of
the bar indicates the mean, and the error bars indicate the standard deviation. Each individual is plotted as a dot. (K) Representative widefield image of
GFP+ MG-derived neurons (GFP+/Otx2+) showing the widespread stimulation of neurogenesis in metformin treated retinas. Scale bar is 100 um. Figure
3A was created with BioRender.com.

The online version of this article includes the following figure supplement(s) for figure 3:
Figure supplement 1. Quality control of in vivo reprogramming 10x RNA-seq libraries.
Figure supplement 2. Cell type annotation of in vivo reprogramming 10x RNA-seq libraries.
Figure supplement 3. Pseudotime of in vivo reprogramming 10x RNA-seq libraires.

Figure supplement 4. Immunostaining of in vivo reprogrammed neurons.

between 5 and 9 days there is a small increase in bipolar cells. Additionally, when pseudotime anal-
ysis was performed, a shift in the MG cluster toward a more mature state became apparent even
by 9 days (Figure 3E, Figure 3—figure supplement 3A, B). Lastly, using the pseudotime analysis
across all time points, we looked at how the expression of key target genes for each of the drugs are
expressed throughout the reprogramming process (Figure 3F). In all cases, at least some of the target
genes are expressed early and decrease over time, making them ideal candidates for small molecule
intervention.

Using the same mice as above, we aimed to validate five hits in vivo (the y-secretase inhibitor DBZ,
Lck and Src inhibitor WH-4-023, LKB1/AMPK activator metformin, the BMP inhibitor DMH-1, and the
TGF-BR1 inhibitor SB43152) for their ability to increase neurogenic reprogramming of MG in vivo. We
originally also identified RepSox as a hit, but because RepSox and SB43152 have the same target,
we decided to only pursue SB43152. Ascl1 was induced in the MG with tamoxifen, retinal injury was
performed by NMDA, and TSA was given in conjunction with one of the small molecule hits from
the screen; animals were sacrificed 2 weeks later, and their retinas were assayed for lineage traced
MG-derived cells (GFP+) and the retinal neuronal maker (Otx2+) (Figure 3G). Out of the compounds
tested, two significantly boosted the number of Otx2+ neuronal cells (Figure 3H-J, Figure 3—figure
supplement 4A). The first identified compound was DBZ, a y-secretase/Notch inhibitor (Figure 3I).
This is consistent with reports in the chick retina where the y-secretase inhibitor DAPT increased
neuronal differentiation from proliferating MG (Hayes et al., 2007, Ghai et al., 2010; Todd et al.,
2016). Inhibition of Notch is also well known to promote neural differentiation from retinal progenitors
in mouse and human (Finkbeiner et al., 2022; Nelson et al., 2007). While this result was not unex-
pected, DBZ represents a new compound found to promote neurogenesis in the mammalian retina.
The second positive hit, metformin, showed the biggest effect on MG-neurogenesis (Figure 3H, I).
In some retinas, metformin increased the rate of neurogenesis to 75% of the Ascl1-expressing MG, a
higher rate than any of our previous pharmaceutical treatments. The MG-derived neurons expressed
Otx2 and were primarily located in the INL (inner nuclear layer); this is similar to what we observe
in the ANT treatment condition, and so it does not appear that metformin altered the fates of the
MG-derived neurons; In addition, the neurons in the metformin treated retinas do not express markers
of ganglion/amacrine cells (Figure 3—figure supplement 4B). These in vivo experiments thus confirm
that the in vitro sci-Plex screening is an effective method to identify new compounds that increase the
regeneration potential of mammalian MG.

Discussion

Screening large numbers of chemical compounds has become a routine path to drug discovery, but
limitations remain. Most high-throughput screening assays use relatively limited read-outs, such as
cell morphology, proliferation or changes in expression of a reporter. Many assays cannot access
molecular information about responding cells or identify factors that make a cell type resistant to a
treatment. Single-cell transcriptomic assays overcome these hurdles, but the conventional protocols
are costly and highly limited in sample number. Here, we demonstrate for the first time the utility
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of sci-Plex, an ultra-scalable scRNA-seq protocol, for studying reprogramming primary cells through
screening drugs in low-input cultures and subsequently validating them in vivo. Our experiments
both identified drugs that support reprogramming and revealed underlying biology important for the
progression of glial cell reprogramming.

We first used sci-Plex to pinpoint the moment during in vitro reprogramming at which cells become
committed toward a neurogenic cell fate independent of continued Ascl1 expression. Next, we tested
92 compounds across 3 doses each and identified 6 molecules of interest, two of which also had
significant proneural effects in vivo. With our observation that cells no longer require Ascl1 to main-
tain their neuronal identity after a certain point along their reprogramming trajectory, we looked at
the transcriptional regulators that were changing in their expression around this point and identified
Myt1 as a potentially critical factor for commitment toward the neuronal fate. Myt1 is a zinc finger-
containing DNA-binding TF that is found specifically in neuronal cells and is important in neuronal
differentiation (Vasconcelos et al., 2016; Bellefroid et al., 1996; Kim and Hudson, 1992). In neural
stem cells, the Myt1 promoter is bound by Ascl1 and protein expression is induced following the
overexpression of Ascl1 (Vasconcelos et al., 2016). Myt1 and its family member Myt1l function by
binding to and repressing their target genes which include non-neuronal genes, progenitor genes,
and regulators of Notch signaling (Vasconcelos et al., 2016; Mall et al., 2017). Myt1l has also been
associated with aiding in the in vitro reprogramming of fibroblasts to neurons (Vasconcelos et al.,
2016; Mall et al., 2017, Vierbuchen et al., 2010). However, little is known about its role in the retina,
and no previous reports indicate a direct role for Myt1 in committing cells to the neuronal fate after
the removal of other proneural TFs. Additional work will be needed to determine whether Myt1 is the
regulator holding cells in the neuronal fate after removal of Ascl1 in our Pulse experiment, but the
depth of information that can be obtained by single-cell sequencing provided us with an intriguing
candidate gene.

The first hit of our screen was the Notch inhibitor DBZ. It targets the ability of gamma-secretase to
cleave the intracellular domain of activated Notch receptors. While DBZ has not previously been used
in retinal reprogramming studies, Notch is well known to affect neurogenesis and neural regeneration
in the retina. Pharmacological manipulation of Notch signaling has been used to alter the proliferative
and neurogenic capacity of MG in fish and chick retina (Hayes et al., 2007, Ghai et al., 2010, Conner
et al.,, 2014; Wan et al., 2012). It is also interesting that Myt1, identified in our Pulse experiment as a
factor that may prevent neuronal cells from returning to the progenitor fate, inhibits Notch signaling
(Vasconcelos et al., 2016). That our screen recovered a y-secretase inhibitor, in line with the known
role of Notch in the retina, confirmed the ability of our workflow to identify important regulators.

Unexpectedly, the second compound that increased neurogenesis in vivo was metformin. Mecha-
nistically, metformin is typically thought to work via AMPK, and while used clinically for Type2 diabetes,
many studies have noted its neuroprotective and anti-neuroinflammatory effects (Markowicz-Piasecka
et al., 2017). In our screen, metformin increased the total number of cells recovered by sci-Plex,
including those in the neurogenic precursor stage. Even with the increased number of cells recovered
compared to other treatments, the small number of cells recovered from each treatment by sci-Plex
made it difficult to identify confident DEGs. However, by leveraging follow-up experiments in vivo we
did find that metformin had a clear effect on neurogenesis from Ascl1-reprogrammed MG. The effect
we find on neurogenesis is consistent with the promotion of neurogenesis reported in another in vitro
study using mouse cortical and hippocampal progenitors and human ESC-derived neural progenitors
(Wang et al., 2012), and may in part be mediated by Gadd45g, via DNA methylation (Zhang et al.,
2022). Moreover, metformin restored blood flow and vascular density in aged mice and promoted
neurogenesis from the SVZ in vivo and in vitro (Zhu et al., 2020). Further investigations of this mole-
cule in astrocyte to neuronal reprogramming in other regions of the CNS will be necessary to validate
the utility of metformin in in vivo neural regeneration more generally.

Repairing the nervous system has been an elusive goal, and while progress is being made with
transplantation of pluripotent stem cell derived neurons, there are many complexities in neural trans-
plantation. Reprogramming glia to serve as a source of neural repair is a strategy utilized by non-
mammalian vertebrates, and inspired by nature, we and others have shown that harnessing this latent
neural regenerative capacity by proneural TF over-expression can revive the neuronal reprogramming
program in mammals. Layering in the use of small molecules can increase the efficiency of such repro-
gramming, and we show here that screening through larger libraries of compounds at single-cell
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resolution in vitro can point us toward new in vivo hits. We are particularly excited by the future
therapeutic potential of our compounds: metformin and DBZ; as well as the use of similar screening
strategies for the identification of treatments in glial-based regeneration and wider contexts.

