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Proliferation history and transcription factor levels
drive direct conversion to motor neurons
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SUMMARY

The sparse and stochastic nature of conversion has obscured our understanding of how transcription factors
(TFs) drive cells to new identities. To overcome this limit, we develop a tailored, high-efficiency conversion sys-
tem that increases the direct conversion of fibroblasts to motor neurons 100-fold. By tailoring the cocktail to a
minimal set of transcripts, we reduce extrinsic variation, allowing us to examine how proliferation and TFs syn-
ergistically drive conversion. We show that cell state—as set by proliferation history—defines how cells interpret
the levels of TFs. Controlling for proliferation history and titrating each TF, we find that conversion correlates with
levels of the pioneer TF Ngn2. By isolating cells by both their proliferation history and Ngn2 levels, we demon-
strate that levels of Ngn2 expression alone are insufficient to predict conversion rates. Rather, proliferation his-
tory and TF levels combine to drive direct conversion. Finally, increasing the proliferation rate of adult human

fibroblasts generates morphologically mature induced human motor neurons at high rates.

INTRODUCTION

The inherently stochastic nature of conversion has limited the
identification of design rules for guiding cells through cell-fate
transitions.”> Combinations of transcription factors (TFs) guide
cells to specific new cell fates.® '® However, within these diverse
cocktails, how the individual TFs and their stoichiometries influ-
ence conversion events remains poorly defined.®'* 51719
Extrinsic variation including variability across batches of cells,
complex cocktails of TFs, and copy number, as well as intrinsic
cellular variation, have obscured how the levels of individual TFs
promote or impede reprogramming.?®?" Process variability,
combined with low rates of reprogramming, constrains our abil-
ity to resolve the distinct molecular states and processes that
cells adopt during successful reprogramming.?* By improving
the rate of reprogramming, we can identify these states and pro-
cesses that promote cell-fate transitions.

Across diverse systems, previous work has established that
higher expression of reprogramming factors correlates with
higher rates of reprogramming.?>** However, inclusion or
dropout of individual TFs influences the number of reprogram-
ming events, transcriptional trajectories, and function of con-
verted cells.”"'"*®* While transcriptional profiling identifies
expression trajectories, TFs exert their influence as proteins,
which cannot be directly imputed from mRNA expression.?®2%
Moreover, global processes such as transcription, replication,
and proliferation strongly influence reprogramming events

and may amplify or dampen the expression and activity of
TFs.20:23:29-33 Thus, TFs are powerful drivers of cellular reprog-
ramming, but how they combine with other global processes
to guide cell-fate transitions remains unclear.

During development, progenitor cells often divide prior to dif-
ferentiation.>*~*° Division supports differentiation and mainte-
nance of the progenitor pool as cells adopt distinct fates. In
direct conversion, cells do not necessarily transit through a
defined progenitor state,?*” and proliferation is not required for
conversion.**™*° However, highly proliferative cells reprogram
at higher rates to both induced pluripotent stem cells (iPSCs)
and post-mitotic neurons, suggesting that proliferation may
serve a conserved role in facilitating cell-fate transitions.?%**"
Further, higher rates of proliferation can accelerate reprogram-
ming.“? Curiously, we and others have observed that the rate
of proliferation can substantially impact the expression of TFs
in both native and synthetic systems.?>*° Indeed, in differentia-
tion to macrophages, cell-cycle lengthening enables progenitors
to commit to the macrophage lineage by increasing accumula-
tion of PU.1 protein without increasing PU.1 transcription.*° If
higher rates of proliferation simultaneously increase the proba-
bility of reprogramming and reduce expression of the TFs, how
do cells integrate these incoherent cues?

To examine how individual TFs and their levels of expression
contribute to reprogramming outcomes, we selected a model
of direct conversion from fibroblasts to motor neurons.*® Direct
conversion to motor neurons provides a well-defined testbed
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Figure 1. Stochastic and sparse nature of conversion limits understanding

Low, stochastic rates of conversion obfuscate how TFs drive direct conversion. By using a high-efficiency, chemo-genetic cocktail, termed DDRR (p53DD [DD],
HRASC™V [R], and RepSox [R], a small-molecule TGF-B-inhibitor), we are able to induce a cell state that is more receptive to direct conversion, facilitating the
study of how TF levels map to conversion outcomes.® DDRR induces a more receptive cell state by driving proliferation and reducing genomic stress
encountered during conversion. While DDRR significantly increases direct conversion to neural lineages, previous motor neuron direct conversion cocktails
contained six different TFs, making it difficult to ascertain their effects on conversion. In this work, we set out to tailor the cocktail to its minimal components to

facilitate systematic exploration of how exogenous expression of TFs contribute to cell-fate conversion.

with established mouse transgenic reporters for staging the con-
version process in living cells. Importantly, direct conversion to a
post-mitotic identity provides several advantages over reprog-
ramming to iPSCs. Conversion to a post-mitotic cell type such
as motor neurons allows us to decouple transient changes in
proliferation, which facilitate cell-fate transitions, from prolifera-
tion rates associated with the new cell identity. Further, we can
accurately estimate conversion events based simply on the
number of neurons generated, which is not possible in conver-
sion to iPSCs. Unlike iPSCs, neurons do not divide once
converted. Thus, each neuron corresponds to exactly one
conversion event.

While post-mitotic neurons are useful for quantifying conver-
sion events, direct conversion protocols to non-proliferative
cell fates often suffer from low conversion yields. To better
dissect how TF levels direct cell-fate transitions, we addressed
the challenge of low conversion rates by capitalizing on our
recently developed chemo-genetic cocktail that increases direct
conversion to motor neurons by two orders of magnitude.?®
Importantly, we first sought to reduce sources of extrinsic varia-
tion to resolve how individual TFs influence conversion out-
comes. To this end, we tailored the TF cocktail and minimized
the number of viruses, consequently increasing the fraction of
cells that undergo a period of rapid proliferation. These cells
with a hyperproliferative (hyperP) history convert at 4-fold higher
rates than non-hyperP cells, leading to an exponential increase
in yield. By increasing the number of conversion events and
titrating expression, we identified TF-specific correlations be-
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tween expression and conversion events. Then, by sorting cells
on both their proliferation history and their levels of Ngn2, we
demonstrated that hyperP cells with similar or even lower levels
of the pioneer TF Ngn2 convert at higher rates than non-hyperP
cells. Thus, cell state—as set by proliferation history—defines
the responsiveness of cells to TF levels. Using these insights,
we designed improved conversion cocktails for direct conver-
sion of adult human fibroblasts to motor neurons by increasing
proliferation. Overall, we find that proliferation history and TF
expression combine to drive cell-fate transitions.

RESULTS

Tailored conversion cocktail minimizes extrinsic
variation and increases conversion events

We aimed to minimize sources of extrinsic variation so we could
precisely dissect the processes that support cell-fate transitions
(Figure 1). Capitalizing on our recently developed high-efficiency
cocktail (DDRR: p53DD [DD]; HRAS®'2V [R] and the small-mole-
cule transforming growth factor B [TGF-B]-inhibitor RepSox
[R]),>® we used the conversion of mouse embryonic fibroblasts
(MEFs) to induced motor neurons (iMNs) as our model system.
DDRR is a chemo-genetic cocktail that dramatically improves
direct conversion to neural lineages by increasing the fraction
of cells that can rapidly proliferate early in conversion while
decreasing genomic stress through topoisomerase activation.®
These cells with a rapid proliferative history are normally rare
but more receptive to conversion by TF cocktails. Thus, we
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Figure 2. Tailored conversion cocktail minimizes extrinsic variation and increases conversion events

(A) Schematic depicting the conversion process.

(B) Images of Hb9::GFP activation and morphological changes of MEF-to-iMN conversion starting at 3 days post-infection (dpi) until 14 dpi when conversion
purity and yield are quantified. Inset shows zoomed-in portion of image. Both scale bars represent 500 um.

(C and D) Conversion outcomes can be quantified by yield (C) and purity (D). We define yield as the number of bright Hb9::GFP+ cells (Figure S1A) per initial donor
cell seeded and purity as the number of bright Hb9::GFP+ cells out of all cells detected.