Materials and methods

Mouse injections and husbandry

Mice were housed and treated under University of Washington Institutional Animal Care and Use
Committee approved (UW-IACUC: 2448-08). Animals were maintained in groups of 2-5 per cage.
For the in vivo experiments, Glast-CreER:LNL-tTA;TetO-mAscl1-ires-GFP mice are from mixed back-
grounds of C57BL/6 and B6SJF1. The tetO-mAscl1-ires-GFP mice were a gift from M. Nakafuku (U.
Cincinnati), and the Glast-CreER (Jax 012586) and LNL-tTA (Jax 008603) mice were from Jackson Labs.
Both sexes were used in all experiments and the mice used for injections were between the ages of
P40-P60. To induce Ascl1 in MG in vivo, tamoxifen (Cayman Chemical, #13258-1G) was given intra-
peritoneally at 1.5 mg per 100 pl for four consecutive days. Intravitreal injections were performed on
isoflurane anesthetized mice using a 32-gauge Hamilton syringe. All intravitreal injections were done
at 2 pl, and contained either NMDA (Sigma, #M3262-100MG) + drug or TSA (Tocris #1406/1) + drug.
NMDA injections were done in 1 pl volume at a concentration of 100 mM. TSA injections were given in
1 pl volume at a concentration of 1 pg/pl. Drugs used were all from the Tocriscreen Stem Cell Library
(Tocris, 7340) and were administered in 1 pl of dimethyl sulfoxide (DMSO) at 10 mM. The mice were
either randomized by animal tag number for injections (L1-4) or the vehicle (DMSO) was given to the
left eye and the drug was given to the right eye (M). Blinding was performed for experiments.

Experiment Treatment Plot N
M2 PBS (left eye) DBZ 3
M2 DBZ (right eye) DBz 3
149 DBz DBz 2
149 DMSO DBz 2
155 Metformin Metformin 3
155 DMSO Metformin 2
152 Metformin Metformin 3

89 DMSO Metformin 3
M1 PBS (left eye) Non-sig 3
M1 SB431542 (right ~ Non-sig 3

eye)

188 SB431542 Non-sig 2
188 DMH-1 Non-sig 3
168 WH-4-023 Non-sig 2

Primary cell culture, MG freezing, thawing, and plating

MG cultures were derived from the retinas of Postnatal Day 11 (P11) rtTa:tetO-Ascl1-ires-GFP mice of
both sexes. After retina harvest, the retinas were incubated for 7 min at 37°C in a solution of papain
and deoxyribonuclease (DNase) (Worthington, #LK003172). Incubation was followed by trituration of
the mixture to dissociate the cells, then to stop the reaction, an equal volume of ovomucoid (Worth-
ington, #LK003182) was added. To isolate the cells, the solution was spun at 4°C at 300 x g for 10 min.
Pelleted cells were resuspended in growth medium consisting of Neurobasal medium (Gibco, #10888-
022), 10% tet-approved fetal bovine serum (tet-FBS) (Takara/Clontech, #631367), N2 (Gibco, #17502-
048), 1 mM L-glutamine (Gibco, #25030-081), 1% penicillin—-streptomycin (Gibco, #15140-122), and
mouse epidermal growth factor (100 ng/ml) (R&D Systems, #2028-EG-200). Cells were plated in a
6-well dish at a density of about 2 retinas per 10 cm? well, then incubated at 37°C. The entire volume
of medium was changed every 48 hr until confluent or after 7 days. At confluence or after 7 days,
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cells were removed from the plate using TrypLE (Gibco, #12605-028), spun at 4°C at 300 x g for
10 min, then resuspended in a small volume of growth medium. The entire volume of cell suspension
was added to a freezing medium containing 40% tet-FBS, and 10% DMSOQO, with the remaining 50%
being the growth medium from the resuspension. The cells were then frozen for at least 24 hr at
—80°C before being moved to storage in liquid nitrogen for at least 1 day. Cells were thawed at room
temperature, then spun at 300 RCF for 10 min. After thawing, cells were seeded in 500 pl of 10% tet-
FBS growth medium in 24-well plates or in 250 pl of the same medium in 48-well plates. Cells were
grown for 24-48 hr in the growth medium until they appeared healthy.

Drug treatment

Ascl1 timecourse and pulse

Once cells were confluent, the culture medium for all conditions was replaced with 1% tet-FBS-
reduced growth medium. To activate the tetO-mediated transgenes, doxycycline (Sigma, #D9891-5G)
was added to the media at a concentration of 2 pg/ml at various time points over the course of 5 or
7 days.

Timecourse

Cells received doses of tet-FBS-reduced growth medium with doxycycline after 1, 2, 3, 4, or 5 days
in culture. Once a treatment condition received its first dose of doxycycline, it continued to receive
doses every 2 days for the remainder of the experiment. Prior to a condition’s first dose of doxycy-
cline, the cells were maintained in the reduced growth medium, which was replaced every 2 days. The
control condition received no doxycycline and cultures were maintained in reduced growth medium
replaced every 2 days.

Pulse

Cells received tet-FBS-reduced growth medium with doxycycline for 1, 2, 3, 4, or 5 days. Doxycycline
was added to all conditions at the same time, Day 0, and all conditions remained in culture for 5 days.
The media containing doxycycline was removed at each time point over the 5 day course and replaced
with 1% tet-FBS-reduced medium for the remainder of the experiment.

Drug treated cells

Drugs were reconstituted in DMSO with a starting concentration of 10 mM and were diluted to
2.5 mM, 250 uM, and 25 pM with a mixture of 50% DMSO and 50% phosphate-buffered saline (PBS).
Each well (48-well plate) of cells received a total volume of 250 pl of tet-FBS-reduced media with
1 pl of the designated treatment drug at each concentration (final concentration of drug 10, 1, and
0.1 uM). Control wells received 250 pl of tet-FBS-reduced growth medium with the appropriate, equiv-
alent DMSO concentration. Cells were collected after 5 days with an accutase dissociation (further
described in the cell collection section).

Hashing for sci-Plex

To harvest cells for sci-Plex nuclei processing, the cells were rinsed either in 24- or 48-well plates with
200 pl HBSS (Hank’s basal salt solution, Gibco, #14025-134), and then 200 ul of Accutase (Sigma,
#A6964-100ML). For experiments performed in 24-well plates, the accutase was incubated on the
cells an additional 1 min at room temperature before being removed. The cells were incubated with
any residual accutase at 37°C for 5 min. Cells were then resuspended in 200 pl of 1% tet-FBS-reduced
growth medium with a wide-bore P200 pipette tip to isolate single cells. The entire volume of the
single-cell suspension was transferred to a v-bottom 96-well plate on ice. The hashing of glia used a
protocol adapted from the original sci-Plex publication (Srivatsan et al., 2020). Briefly, dissociated
cells were centrifuged at 600 x g for 5 min in 96-well v-bottom plates. Note that all centrifugation
steps, including this one, were performed in a chilled swinging bucket centrifuge (4°C). Media was
aspirated, and 200 pl 1x dPBS (no calcium, no magnesium) was added to each well. The plate was
centrifuged at 600 x g for 5 min and the dPBS was pipetted off. To each well containing cells, 50
pl of CLB + hash solution (45 pl of Cold Lysis Buffer — 10 mM Tris/HCI pH 7.4, 10 mM NaCl, 3 mM
MgCl,, 0.1% IGEPAL, 1% [vol/vol, Sigma-Aldrich, 18896], Superaseln RNase Inhibitor [20 U/pl, Ambion,
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AM2694], 1% [vol/vol] bovine serum albumin [BSA] [20 mg/ml, NEB, B9000S] + 5 pl of hash oligo
[10 uM, IDT (Integrated DNA technologies)]) was added and then mixed by pipetting up and down
for 5-10 strokes. The plate was incubated on ice for 3 min, after which, 200 pl of fixation buffer (5%
paraformaldehyde [EMS, cat. no. 50-980-493], 1.25x dPBS (Dulbecco’s Phosphate-Buffered Saline))
was mixed with the nuclei by pipetting up and down for 10 strokes. The cells were incubated with
the fixative for 15 min on ice during which the hashes were affixed to the nuclei. All nuclei from all
wells were then collected into a single 15 or 50 ml conical tube, depending on the size of the exper-
iment, and centrifuged for 5 min at 800 x g. Pellets were resuspended in 1 ml of NSB (Nuclei Buffer
+ Superaseln + BSA — 10 mM Tris/HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,, 1% [vol/vol] BSA, 1% [vol/
vol] Superaseln RNase Inhibitor), and centrifuged again for 5 min at 800 x g. One final wash with 1 ml
of cold NSB was performed. Upon resuspension, nuclei were transferred to a 1.5-ml LoBind microcen-
trifuge tube (Eppendorf, Z666491) and counted using a hemocytometer. The 1.5 ml tube was placed
within a 15-ml conical and centrifuged in a swinging bucket centrifuge for 5 min at 800 x g. The nuclei
were resuspended in 500 pl of NSB and flash frozen in liquid nitrogen before being stored at —80°C.

Sectioning and immunostaining

For immunohistochemistry, whole eye globes were fixed for 30 min in 4% paraformaldehyde after
lens removal. Eyes were then soaked in 30% sucrose overnight and processed for sectioning the
following day. For sectioning, retinas were frozen in O.C.T. and cryosectioned at 18 pm thickness.
Slides were washed in PBS two times for 10 min and then primary antibodies were applied overnight
in 10% normal horse serum (Vector Labs, #S5-2000-20), 0.5% Triton X-10 (Sigma, #T8787-100ML), and
PBS. The following day sections were rinsed two times for 10 min in PBS and secondary antibodies
were applied at a concentration of 1:1000 in PBS for 1 hr. Slides were washed again in PBS and then
coverslipped using Fluromount-G (Southern Biotechnology, #0100-01).

Antibody/stain Source Catalog # RRID Dilution
Primary

Chicken anti-GFP Abcam Cat#: Ab13970 RRID: AB_300798 1:1000
Goat anti-OTX2 R&D Systems Cat#: BAF1979 RRID: AB_2157171 1:500
Mouse anti-HuC/D Invitrogen Cat#: A-21271 RRID: AB_221448 1:500
Secondary

Donkey anti-chicken 488 Jackson Immuno Cat#: 703-545-155 RRID:AB_2340375 1:1000
Donkey anti-mouse 568 Life Technologies Cat#: A10037 RRID:AB_2534013 1:1000
Donkey anti-goat 568 Life Technologies Cat#: A11057 RRID:AB_2534104 1:1000
Stain

DAPI Sigma Cati#: D9542 NA 1:7700

Microscopy and cell counts

A Zeiss LSM880 confocal microscope was used to take images from the in vivo experiments. For
quantifications, four images per retina at x20 objective were taken and both eyes were combined for
a biological n. Statistical significance between treatments was determined using an unpaired t-test.

10x library preparation

Dissociated and GFP+ FACs sorted cells prepared 21 days after NMDA injury were subjected to the
standard 10x workflow for Single Cell 3'v3.1 Dual Index Gene Expression kit (Dual Index Kit TT Set A
96 rxns, 10x Genomics, 1000215).

sci-RNA-seq

After hashing, the nuclei were subjected to the original 2-level sci-RNA-seq protocol (Cao et al.,
2017) with minor modifications. Briefly, the hashed nuclei were thawed on ice, subjected to centrifu-
gation at 800 x g for 5 min, the liquid was aspirated away, and then the nuclei were incubated on ice
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for 3 min in 500 pl of NSB + 0.2% Triton X-100 (Thermo Fisher, A16046.AP). Permeabilized nuclei were
centrifuged for 5 min at 800 x g, resuspended in 400 pl NSB, and counted using a hemocytometer.
The desired number of nuclei was subjected to one final centrifugation step at 800 x g for 5 min.
They were then resuspended to a concentration of ~800-3000 nuclei per pl across 3-4x twin.tec 96
Well LoBind PCR Plates (Eppendorf, 0030129512) in NSB. The RT reaction was carried out using an
increasing temperature gradient (4°C 2 min, 10°C 2 min, 20°C 2 min, 30°C 2 min, 40°C 2 min, 50°C
2 min, 55°C 15 min), but was otherwise the same as in Cao et al.

All nuclei were pooled. DAPI (4'6-diamidino-2-phenylindole, 3 uM final) (Invitrogen, D1306) was
used to stain the DNA content of cells so that doublets and debris could be removed by sorting on the
DAPI height versus DAPI area, and FSC (forward scatter) versus SSC (side scatter), respectively, using
a FACSAria lll cell sorter (BD Biosciences). Into each well of a twin.tec 96 Well LoBind PCR Plate, ~180
nuclei were sorted. This was performed across four to five plates depending on the experiment. Each
of the wells that the nuclei were sorted into contained 5 pL of EB buffer (QIAGEN, 19086), 0.5 pl of 5x
mRNA Second Strand Synthesis buffer (New England Biolabs, E6111L), and 0.25 pl of mRNA Second
Strand Synthesis enzyme (New England Biolabs, E6111L). The plates were incubated at 16°C for
3 hr. Tagmentation was performed at 55°C for 5 min in 5.75 pl of Tagmentation mix 1.1 pl N7 loaded
custom TDE1 enzyme (MacrolLab, UC Berkeley) per 632.5 pl 2x TD (DNA tagmentation) buffer (20 mM
Tris=HCIl pH 7.6, 10 mM MgCl,, 20% vol/vol dimethyl formamide [Sigma-Aldrich, 227056-100ML]). The
reaction was stopped with 12 pl of DNA binding buffer (Zymo Research, D4004-1-L). Ampure-based
bead purification, PCR, and final library purification were performed as published previously (Cao
et al., 2017). The library was visualized using a D1000 Screen Tape (Agilent Technologies, 5067-5583)
and quantified by Qubit using Broad Range DNA reagents (Invitrogen, Q32853).

In-depth protocols can be found on protocols.io under the title.

Single-cell RNA sequencing library preparation (2-level sci-RNA-seq).

Sequencing analysis

sci-Plex initial processing

The sci-Plex libraries were sequenced on an Illumina Nextseq550 (High Output 75 cycle kit) with
18 cycles for Read1, 10 cycles for each index, and 52 cycles for Read2. The reads were demulti-
plexed and then aggregated into individual cells using a pipeline developed by the Brotman Baty
Institute (BBI) which is available at the bbi-lab github page under the bbi-dmux and bbi-sci reposito-
ries (https://github.com/bbi-lab/bbi-dmux [Pliner, 2024al; https://github.com/bbi-lab/bbi-sci [Pliner,
2024b)). Custom code was used to incorporate the hash information outputted by the pipeline into
a Monocle3 object.

Filtering and dimensionality reduction (Pulse vs Timecourse)

Cells with <500 UMIs and >20,000 UMIs were discarded. The ratio of the most common hash barcode
to the second most common hash barcode was calculated (top_to_second_best_ratio). For the time
course experiment, all cells with a top_to_second_best_ratio > 4 were retained. A cutoff of a top_to_
second_best_ratio > 5 was used for the pulse experiment. Using Monocle3, the two datasets were
combined with combine cds () and subjected to dimensionality reduction to generate a 2D UMAP
from 20 PCA dimensions, a UMAP mindist of 0.1, and 50 nearest neighbors. To best align the two
datasets, align cds(alignment group = "experiment", residual model formula str
= "~10glO(n.umi)", preprocess method = "PCA") was applied after preprocess_cds ()
but before reduce dimension () in the standard Monocle3 pipeline. Clustering was performed
with a resolution of 6 x 107, and cell types were assigned using marker genes (Supplementary file
1a).

Pseudotime analysis (Pulse vs Timecourse)

Pseudotime scores were calculated with the root node set to the node at the center of the MG cluster.
DEG analysis (fit_models ()) was performed across pseudotime for cells with a pseudotime score
of >10 and <20. Genes with an effect size of magnitude <0.08 were filtered out. The remaining 250
genes with the lowest g-value were used in downstream analyses (Dataset S1). Expression heatmaps
were constructed with ComplexHeatmap (Gu et al., 2016; Gu, 2022) using all cells with a non-infinite
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pseudotime score. Cells were ordered by their pseudotime score and z-scores of the normalized
counts () are displayed.

Filtering and dimensionality reduction (small molecule screen)

For both Collections 1 and 2, cells with <500 UMIls, >20,000 UMIs, or a top_to_second_best_ratio <
5 were discarded. Additionally, any cells with >15% mitochondrial reads were removed from down-
stream analyses. The data from Collections 1 and 2 were combined as above and then subjected to
dimensionality reduction with 30 PCA dimensions, a mindist of 0.1, and 100 nearest neighbors. Clus-
tering was performed with cluster cells () using a resolution of 1 x 10™. Marker genes were used
to annotate cell types (Supplementary file 1a).