(E and F) Conversion yield (E) and purity (F) at 14 dpi for 6F vs. NIL + DDRR. Mean is shown with 95% confidence interval; marker style denotes biological
replicates; n = 4 biological replicates per condition; one-tailed t test with Bonferroni correction.

Significance summary: p > 0.05 (ns); *p < 0.05; *p < 0.01; **p < 0.001; and ***p < 0.0001.

hypothesized that including DDRR to increase the fraction of
cells in this receptive state would enable exploration of how indi-
vidual TFs contribute to cell-fate conversion.

We delivered the conversion factors encoded on retroviruses
to transgenic MEFs bearing the motor neuron reporter
Hb9::GFP,*® which allows us to monitor conversion dynamically.
Activation of Hb9::GFP and neuronal morphology provide live
metrics of the conversion process (Figures 2A, 2B, and S1A).
Importantly, each fully converted iMN corresponds to exactly
one conversion event, allowing us to quantitatively evaluate

how perturbations impact the number of successful events.
We delivered the genetic portion of the high-efficiency DDRR
module as a single viral cargo to reduce variability caused by dif-
ferential integration of p53DD and HRAS®'2Y %4 To capture mul-
tiple dimensions of the conversion process’s efficiency, we used
two metrics: yield and purity (Figures 2C and 2D). We quantify
yield by the number of converted cells at the final time point rela-
tive to the starting cell input. Yield increases for highly prolifera-
tive conditions and measures how many successful conversion
events occur from an initial seeded population. We also quantify
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purity by the percentage of cells of the total population that is
converted at that time point. Purity measures the proportion of
the cells at the time of quantification that have converted into
the desired cell fate. Yield and purity are generally correlated;
however, differences in these metrics may reflect different
proliferation rates between cells, such as non-converted and
converted iMNs.

While our previously published protocol improved rates of
direct conversion, we observed substantial variability across
biological replicates.”® We suspected the variability in conver-
sion rate was due to extrinsic variation introduced by co-trans-
duction of eight different viruses. To reduce extrinsic variation
and improve the controllability of the cocktail, we minimized
the number of TFs and viruses. First, we sought to identify the
minimal set of TFs from the originally identified six factors (6F:
Brn2, Ascl1, Myt1l, Ngn2, Isl1, and Lhx3) that could induce
iMN fate with our previously identified high-efficiency cock-
tail.>?® Induction of Ngn2, Isl1, and Lhx3 (NIL) expression effi-
ciently drives mouse embryonic stem cells to motor neurons.*®
Further, NIL can be expressed from a single-transcript cassette
where each TF is separated by “self-cleaving” 2A sequences.*’
As a 3.2-kb cargo, these three TFs can be efficiently delivered by
a single retrovirus to induce conversion (Figure 2A). We verified
that NIL together comprise a minimally sufficient set for high-ef-
ficiency MEF-to-iMN direct conversion through a TF dropout
experiment (Figures S1B and S1C). Interestingly, NIL acceler-
ated the number of Hb9::GFP-positive cells that formed
beginning at 4 days post-infection (4 dpi), compared with 6F,
with the high-efficiency DDRR cocktail (Figure 2B). Compared
with 6F, NIL increases the conversion yield ~30-fold and purity
~4-fold (Figures 2E and 2F).

Having identified a highly efficient and minimal set of TFs for
iMN conversion, we set out to systematically examine how
individual TFs impact conversion. By reducing extrinsic
sources of variability, we developed a highly robust process for
the direct conversion of fibroblasts to post-mitotic motor neu-
rons, providing us with a tool to systematically interrogate how
TF levels correlate to conversion events.

Proliferation history provides a principal axis to
distinguish TFs’ influence on conversion

Rapidly proliferating cells convert at higher rates to both mitotic
and post-mitotic identities, establishing hyperproliferation as a
powerful driver of diverse cell-fate transitions.”**>*' Potentially,
different conversion rates induced by different TF cocktails can
be attributed to cells integrating a differential set of molecular in-
teractions that leads to different rates of proliferation.