Sub clustering of reprogramming MG cells (small molecule screen)

The cells annotated as Bipolar and Reprogramming_MG were selected and dimensionality reduction
was performed of the subset of cells with 30 PCA dimensions, a mindist of 0.1, and 12 nearest neigh-
bors. A resolution of 5 x 10 was used for clustering. Common markers were used to assign cell types
on a cluster by cluster basis (Supplementary file 1a), but some clusters could not be assigned in this
manner. To find the sets of genes that most specifically define these unknown clusters, for each gene,
the fraction of cells within a cluster that express the gene as well as the mean expression of that gene
within a cluster were calculated. The mean expression values were then normalized to sum to one
across all cell types for a given gene. This was used as input for Jensen Shannon distance calculations
comparing the observed normalized expression distribution across cell types to simulated distribu-
tions in which all expression of a given gene comes from a single-cell type. This was done for each cell
type across all genes. Specificity scores were calculated by subtracting the Jensen Shannon distance
from 1. The genes with a fraction expressing >0.05 and a specificity of >0.3 were categorized as highly
specific for that cell type. For each Unknown cluster, the highly specific genes were used as input to
enrichGoO () from the clusterProfiler package with a pvalueCutoff of 0.01, gvalueCutoff = 0.05, and
Benjamini-Hoechberg adjustment using the org.Mm.eg.db OrgDb. The enriched biological processes
(BP) were then displayed by barplot.

Cell type quantification and fold-change analysis

Heatmaps of cell type abundance across treatments were generated with complexHeatmap (). For
fold-change calculations, the BP and NeuPre cell types were merged (Neuronal), as were the ProL
(early) and ProL (late) cells (ProL). Any treatments with fewer than 20 cells recovered were discarded.
A cell type by treatment matrix was generated and size factor () adjusted. The matrix was used
to calculate the fold change in cell counts of each treatment compared to the Ascl1 only condition for
all cell types. The total cell counts from each condition were also tabulated.

10x initial processing

The 10x libraries were sequenced on an lllumina Nextseq500 (150 cycle kit) with 28 cycles for Read1,
10 cycles for each index, and 90 cycles for Read2. The reads were processed using CellRanger (3.1.0)
(Zheng et al., 2017) with the default settings. The output was imported into Monocle3 (1.0.0) (Cao
et al., 2019), and the D21 data was combined into a single object with the previously published D5
and D9 datasets (Todd et al., 2020).

Filtering and dimensionality reduction (in vivo)

Cells with <2500 UMls (D5 and D21) or <3000 UMiIs (D9) were discarded. Using Monocle3, the three
datasets were combined with combine cds () and subjected to dimensionality reduction to generate
a 2D UMAP from 20 PCA dimensions, a UMAP mindist of 0.1, and 50 nearest neighbors. To best align
the two datasets, align_cds(alignment group = "sample", residual model formula
str = "~1loglO(n.umi)", preprocess method = "PCA") was applied after preprocess_cds()
but before reduce dimension () in the standard Monocle3 pipeline. Clustering was performed
with a resolution of 6 x 10, and cell types were assigned using marker genes (Supplementary file
1a).
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Pseudotime analysis (in vivo)

Pseudotime scores were calculated with the root node set to the node at the center of the MG cluster.
Expression heatmaps were constructed with ComplexHeatmap (Gu et al., 2016; Gu, 2022) using all
cells with a non-infinite pseudotime score. Cells were ordered by their pseudotime score and z-scores
of the normalized counts () are displayed.

Resource availability

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled
by the lead contact, Thomas A. Reh (tomreh@uw.edu).

Materials availability
No unique materials were generated by this study.

Acknowledgements

We would like to thank the members of the Trapnell and Reh lab for their valuable comments and
discussions. We thank Choli Lee for assistance in flow sorting, and the Brotman Baty Institute Advanced
Technology Lab for support with the data processing pipeline. Funding: this work was supported by
the National Institutes of Health (1IROTHG010632 to CT; ROTEY021482-12 to TAR; K99EY033402 to LT
and 1F32EY032331 to AT), the Paul G Allen Frontiers Foundation (Allen Discovery Center grant 12357
to CT), the Chan Zuckerberg Initiative (CZF2019-002442 to CT), the Foundation Fighting Blindness
(TA-RM-0620-0788-UWA to TAR), and the International Retina Research Foundation Fellowship to
MH. lllustrations were created with BioRender.com.

Additional information

Competing interests

Cole Trapnell: SAB member, consultant and/or co-founder of Algen Biotechnologies, Altius Therapeu-
tics, and Scale Biosciences. Thomas A Reh: SAB member, consultant and/or co-founder of Tenpoint
Therapeutics. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author
National Eye Institute ROTEY021482-12 Thomas A Reh
National Eye Institute K99EY033402 Levi Todd
National Eye Institute 1F32EY032331 Amy Tresenrider
Foundation Fighting TA-RM-0620-0788-UWA Thomas A Reh
Blindness

Chan Zuckerberg Initiative  CZF2019-002442 Cole Trapnell
International Retina Fellowship Marcus Hooper

Research Foundation

National Human Genome  1ROTHG010632 Cole Trapnell
Research Institute

Paul G. Allen Family Allen Discovery Center Cole Trapnell
Foundation grant 12357

The funders had no role in study design, data collection, and interpretation, or the
decision to submit the work for publication.

Tresenrider et al. eLife 2023;12:RP92091. DOI: https://doi.org/10.7554/eLife.92091 16 of 20


https://doi.org/10.7554/eLife.92091
https://www.biorender.com/

ELlfe Research article

Genetics and Genomics | Stem Cells and Regenerative Medicine

Author contributions

Amy Tresenrider, Levi Todd, Conceptualization, Formal analysis, Investigation, Visualization, Meth-
odology, Writing — original draft, Writing — review and editing; Marcus Hooper, Conceptualization,
Formal analysis, Investigation, Methodology, Writing — review and editing; Faith Kierney, Nicolai
A Blasdel, Investigation; Cole Trapnell, Thomas A Reh, Supervision, Funding acquisition, Writing —
review and editing

Author ORCIDs

Amy Tresenrider ® http://orcid.org/0000-0002-0819-9187
Levi Todd ® http://orcid.org/0000-0003-2561-7675
Thomas A Reh @ https://orcid.org/0000-0002-3524-0886

Ethics
Mice were housed and treated under University of Washington Institutional Animal Care and Use
Committee approved (UW-IACUC).

Peer review material

Reviewer #1 (Public Review): https://doi.org/10.7554/¢elife.92091.3.sa1
Reviewer #2 (Public Review): https://doi.org/10.7554/elife.92091.3.sa2
Author response https://doi.org/10.7554/elife.92091.3.sa3

Additional files
Supplementary files
* MDAR checklist

e Supplementary file 1. Marker genes used for cell type annotation.

Data availability

The single-cell sequencing data have been deposited at GEO: GSE239731. All code used for the
analysis has been uploaded to github at https://github.com/atresen/sci-plex_glia/tree/main (copy
archived at Tresenrider, 2024).

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Trapnell C, Reh 2024 A multiplexed, single- https://www.ncbi. NCBI Gene Expression
TA, Tresenrider A, cell sequencing screen nlm.nih.gov/geo/ Omnibus, GSE239731
Hooper M, Todd L, identifies compounds query/acc.cgi?acc=

Kierney F, Blasdel N that increase neurogenic ~ GSE239731

reprogramming of
mammalian Muller glia

References

Bellefroid EJ, Bourguignon C, Hollemann T, Ma Q, Anderson DJ, Kintner C, Pieler T. 1996. X-MyT1, a Xenopus
C2HC-type zinc finger protein with a regulatory function in neuronal differentiation. Cell 87:1191-1202. DOI:
https://doi.org/10.1016/s0092-8674(00)81815-2, PMID: 8980226

Butler LM, Agus DB, Scher Hl, Higgins B, Rose A, Cordon-Cardo C, Thaler HT, Rifkind RA, Marks PA, Richon VM.
2000. Suberoylanilide hydroxamic acid, an inhibitor of histone deacetylase, suppresses the growth of prostate
cancer cells in vitro and in vivo. Cancer Research 60:5165-5170 PMID: 11016644.

Cao J, Packer JS, Ramani V, Cusanovich DA, Huynh C, Daza R, Qiu X, Lee C, Furlan SN, Steemers FJ, Adey A,
Waterston RH, Trapnell C, Shendure J. 2017. Comprehensive single-cell transcriptional profiling of a
multicellular organism. Science 357:661-667. DOI: https://doi.org/10.1126/science.aam8940, PMID:
28818938

Cao J, Spielmann M, Qiu X, Huang X, Ibrahim DM, Hill AJ, Zhang F, Mundlos S, Christiansen L, Steemers FJ,
Trapnell C, Shendure J. 2019. The single-cell transcriptional landscape of mammalian organogenesis. Nature
566:496-502. DOI: https://doi.org/10.1038/s41586-019-0969-x, PMID: 30787437

Cheng L, Gao L, Guan W, Mao J, Hu W, Qiu B, Zhao J, Yu Y, Pei G. 2015. Direct conversion of astrocytes into
neuronal cells by drug cocktail. Cell Research 25:1269-1272. DOI: https://doi.org/10.1038/cr.2015.120, PMID:
26427716

Tresenrider et al. eLife 2023;12:RP92091. DOI: https://doi.org/10.7554/eLife.92091 17 of 20


https://doi.org/10.7554/eLife.92091
http://orcid.org/0000-0002-0819-9187
http://orcid.org/0000-0003-2561-7675
https://orcid.org/0000-0002-3524-0886
https://doi.org/10.7554/eLife.92091.3.sa1
https://doi.org/10.7554/eLife.92091.3.sa2
https://doi.org/10.7554/eLife.92091.3.sa3
https://github.com/atresen/sci-plex_glia/tree/main
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239731
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239731
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239731
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239731
https://doi.org/10.1016/s0092-8674(00)81815-2
http://www.ncbi.nlm.nih.gov/pubmed/8980226
http://www.ncbi.nlm.nih.gov/pubmed/11016644
https://doi.org/10.1126/science.aam8940
http://www.ncbi.nlm.nih.gov/pubmed/28818938
https://doi.org/10.1038/s41586-019-0969-x
http://www.ncbi.nlm.nih.gov/pubmed/30787437
https://doi.org/10.1038/cr.2015.120
http://www.ncbi.nlm.nih.gov/pubmed/26427716

e Llfe Research article

Genetics and Genomics | Stem Cells and Regenerative Medicine

Cicero AFG, Tartagni E, Ertek S. 2012. Metformin and its clinical use: new insights for an old drug in clinical
practice. Archives of Medical Science 8:907-917. DOI: https://doi.org/10.5114/aoms.2012.31622, PMID:
23185203

Clark K, MacKenzie KF, Petkevicius K, Kristariyanto Y, Zhang J, Choi HG, Peggie M, Plater L, Pedrioli PGA,
Mclver E, Gray NS, Arthur JSC, Cohen P. 2012. Phosphorylation of CRTC3 by the salt-inducible kinases controls
the interconversion of classically activated and regulatory macrophages. PNAS 109:16986-16991. DOI: https://
doi.org/10.1073/pnas. 1215450109, PMID: 23033494

Conner C, Ackerman KM, Lahne M, Hobgood JS, Hyde DR. 2014. Repressing notch signaling and expressing
TNFa are sufficient to mimic retinal regeneration by inducing Miller glial proliferation to generate committed
progenitor cells. The Journal of Neuroscience 34:14403-14419. DOI: https://doi.org/10.1523/JNEUROSCI.
0498-14.2014, PMID: 25339752

Dawson MA, Prinjha RK, Dittmann A, Giotopoulos G, Bantscheff M, Chan W-I, Robson SC, Chung C, Hopf C,
Savitski MM, Huthmacher C, Gudgin E, Lugo D, Beinke S, Chapman TD, Roberts EJ, Soden PE, Auger KR,
Mirguet O, Doehner K, et al. 2011. Inhibition of BET recruitment to chromatin as an effective treatment for
MLL-fusion leukaemia. Nature 478:529-533. DOI: https://doi.org/10.1038/nature 10509, PMID: 21964340

Devaiah BN, Lewis BA, Cherman N, Hewitt MC, Albrecht BK, Robey PG, Ozato K, Sims RJ, Singer DS. 2012.
BRD4 is an atypical kinase that phosphorylates serine2 of the RNA polymerase Il carboxy-terminal domain.
PNAS 109:6927-6932. DOI: https://doi.org/10.1073/pnas.1120422109, PMID: 22509028

Dorrity M, Saunders L, Duran M, Srivastan S, Ewing B, Queitsch C, Shendure J, Raible D, Kimelman D,

Trapnell C. 2022. Proteostasis governs differential temperature sensitivity across embryonic cell types. SSRN
Electronic Journal 186:5015-5027. DOI: https://doi.org/10.2139/ssrn.4236803

Finkbeiner C, Ortufio-Lizaran |, Sridhar A, Hooper M, Petter S, Reh TA. 2022. Single-cell ATAC-seq of fetal
human retina and stem-cell-derived retinal organoids shows changing chromatin landscapes during cell fate
acquisition. Cell Reports 38:110294. DOI: https://doi.org/10.1016/j.celrep.2021.110294, PMID: 35081356

Gao L, Guan W, Wang M, Wang H, Yu J, Liu Q, Qiu B, Yu Y, Ping Y, Bian X, Shen L, Pei G. 2017. Direct generation
of human neuronal cells from adult astrocytes by small molecules. Stem Cell Reports 8:538-547. DOI: https://
doi.org/10.1016/j.stemcr.2017.01.014, PMID: 28216149

Gascén S, Murenu E, Masserdotti G, Ortega F, Russo GL, Petrik D, Deshpande A, Heinrich C, Karow M,
Robertson SP, Schroeder T, Beckers J, Irmler M, Berndt C, Angeli JPF, Conrad M, Berninger B, Gotz M. 2016.
Identification and successful negotiation of a metabolic checkpoint in direct neuronal reprogramming. Cell
Stem Cell 18:396-409. DOI: https://doi.org/10.1016/j.stem.2015.12.003, PMID: 26748418

Gellibert F, Woolven J, Fouchet M-H, Mathews N, Goodland H, Lovegrove V, Laroze A, Nguyen V-L, Sautet S,
Wang R, Janson C, Smith W, Krysa G, Boullay V, De Gouville A-C, Huet S, Hartley D. 2004. Identification of
1,5-naphthyridine derivatives as a novel series of potent and selective TGF-beta type | receptor inhibitors.
Journal of Medicinal Chemistry 47:4494-4506. DOI: https://doi.org/10.1021/jm0400247, PMID: 15317461

Ghai K, Zelinka C, Fischer AJ. 2010. Notch signaling influences neuroprotective and proliferative properties of
mature Miller glia. The Journal of Neuroscience 30:3101-3112. DOI: https://doi.org/10.1523/JNEUROSCI.
4919-09.2010, PMID: 20181607

Gu Z, Eils R, Schlesner M. 2016. Complex heatmaps reveal patterns and correlations in multidimensional
genomic data. Bioinformatics 32:2847-2849. DOI: https://doi.org/10.1093/bioinformatics/btw313, PMID:
27207943

Gu Z. 2022. Complex heatmap visualization. iMeta 1:e43. DOI: https://doi.org/10.1002/imt2.43, PMID:
38868715

Hao J, Ho JN, Lewis JA, Karim KA, Daniels RN, Gentry PR, Hopkins CR, Lindsley CW, Hong CC. 2010. In vivo
structure-activity relationship study of dorsomorphin analogues identifies selective VEGF and BMP inhibitors.
ACS Chemical Biology 5:245-253. DOI: https://doi.org/10.1021/cb9002865, PMID: 20020776

Hayes S, Nelson BR, Buckingham B, Reh TA. 2007. Notch signaling regulates regeneration in the avian retina.
Developmental Biology 312:300-311. DOI: https://doi.org/10.1016/j.ydbio.2007.09.046, PMID: 18028900

Hufnagel RB, Le TT, Riesenberg AL, Brown NL. 2010. Neurog2 controls the leading edge of neurogenesis in the
mammalian retina. Developmental Biology 340:490-503. DOI: https://doi.org/10.1016/j.ydbio.2010.02.002,
PMID: 20144606

Ichida JK, Blanchard J, Lam K, Son EY, Chung JE, Egli D, Loh KM, Carter AC, Di Giorgio FP, Koszka K,