To examine whether differences in proliferation rates might
distinguish cocktails’ conversion rates, we measured the prolif-
eration history of cells undergoing conversion in the presence
of 6F or NIL, with and without DDRR. Cells that undergo a period
of hyperproliferation were identified by assaying dilution of
CellTrace dye for 72 h from 1 to 4 dpi, an early time point in
iMN direct conversion as previously established®® (Figure 3A).
We denote cells with a history of rapid proliferation at 4 dpi as
hyperP and all other cells at 4 dpi as non-hyperP. We quantify
hyperproliferation by both the percentage of cells in the popula-
tion that are hyperP and the total number of hyperP cells. As ex-
pected, the fraction and total number of hyperP cells scale expo-
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nentially (Figure 3B). In addition, as we expect from its higher
conversion rate (Figures 2E and 2F), NIL + DDRR has a higher
fraction and number of hyperP cells than 6F + DDRR
(Figures S2A and S2B).

To examine conversion rates for cells with different prolifera-
tion histories, we isolated and replated the hyperP and non-hy-
perP cells at 4 dpi and measured conversion at 14 dpi
(Figures 3A, S2C, and S2D). Compared with non-hyperP cells,
hyperP cells converted with NIL + DDRR were 10-fold more likely
to express Hb9::GFP early on at 4 dpi (Figure 3C) and achieved
higher conversion yield and purity (Figures 3D and S2E). By
normalizing yield to the number of cells replated at 4 dpi rather
than the number of cells initially seeded, we can quantify the
probability of cells converting based on proliferation history. A
history of early hyperproliferation increases the probability of
cells successfully converting by 4-fold in NIL + DDRR (Figure 3D).
Further, compared with non-hyperP cells, hyperP cells adopt a
more mature, neuronal morphology at 14 dpi, displaying
compact, regular soma with interconnected networks of axons
(Figures 3E-3G and S2D). Interestingly, early Hb9::GFP activa-
tion is not detectable with conversion cocktails other than
NIL + DDRR (Figure 3C). Correspondingly, yields after replating
at 14 dpi are also low, although hyperP cells converted with
6F + DDRR also convert at higher rates relative to the non-hy-
perP population (Figures 3D and S2E). Taken together, these
data show that not only does hyperproliferation generate more
cells but also that the cells generated during hyperproliferation
possess a greater ability to convert and develop mature
morphologies.

We wondered whether increased rates of hyperproliferation
in NIL compared with 6F coincide with a more rapid adoption
of the iIMN cell fate. To assess the dynamics of conversion
events, we tracked Hb9::GFP expression over the conversion
process. When DDRR is included with either the NIL or 6F cock-
tails, Hb9::GFP activation begins at 4 dpi (Figure 2B). For 6F +
DDRR, both the number and fraction of Hb9::GFP-positive cells
plateau around 5 dpi (Figure 3H). Thus, most conversion events
occur early with 6F + DDRR. In contrast, cells converted with
NIL + DDRR continue to generate Hb9::GFP-positive cells
throughout the conversion process. We confirmed that adding
DDRR to the base NIL cocktail induces a transient window of hy-
perproliferation by immunofluorescent staining of Ki67, a marker
of proliferation (Figures S2F-S2K). By 14 dpi, with or without
DDRR, the majority of Hb9::GFP-positive cells do not express
Ki67 (Figures S2I-S2K). Expanding the conversion window not
only increases the yield of converted cells but also increases
the fraction of cells that are converted (Figure 3H).

To confirm that Hb9::GFP-positive cells commit to a post-
mitotic neural identity, we sorted NIL + DDRR Hb9::GFP-positive
cells at 14 dpi and replated them with 7 days recovery. We then
fed the cells with 5-ethynyl-2’-deoxyuridine (EdU) to quantify
DNA synthesis indicative of cell-cycle progression, performing
a 24-h treatment for increased sensitivity. We also used the
DNA synthesis inhibitor, aphidicolin, as a control to account
for baseline EAU uptake during the long EdU treatment period.
We used a proliferative-DDRR-only condition as a positive
control and an aphidicolin-treated NIL + DDRR, Hb9::GFP-posi-
tive-sorted condition as a negative control. At 1 week post
Hb9::GFP-sort, we observed a small fraction (<5%) of residually
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Figure 3. Proliferation history provides a principal axis to distinguish TFs’ influence on conversion

(A) Schematic of the CellTrace dilution assay. Cells are labeled at 1 dpi, and their fluorescent intensity is measured at 4 dpi. Cells that have gone through many
divisions have low fluorescence. For sorting experiments, cells are sorted at 4 dpi into hyperP and non-hyperP according to their fluorescent intensity relative to a
control puro-infected condition for a given biological replicate. Cells are replated on 4 dpi at the same initial seeding density at 10,000 cells/96-well.