Huangfu D, Akutsu H, Liu DR, Rubin LL, Eggan K. 2009. A small-molecule inhibitor of tgf-Beta signaling
replaces sox2 in reprogramming by inducing nanog. Cell Stem Cell 5:491-503. DOI: https://doi.org/10.1016/j.
stem.2009.09.012, PMID: 19818703

Inman GJ, Nicolés FJ, Callahan JF, Harling JD, Gaster LM, Reith AD, Laping NJ, Hill CS. 2002. SB-431542 is a
potent and specific inhibitor of transforming growth factor-beta superfamily type | activin receptor-like kinase
(ALK) receptors ALK4, ALKS5, and ALK7. Molecular Pharmacology 62:65-74. DOI: https://doi.org/10.1124/mol.
62.1.65, PMID: 12065756

Janowska J, Gargas J, Ziemka-Nalecz M, Zalewska T, Buzanska L, Sypecka J. 2019. Directed glial differentiation
and transdifferentiation for neural tissue regeneration. Experimental Neurology 319:112813. DOI: https://doi.
org/10.1016/j.expneurol.2018.08.010, PMID: 30171864

Jiang Y, Ding Q, Xie X, Libby RT, Lefebvre V, Gan L. 2013. Transcription factors SOX4 and SOX11 function
redundantly to regulate the development of mouse retinal ganglion cells. The Journal of Biological Chemistry
288:18429-18438. DOI: https://doi.org/10.1074/jbc.M113.478503, PMID: 23649630

Tresenrider et al. eLife 2023;12:RP92091. DOI: https://doi.org/10.7554/eLife.92091 18 of 20


https://doi.org/10.7554/eLife.92091
https://doi.org/10.5114/aoms.2012.31622
http://www.ncbi.nlm.nih.gov/pubmed/23185203
https://doi.org/10.1073/pnas.1215450109
https://doi.org/10.1073/pnas.1215450109
http://www.ncbi.nlm.nih.gov/pubmed/23033494
https://doi.org/10.1523/JNEUROSCI.0498-14.2014
https://doi.org/10.1523/JNEUROSCI.0498-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25339752
https://doi.org/10.1038/nature10509
http://www.ncbi.nlm.nih.gov/pubmed/21964340
https://doi.org/10.1073/pnas.1120422109
http://www.ncbi.nlm.nih.gov/pubmed/22509028
https://doi.org/10.2139/ssrn.4236803
https://doi.org/10.1016/j.celrep.2021.110294
http://www.ncbi.nlm.nih.gov/pubmed/35081356
https://doi.org/10.1016/j.stemcr.2017.01.014
https://doi.org/10.1016/j.stemcr.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28216149
https://doi.org/10.1016/j.stem.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26748418
https://doi.org/10.1021/jm0400247
http://www.ncbi.nlm.nih.gov/pubmed/15317461
https://doi.org/10.1523/JNEUROSCI.4919-09.2010
https://doi.org/10.1523/JNEUROSCI.4919-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20181607
https://doi.org/10.1093/bioinformatics/btw313
http://www.ncbi.nlm.nih.gov/pubmed/27207943
https://doi.org/10.1002/imt2.43
http://www.ncbi.nlm.nih.gov/pubmed/38868715
https://doi.org/10.1021/cb9002865
http://www.ncbi.nlm.nih.gov/pubmed/20020776
https://doi.org/10.1016/j.ydbio.2007.09.046
http://www.ncbi.nlm.nih.gov/pubmed/18028900
https://doi.org/10.1016/j.ydbio.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20144606
https://doi.org/10.1016/j.stem.2009.09.012
https://doi.org/10.1016/j.stem.2009.09.012
http://www.ncbi.nlm.nih.gov/pubmed/19818703
https://doi.org/10.1124/mol.62.1.65
https://doi.org/10.1124/mol.62.1.65
http://www.ncbi.nlm.nih.gov/pubmed/12065756
https://doi.org/10.1016/j.expneurol.2018.08.010
https://doi.org/10.1016/j.expneurol.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30171864
https://doi.org/10.1074/jbc.M113.478503
http://www.ncbi.nlm.nih.gov/pubmed/23649630

e Llfe Research article

Genetics and Genomics | Stem Cells and Regenerative Medicine

Jorstad NL, Wilken MS, Grimes WN, Wohl SG, VandenBosch LS, Yoshimatsu T, Wong RO, Rieke F, Reh TA. 2017.
Stimulation of functional neuronal regeneration from Miiller glia in adult mice. Nature 548:103-107. DOI:
https://doi.org/10.1038/nature23283, PMID: 28746305

Jorstad NL, Wilken MS, Todd L, Finkbeiner C, Nakamura P, Radulovich N, Hooper MJ, Chitsazan A,

Wilkerson BA, Rieke F, Reh TA. 2020. STAT signaling modifies Ascl1 chromatin binding and limits neural
regeneration from muller glia in adult mouse retina. Cell Reports 30:2195-2208. DOI: https://doi.org/10.1016/
j.celrep.2020.01.075, PMID: 32075759

Kim JG, Hudson LD. 1992. Novel member of the zinc finger superfamily: A C2-HC finger that recognizes A
glia-specific gene. Molecular and Cellular Biology 12:5632-5639. DOI: https://doi.org/10.1128/mcb.12.12.
5632-5639.1992, PMID: 1280325

Kraker AJ. 2003. Modulation of histone acetylation by [4-(acetylamino)-N-(2-amino-phenyl) benzamide] in HCT-8
colon carcinoma. Molecular Cancer Therapeutics 2:401-408.

Laping NJ, Grygielko E, Mathur A, Butter S, Bomberger J, Tweed C, Martin W, Fornwald J, Lehr R, Harling J,
Gaster L, Callahan JF, Olson BA. 2002. Inhibition of transforming growth factor (TGF)-beta1-induced
extracellular matrix with a novel inhibitor of the TGF-beta type | receptor kinase activity: SB-431542. Molecular
Pharmacology 62:58-64. DOI: https://doi.org/10.1124/mol.62.1.58, PMID: 12065755

Lee J, Taylor CA, Barnes KM, Shen A, Stewart EV, Chen A, Xiang YK, Bao Z, Shen K. 2019. A Myt1 family
transcription factor defines neuronal fate by repressing non-neuronal genes. elife 8:e46703. DOI: https://doi.
org/10.7554/elife.46703, PMID: 31386623

Lentini C, d’Orange M, Marichal N, Trottmann M-M, Vignoles R, Foucault L, Verrier C, Massera C, Raineteau O,
Conzelmann K-K, Rival-Gervier S, Depaulis A, Berninger B, Heinrich C. 2021. Reprogramming reactive glia into
interneurons reduces chronic seizure activity in a mouse model of mesial temporal lobe epilepsy. Cell Stem Cell
28:2104-2121.. DOI: https://doi.org/10.1016/j.stem.2021.09.002, PMID: 34592167

Liu H, Kim S-Y, Fu Y, Wu X, Ng L, Swaroop A, Forrest D. 2013. An isoform of retinoid-related orphan receptor
directs differentiation of retinal amacrine and horizontal interneurons. Nature Communications 4:1813. DOI:
https://doi.org/10.1038/ncomms2793, PMID: 23652001

Liu H, Aramaki M, Fu Y, Forrest D. 2017. Retinoid-related orphan receptor B and transcriptional control of
neuronal differentiation. Forrest D, Tsai S (Eds). Current Topics in Developmental Biology. Academic Press. p.
227-255. DOI: https://doi.org/10.1016/bs.ctdb.2016.11.009, PMID: 28527573

Mall M, Kareta MS, Chanda S, Ahlenius H, Perotti N, Zhou B, Grieder SD, Ge X, Drake S, Euong Ang C,

Walker BM, Vierbuchen T, Fuentes DR, Brennecke P, Nitta KR, Jolma A, Steinmetz LM, Taipale J, Stidhof TC,
Wernig M. 2017. Myt 1l safeguards neuronal identity by actively repressing many non-neuronal fates. Nature
544:245-249. DOI: https://doi.org/10.1038/nature21722, PMID: 28379941

Markowicz-Piasecka M, Sikora J, Szydtowska A, Skupien A, Mikiciuk-Olasik E, Huttunen KM. 2017. Metformin - a
future therapy for neurodegenerative diseases : theme: drug discovery, development and delivery in
alzheimer’s disease guest editor: davide brambilla. Pharmaceutical Research 34:2614-2627. DOI: https://doi.
org/10.1007/s11095-017-2199-y, PMID: 28589443