(B) HyperP total number vs. percentage at 4 dpi across all conversion conditions. An exponential fit is shown with 95% confidence interval. Representative
CellTrace distributions across conversion conditions. HyperP cells are defined relative to the 20%-lowest fluorescent cells in a control puro (Ctrl-puro)-infected
condition for a given biological replicate; marker style denotes biological replicates; n = 4 biological replicates per condition.

(C) Early Hb9::GFP reporter expression at 4 dpi in hyperP vs. non-hyperP populations within each condition. Mean is shown with 95% confidence interval; marker
style denotes biological replicates; n = 3-6 biological replicates per condition; one-tailed t test.

(D) Conversion yield at 14 dpi for cells sorted and replated at the same initial seeding density at 10,000 cells/96-well into hyperP vs. non-hyperP populations within
each condition. Mean is shown with 95% confidence interval; marker style denotes biological replicates; n = 3 biological replicates per condition; one-tailed t test.
(E-G) (E) Cells converted with NIL + DDRR were sorted from hyperP and non-hyperP at 4 dpi to compare the morphologies of the resulting Hb9::GFP+ cells at
14 dpi. (F) Percentage of Hb9::GFP+ cells with a neuronal morphology (tight soma with neurites) were quantified from randomly sampled images. >100
Hb9::GFP+ cells were quantified for each of n = 3 biological replicates per condition; one-tailed t test. (G) Representative images, scale bar represents 100 um.
(H) Yield of cells activating Hb9::GFP reporter expression from 3 to 14 dpi for 6F vs. NIL + DDRR. Inset shows the purity over time. Mean is shown with 95%
confidence interval. n = 3 biological replicates per condition.

(1) Hb9::GFP-positive cells converted with NIL + DDRR were sorted and replated at 14 dpi to test for residual proliferative capacity. After 7 days post-sort (dps) for
recovery, EdU was fed for 24 h. Treatment with aphidicolin (aph) to block DNA synthesis was used as a negative control. DDRR-only induced cells were replated
also as a positive control for proliferation. Mean is shown with 95% confidence interval; marker style denotes biological replicates; n = 3 biological replicates per
condition.

Significance summary: p > 0.05 (ns); *p < 0.05; *p < 0.01; **p < 0.001; and ****p < 0.0001.
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proliferative cells (Figure 3l). This is less than the percentage of
proliferative DDRR cells (~22%) and similar to the percentage
of aphidicolin-stalled DDRR cells (~5%), indicating that a small
fraction of cells that activate the Hb9::GFP reporter may still
divide, but the majority adopt a post-mitotic identity.
Altogether, our data suggest a model in which driving prolifer-
ation provides an exponential benefit in the conversion to iMNs.
Proliferation not only expands the number of cells but also en-
dows this expanded population with a greater propensity to
convert. Despite the transduction with powerful oncogenes
that induce proliferation, TFs drive the majority of converted
Hb9::GFP-positive cells to a post-mitotic identity within weeks.

TF identity and encoding impact proliferation and affect
conversion rates and dynamics

As TFs can work synergistically, we wondered if differences in
conversion rates between the 6F and NIL cocktails were due to
a single or to multiple TFs. Given that the 6F cocktail generates
less hyperP cells than NIL, with or without DDRR (Figures S2A
and S2B), we hypothesized that one or multiple of the three
Brn2, Asl1, Myt1L (BAM) TFs may impede proliferation (Fig-
ure 4A). Using NIL with the high-efficiency DDRR cocktail as
the reference, we added all six possible combinations of the
three BAM factors to assess their individual and combined ef-
fects on proliferation and conversion. Inclusion of Brn2 reduces
proliferation, activation of Hb9::GFP at 4 dpi, and conversion
yield and purity (Figures 4B-4D and S3A-S3C). In contrast, the
addition of Ascl1 increases iMN yield without altering prolifera-
tion (Figures 4D and 4E). Myt1l sometimes increases iMN yield
with varying effects on proliferation. These data suggest that
individual TFs can independently or synergistically influence
proliferation and conversion.