Martin MW, Newcomb J, Nunes JJ, McGowan DC, Armistead DM, Boucher C, Buchanan JL, Buckner W, Chai L,
Elbaum D, Epstein LF, Faust T, Flynn S, Gallant P, Gore A, Gu Y, Hsieh F, Huang X, Lee JH, Metz D, et al. 2006.
Novel 2-aminopyrimidine carbamates as potent and orally active inhibitors of Lck: synthesis, SAR, and in vivo
antiinflammatory activity. Journal of Medicinal Chemistry 49:4981-4991. DOI: https://doi.org/10.1021/
jm060435i, PMID: 16884310

Milano J, McKay J, Dagenais C, Foster-Brown L, Pognan F, Gadient R, Jacobs RT, Zacco A, Greenberg B,
Ciaccio PJ. 2004. Modulation of notch processing by gamma-secretase inhibitors causes intestinal goblet cell
metaplasia and induction of genes known to specify gut secretory lineage differentiation. Toxicological
Sciences 82:341-358. DOI: https://doi.org/10.1093/toxsci/kth254, PMID: 15319485

Nelson BR, Hartman BH, Georgi SA, Lan MS, Reh TA. 2007. Transient inactivation of Notch signaling
synchronizes differentiation of neural progenitor cells. Developmental Biology 304:479-498. DOI: https://doi.
org/10.1016/j.ydbio.2007.01.001, PMID: 17280659

Pliner HA. 2024a. Bbi-dmux. c712a12. GitHub. https://github.com/bbi-lab/bbi-dmux

Pliner HA. 2024b. Bbi-sci. 6433cfa. GitHub. https://github.com/bbi-lab/bbi-sci

Pollak J, Wilken MS, Ueki Y, Cox KE, Sullivan JM, Taylor RJ, Levine EM, Reh TA. 2013. ASCL1 reprograms mouse
Muller glia into neurogenic retinal progenitors. Development 140:2619-2631. DOI: https://doi.org/10.1242/
dev.091355, PMID: 23637330

Roschger C, Cabrele C. 2017. The Id-protein family in developmental and cancer-associated pathways. Cell
Communication and Signaling 15:7. DOI: https://doi.org/10.1186/s12964-016-0161-y, PMID: 28122577

Saunders LM, Srivatsan SR, Duran M, Dorrity MW, Ewing B, Linbo T, Shendure J, Raible DW, Moens CB,
Kimelman D, Trapnell C. 2022. Deep Molecular, Cellular and Temporal Phenotyping of Developmental
Perturbations at Whole Organism Scale. bioRxiv. DOI: https://doi.org/10.1101/2022.08.04.502764

Srivatsan SR, McFaline-Figueroa JL, Ramani V, Saunders L, Cao J, Packer J, Pliner HA, Jackson DL, Daza RM,
Christiansen L, Zhang F, Steemers F, Shendure J, Trapnell C. 2020. Massively multiplex chemical transcriptomics
at single-cell resolution. Science 367:45-51. DOI: https://doi.org/10.1126/science.aax6234, PMID: 31806696

Swaroop A, Kim D, Forrest D. 2010. Transcriptional regulation of photoreceptor development and homeostasis
in the mammalian retina. Nature Reviews. Neuroscience 11:563-576. DOI: https://doi.org/10.1038/nrn2880,
PMID: 20648062

Theunissen TW, Powell BE, Wang H, Mitalipova M, Faddah DA, Reddy J, Fan ZP, Maetzel D, Ganz K, Shi L,
Lungjangwa T, Imsoonthornruksa S, Stelzer Y, Rangarajan S, D'Alessio A, Zhang J, Gao Q, Dawlaty MM,

Tresenrider et al. eLife 2023;12:RP92091. DOI: https://doi.org/10.7554/eLife.92091 19 of 20


https://doi.org/10.7554/eLife.92091
https://doi.org/10.1038/nature23283
http://www.ncbi.nlm.nih.gov/pubmed/28746305
https://doi.org/10.1016/j.celrep.2020.01.075
https://doi.org/10.1016/j.celrep.2020.01.075
http://www.ncbi.nlm.nih.gov/pubmed/32075759
https://doi.org/10.1128/mcb.12.12.5632-5639.1992
https://doi.org/10.1128/mcb.12.12.5632-5639.1992
http://www.ncbi.nlm.nih.gov/pubmed/1280325
https://doi.org/10.1124/mol.62.1.58
http://www.ncbi.nlm.nih.gov/pubmed/12065755
https://doi.org/10.7554/eLife.46703
https://doi.org/10.7554/eLife.46703
http://www.ncbi.nlm.nih.gov/pubmed/31386623
https://doi.org/10.1016/j.stem.2021.09.002
http://www.ncbi.nlm.nih.gov/pubmed/34592167
https://doi.org/10.1038/ncomms2793
http://www.ncbi.nlm.nih.gov/pubmed/23652001
https://doi.org/10.1016/bs.ctdb.2016.11.009
28527573
https://doi.org/10.1038/nature21722
http://www.ncbi.nlm.nih.gov/pubmed/28379941
https://doi.org/10.1007/s11095-017-2199-y
https://doi.org/10.1007/s11095-017-2199-y
http://www.ncbi.nlm.nih.gov/pubmed/28589443
https://doi.org/10.1021/jm060435i
https://doi.org/10.1021/jm060435i
http://www.ncbi.nlm.nih.gov/pubmed/16884310
https://doi.org/10.1093/toxsci/kfh254
http://www.ncbi.nlm.nih.gov/pubmed/15319485
https://doi.org/10.1016/j.ydbio.2007.01.001
https://doi.org/10.1016/j.ydbio.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17280659
https://github.com/bbi-lab/bbi-dmux
https://github.com/bbi-lab/bbi-sci
https://doi.org/10.1242/dev.091355
https://doi.org/10.1242/dev.091355
http://www.ncbi.nlm.nih.gov/pubmed/23637330
https://doi.org/10.1186/s12964-016-0161-y
http://www.ncbi.nlm.nih.gov/pubmed/28122577
https://doi.org/10.1101/2022.08.04.502764
https://doi.org/10.1126/science.aax6234
http://www.ncbi.nlm.nih.gov/pubmed/31806696
https://doi.org/10.1038/nrn2880
http://www.ncbi.nlm.nih.gov/pubmed/20648062

e Llfe Research article

Genetics and Genomics | Stem Cells and Regenerative Medicine

Young RA, Gray NS, et al. 2014. Systematic identification of culture conditions for induction and maintenance
of naive human pluripotency. Cell Stem Cell 15:471-487. DOI: https://doi.org/10.1016/].stem.2014.07.002,
PMID: 25090446

Todd L, Squires N, Suarez L, Fischer AJ. 2016. Jak/Stat signaling regulates the proliferation and neurogenic
potential of Miiller glia-derived progenitor cells in the avian retina. Scientific Reports 6:35703. DOI: https://doi.
org/10.1038/srep35703, PMID: 27759082

Todd L, Finkbeiner C, Wong CK, Hooper MJ, Reh TA. 2020. Microglia suppress Ascl1-induced retinal
regeneration in mice. Cell Reports 33:108507. DOI: https://doi.org/10.1016/].celrep.2020.108507, PMID:
33326790

Todd L, Hooper MJ, Haugan AK, Finkbeiner C, Jorstad N, Radulovich N, Wong CK, Donaldson PC, Jenkins W,
Chen Q, Rieke F, Reh TA. 2021. Efficient stimulation of retinal regeneration from Midiller glia in adult mice using
combinations of proneural bHLH transcription factors. Cell Reports 37:109857. DOI: https://doi.org/10.1016/j.
celrep.2021.109857, PMID: 34686336

Todd L, Jenkins W, Finkbeiner C, Hooper MJ, Donaldson PC, Pavlou M, Wohlschlegel J, Ingram N, Mu X, Rieke F,
Reh TA. 2022. Reprogramming Miiller glia to regenerate ganglion-like cells in adult mouse retina with
developmental transcription factors. Science Advances 8:eabq7219. DOI: https://doi.org/10.1126/sciadv.
abq7219, PMID: 36417510

Todd L, Reh TA. 2022. Comparative biology of vertebrate retinal regeneration: restoration of vision through
cellular reprogramming. Cold Spring Harbor Perspectives in Biology 14:a040816. DOI: https://doi.org/10.1101/
cshperspect.a040816, PMID: 34580118

Tresenrider A, Sridhar A, Eldred KC, Cuschieri S, Hoffer D, Trapnell C, Reh TA. 2023. Single-cell sequencing of
individual retinal organoids reveals determinants of cell fate heterogeneity. bioRxiv. DOI: https://doi.org/10.
1101/2023.05.31.543087