Given that Brn2 strongly limits proliferation even with the addi-
tion of the DDRR module, we wondered whether differences in
Brn2 expression could contribute to conversion variability. To
more closely examine how Brn2 affects conversion, we used a
fluorescent Brn2-2A-mRuby?2 reporter to track Brn2 expression
in NIL + DDRR conversion (Figure 4F). A fluorescent mRuby?2 re-
porter without Brn2 was used as a negative control. To assess
how variable Brn2 expression can lead to different conversion
rates by reducing proliferation, we added Brn2-2A-mRuby?2 at a
low multiplicity of infection (MOI = 0.1) and at a high MOI (MOI =
5) to obtain heterogeneous and homogeneous Brn2 conversion
populations, respectively (Figure 4G). As expected, the high-
MOI Brn2 condition had fewer hyperP cells and lower yield than
the low-MOI Brn2 and control mRuby2 conditions (Figure 4H).

To verify that differences in Brn2 expression led to the
observed differences in proliferation and conversion yield, we
isolated mRuby2-positive cells in our analysis and compared
them with the bulk population. At 4 dpi, the total cell count of
bulk and mRuby2-positive cells are indistinguishable for the
homogeneous, high-MOI Brn2 and mRuby2-only control condi-
tions (Figure 4J), indicating that nearly all cells expressed these
transgenes as expected. Correspondingly, proliferation rates
are consistent in the bulk population as compared with just the
mRuby2-positive cells at 4 dpi for the high-MOI Brn2 condition
and the mRuby2-only control (Figures S3D-S3H). In contrast,
the heterogeneous, low-MOI Brn2 condition shows a decrease
in the fraction of hyperP cells in the Brn2-2A-mRuby2-positive
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cells as compared with the bulk. In addition, high-MOI Brn2
has higher Brn2-2A-mRuby2 expression than low-MOI Brn2
conditions (Figures S3I and S3J) Thus, Brn2 limits proliferation
in a manner dependent on its expression level.

For a given biological replicate, we assayed twin plates at
4 and 14 dpi for proliferation and conversion rates, respectively,
as well as for Brn2-2A-mRuby2 expression. By normalizing
conversion yield of Brn2-2A-mRuby2-positive cells at 14 dpi to
the number of Brn2-2A-mRuby2-positive cells at 4 dpi, we can
account for differences in the number of infected cells across
MOIs (Figures 4l and 4J). We observed that Brn2 reduces the
number of converted cells at 14 dpi obtained from a NIL +
DDRR-converting background at 4 dpi (Figure 4K). Together,
these data show that Brn2 expression reduces proliferation
and conversion in a manner dependent on its level of expression.
Putatively, variation in Brn2 expression across cells and repli-
cates may explain the lower and variable conversion rates from
the 6F motor neuron conversion cocktail.

In addition, we found that the encoding of the TF cocktail, not
just the identity of the constituents, impacts conversion. The
cocktails of 6F and NIL + BAM contain an identical set of TFs.
However, in 6F, Ngn2, Isl1, and Lhx3 are expressed from sepa-
rate transcripts, whereas NIL expresses the same factors from a
single transcript. With DDRR, the NIL + BAM cocktail converts
with 12-fold higher yield and 7-fold higher purity than the 6F
cocktail (Figures 4D and S3C). These data suggest that TF en-
coding can substantially improve (or hinder) a cocktail’s efficacy.
Putatively, a single transcript design may improve conversion
rates by controlling for co-delivery and stoichiometry and/or by
reducing the number of viruses.** Together, these observations
demonstrate that while the identity of the TFs strongly influences
conversion, the encoding and delivery of those factors also
impact conversion rates. With that in mind, we sought to
determine how each of the three motor neuron TFs (NIL)
influences the number of iIMNs.

Titration of individual TFs reveals factor-specific
influence on conversion rates

To investigate how the levels of exogenous TF expression influ-
ence conversion, we titrated individual TFs, while keeping the
other genetic cargos constant (Figures 5A and 5B). We used
arrays of small upstream open reading frames (UORFs) to
generate a range of individual TF levels from otherwise identical
retroviral delivery vehicles. uORFs change gene expression
by altering translation rates.*®*” By adding a fluorescent 2A-
mRuby2 downstream of the TF (Figure 5B), we built single-cell,
live reporters of exogenous TF levels. The mRuby? levels provide
a proxy for the exogenous expression of the linked TF early in the
conversion process at 4 dpi. Using these tools, we titrated the
level of each TF while keeping other factors and the high-effi-
ciency DDRR module constant. We also used an HA-tagged
Ngn2 variant (Ngn2**"4) that we found was more potent in direct
conversion than untagged Ngn2.**

Consistent with our previous observations,?>* the expression
of each of the three TF-2A-mRuby?2 transgenes are lower in cells
that undergo a period of hyperproliferation, compared with cells
that do not (Figure 5C). Because we find hyperP cells are
10-fold more likely to activate Hb9::GFP early and 4-fold more
likely to convert to morphologically mature, motor neurons
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Figure 4. TF identity and encoding impact proliferation and affect conversion rates and dynamics

(A-D) Each TF from the 6F cocktail was added onto NIL + DDRR to identify which TF(s) reduces conversion in 6F vs. NIL + DDRR. Brn2’s effect on (B) conversion
yield and (C) hyperproliferation at 4 dpi for each conversion cocktail and encoding (all converted with DDRR). Dashed lines connect cocktails without Brn2 (closed
circle) to corresponding ones with Brn2 (open circle). (D) Conversion yield at 14 dpi vs. total number of hyperP cells at 4 dpi for each conversion cocktail (all
converted with +DDRR). Mean is shown + standard error of mean (SEM); n = 4 biological replicates per condition.

(E) Diagram of model that Brn2 reduces proliferation and conversion, while addition of Ascl1 improves conversion yield by non-proliferation-mediated mech-
anisms.

(F-H) (F) Variable Brn2 expression during conversion was explored using a Brn2-2A-mRuby?2 fluorescent reporter with NIL + DDRR as the base conversion
cocktail. A control mRuby?2 fluorescent reporter lacking Brn2 was also used to account for burden on cells. (G) Cells were transduced with either alow MOI (MOl =
0.1) or high MOI (MOI = 5) to simulate heterogeneous or homogeneous expression during conversion, respectively. (H) Conversion yield at 14 dpi vs. total number
of hyperP cells at 4 dpi. Mean is shown + SEM; n = 4 biological replicates per condition.

(I-K) (I) Overview of coupled time point (4 and 14 dpi) approach for measuring Brn2 effects on proliferation and conversion. Cells are converted in biological
duplicates where one twin is assayed at 4 dpi to measure proliferation and expression of the mRuby2 reporter (Figures S3D-S3J). The other twin is kept until 14
dpi to measure conversion rates. This twin assay approach is used to calculate a normalized yield (K) as the 14 dpi yields in (H) normalized to the 4 dpi counts in
(J) of the entire bulk sample or just the mRuby2+ cells in each condition and biological replicate. This normalization accounts for the lower number of cells
transduced with the mRuby?2 reporter in the low-MOI (orange) condition, compared with the high-MOI (red) and control mRuby?2 (gray) conditions. Mean is shown
with 95% confidence interval; marker style denotes biological replicates; n = 4 biological replicates per condition; two-tailed t test.

Significance summary: p > 0.05 (ns); *p < 0.05; **p < 0.01; **p < 0.001; and ***p < 0.0001.

(Figures 3C-3G), we chose to examine the transgene expression  sion across subpopulations of cells. Thus, we expect that trends
within this population of hyperP cells. Isolating the hyperP cellsal-  observed in these more receptive cells will most clearly reveal
lowed us to eliminate the confounder of different levels of expres-  the influence of TF levels on conversion events.
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Figure 5. Titration of individual TFs reveals factor-specific influence on conversion rates

(A) Overview of coupled time point (4 and 14 dpi) approach for titrating TF expression. Cells are converted into biological duplicates where one twin is assayed at
4 dpi to measure expression of the mRuby2 reporter in hyperproliferative cells. The other twin is kept until 14 dpi to measure conversion rates.