Tresenrider A. 2024. Sci-plex_glia. swh:1:rev:9739508c522078014ebbb991f3ff474138ac7fbd. Software Heritage.
https://archive.softwareheritage.org/swh:1:dir:b393c9bc06248673e644c07acadeaa3dfda’2cdd?;origin=https://
github.com/atresen/sci-plex_glia;visit=swh:1:snp:3a350a81cb2031d51654aca8a7%ee1b34abf2abb;anchor=swh:
1:rev:9739508c522078014ebbb99ff3ff474138ac7fbd

Ueki Y, Wilken MS, Cox KE, Chipman L, Jorstad N, Sternhagen K, Simic M, Ullom K, Nakafuku M, Reh TA. 2015.
Transgenic expression of the proneural transcription factor Ascl1 in Mdller glia stimulates retinal regeneration
in young mice. PNAS 112:13717-13722. DOI: https://doi.org/10.1073/pnas. 1510595112, PMID: 26483457

Usui A, lwagawa T, Mochizuki Y, lida A, Wegner M, Murakami A, Watanabe S. 2013. Expression of Sox4 and
Sox11 is regulated by multiple mechanisms during retinal development. FEBS Letters 587:358-363. DOI:
https://doi.org/10.1016/].febslet.2012.12.017, PMID: 23313252

Vasconcelos FF, Sessa A, Laranjeira C, Raposo AASF, Teixeira V, Hagey DW, Tomaz DM, Muhr J, Broccoli V,
Castro DS. 2016. MyT1 counteracts the neural progenitor program to promote vertebrate neurogenesis. Cell
Reports 17:469-483. DOI: https://doi.org/10.1016/].celrep.2016.09.024, PMID: 27705795

Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Stidhof TC, Wernig M. 2010. Direct conversion of fibroblasts to
functional neurons by defined factors. Nature 463:1035-1041. DOI: https://doi.org/10.1038/nature08797,
PMID: 20107439

Wan J, Ramachandran R, Goldman D. 2012. HB-EGF is necessary and sufficient for Mdiller glia dedifferentiation
and retina regeneration. Developmental Cell 22:334-347. DOI: https://doi.org/10.1016/j.devcel.2011.11.020,
PMID: 22340497

Wang J, Gallagher D, DeVito LM, Cancino GlI, Tsui D, He L, Keller GM, Frankland PW, Kaplan DR, Miller FD.
2012. Metformin activates an atypical PKC-CBP pathway to promote neurogenesis and enhance spatial
memory formation. Cell Stem Cell 11:23-35. DOI: https://doi.org/10.1016/j.stem.2012.03.016

Zhang L, Li Q, Wang H, Wu Y, Ye X, Gong Z, Li Q, Xuan A. 2022. Gadd45g, a novel antidepressant target,
mediates metformin-induced neuronal differentiation of neural stem cells via DNA demethylation. Stem Cells
40:59-73. DOI: https://doi.org/10.1093/stmcls/sxab001, PMID: 35511865

Zheng GXY, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, Ziraldo SB, Wheeler TD, McDermott GP, Zhu J,
Gregory MT, Shuga J, Montesclaros L, Underwood JG, Masquelier DA, Nishimura SY, Schnall-Levin M,
Wyatt PW, Hindson CM, Bharadwaj R, et al. 2017. Massively parallel digital transcriptional profiling of single
cells. Nature Communications 8:14049. DOI: https://doi.org/10.1038/ncomms 14049, PMID: 28091601

Zhu X, Shen J, Feng S, Huang C, Liu Z, Sun YE, Liu H. 2020. Metformin improves cognition of aged mice by
promoting cerebral angiogenesis and neurogenesis. Aging 12:17845-17862. DOI: https://doi.org/10.18632/
aging.103693, PMID: 32938817

Tresenrider et al. eLife 2023;12:RP92091. DOI: https://doi.org/10.7554/eLife.92091 20 of 20


https://doi.org/10.7554/eLife.92091
https://doi.org/10.1016/j.stem.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25090446
https://doi.org/10.1038/srep35703
https://doi.org/10.1038/srep35703
http://www.ncbi.nlm.nih.gov/pubmed/27759082
https://doi.org/10.1016/j.celrep.2020.108507
http://www.ncbi.nlm.nih.gov/pubmed/33326790
https://doi.org/10.1016/j.celrep.2021.109857
https://doi.org/10.1016/j.celrep.2021.109857
http://www.ncbi.nlm.nih.gov/pubmed/34686336
https://doi.org/10.1126/sciadv.abq7219
https://doi.org/10.1126/sciadv.abq7219
http://www.ncbi.nlm.nih.gov/pubmed/36417510
https://doi.org/10.1101/cshperspect.a040816
https://doi.org/10.1101/cshperspect.a040816
http://www.ncbi.nlm.nih.gov/pubmed/34580118
https://doi.org/10.1101/2023.05.31.543087
https://doi.org/10.1101/2023.05.31.543087
https://archive.softwareheritage.org/swh:1:dir:b393c9bc06248673e644c07aea4eaa3fda72cdd9;origin=https://github.com/atresen/sci-plex_glia;visit=swh:1:snp:3a350a81cb2031d51654aca8a79ee1b34a6f2ab6;anchor=swh:1:rev:9739508c522078014ebbb99ff3ff474138ac7fbd
https://archive.softwareheritage.org/swh:1:dir:b393c9bc06248673e644c07aea4eaa3fda72cdd9;origin=https://github.com/atresen/sci-plex_glia;visit=swh:1:snp:3a350a81cb2031d51654aca8a79ee1b34a6f2ab6;anchor=swh:1:rev:9739508c522078014ebbb99ff3ff474138ac7fbd
https://archive.softwareheritage.org/swh:1:dir:b393c9bc06248673e644c07aea4eaa3fda72cdd9;origin=https://github.com/atresen/sci-plex_glia;visit=swh:1:snp:3a350a81cb2031d51654aca8a79ee1b34a6f2ab6;anchor=swh:1:rev:9739508c522078014ebbb99ff3ff474138ac7fbd
https://doi.org/10.1073/pnas.1510595112
http://www.ncbi.nlm.nih.gov/pubmed/26483457
https://doi.org/10.1016/j.febslet.2012.12.017
http://www.ncbi.nlm.nih.gov/pubmed/23313252
https://doi.org/10.1016/j.celrep.2016.09.024
http://www.ncbi.nlm.nih.gov/pubmed/27705795
https://doi.org/10.1038/nature08797
http://www.ncbi.nlm.nih.gov/pubmed/20107439
https://doi.org/10.1016/j.devcel.2011.11.020
http://www.ncbi.nlm.nih.gov/pubmed/22340497
https://doi.org/10.1016/j.stem.2012.03.016
https://doi.org/10.1093/stmcls/sxab001
http://www.ncbi.nlm.nih.gov/pubmed/35511865
https://doi.org/10.1038/ncomms14049
http://www.ncbi.nlm.nih.gov/pubmed/28091601
https://doi.org/10.18632/aging.103693
https://doi.org/10.18632/aging.103693
http://www.ncbi.nlm.nih.gov/pubmed/32938817

	A multiplexed, single-­cell sequencing screen identifies compounds that increase neurogenic reprogramming of murine Muller glia
	eLife assessment
	Introduction
	Results
	sci-Plex captures the in vitro temporal dynamics of neurogenic reprogramming from MG
	sci-Plex as a screen to identify small molecules that affect Ascl1-dependent MG reprogramming
	Validating sci-Plex hits in an in vivo neuronal regeneration paradigm

	Discussion
	Materials and methods
	Mouse injections and husbandry
	Primary cell culture, MG freezing, thawing, and plating
	Drug treatment
	Ascl1 timecourse and pulse
	Timecourse
	Pulse
	Drug treated cells

	Hashing for sci-Plex
	Sectioning and immunostaining
	Microscopy and cell counts
	10× library preparation
	sci-RNA-seq
	Sequencing analysis﻿﻿
	sci-Plex initial processing
	Filtering and dimensionality reduction (Pulse vs Timecourse)
	Pseudotime analysis (Pulse vs Timecourse)
	Filtering and dimensionality reduction (small molecule screen)
	Sub clustering of reprogramming MG cells (small molecule screen)
	Cell type quantification and fold-change analysis
	10× initial processing
	Filtering and dimensionality reduction (in vivo)
	Pseudotime analysis (in vivo)

	Resource availability
	Lead contact
	Materials availability


	Acknowledgements
	Additional information
	﻿Competing interests
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