(B) Schematic of how individual TF levels were titrated and measured using upstream open reading frames (UORFs) placed upstream of the conversion TF of
interest with a 2A-mRuby2 fluorescent reporter. All other factors were kept constant, e.g., if Ngn2**HA-2A-mRuby?2 is titrated, then Isl1, Lhx3, and +DDRR
expression are not altered using uUORFs.

(C) Expression of TF of interest with a 2A-mRuby? fluorescent reporter in non-hyperproliferative (non-HyperP) and hyperproliferative (HyperP) cells at 4 dpi. Cells
are converted with non-fluorescent versions of the other TFs (e.g., NanSHA-2A-mRuby2 is converted with Isl1, Lhx3, and +DDRR; see B). Geometric mean is
shown by markers with a boxplot; markers denote biological replicates; n = 4 biological replicates per condition; one-tailed t test.

(D) iMN yield at 14 dpi vs. mRuby2 expression in just the hyperP cells at 4 dpi to avoid confounding proliferation with expression across all uUORFs for NgnstA-2A-
mRuby?2 (left), IsI1-2A-mRuby?2 (middle), and Lhx3-2A-mRuby?2 (right). Open marker denotes the conditions where the TF-2A-mRuby2, being titrated, is excluded,
but all other factors are included. Linear regression with 95% confidence interval; mean is shown + SEM for each uORF for a single biological replicate; n = 4
biological replicates per condition.

(E-G) (E) iIMN yield, (F) purity, and (G) efficiency at 14 dpi for each TF-2A-mRuby2 fluorescent reporter with no uORFs. Cells are converted with non-fluorescent
versions of the other TFs (e.g., Ngn*®"A-2A-mRuby?2 is converted with Isl1, Lhx3, and +DDRR; see B). Efficiency is calculated similar to purity (see Figure 2D), but
only transduced cells (i.e., mRuby2+) are considered. Mean is shown + 95% confidence interval; markers denote biological replicates; n = 4 biological replicates
per condition.

Significance summary: p > 0.05 (ns); *p < 0.05; *p < 0.01; and **p < 0.001.
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To obtain a range of expression levels, we introduced five
different uUORFs upstream of the coding sequence of each TF en-
coded with a mRuby?2 reporter (Figure 5B). To exploit natural bio-
logical heterogeneity in expression and control for variance across
conversion biological replicates, we paired two assays to generate
biological twins to more precisely match early expression level with
the later conversion outcome. In the first twin, we measured
expression and proliferation profiles at 4 dpi, and in the second bio-
logical twin, we measured conversion outcomes at 14 dpi (Fig-
ure 5A). Importantly, systematically changing TF expression in
our tailored conversion module does not affect proliferation rates
(Figure S4A). Thus, our designs remove differences in proliferation
history as a confounding variable across the genetic variants. As
expected, introducing uORFs to transgenes preserves the trend
of lower expression in the hyperP cells (Figure S4B).

Using our twin conversion assays, we found that high levels of
exogenous Ngn2*®"A |ead to improved conversion yields, while
exogenous Isl1 expression is uncorrelated with yield (Figure 5D).
Comparing across all three TF reporters as controls for one
another, conversion rates do not simply correlate with high
expression of the mRuby?2 reporter, suggesting the TF factor
identity sets the relationship between expression and conver-
sion. The positive correlation of conversion yield with expression
of the pioneer factor, Ngn2**"2 mirrors observations from iPSC
conversion where high expression of the pioneer factor, Oct4, in-
creases the rate of colony formation.’ As expected, Ngn2*HA-
2A-mRuby?2 expression varies across biological replicates, yet
within each biological replicate, the correlation between yield
and levels of Ngn2 is preserved (Figure S4C). Surprisingly, we
found that exogenous Lhx3 induces a biphasic response in con-
version yield (Figure 5D). In the absence of exogenous Lhx3,
conversion rates are low. However, high expression of exoge-
nous Lhx3 decreases conversion yield. Putatively, moderate
levels of Lhx3 expression support optimal conversion. Together,
our data suggest that in the presence of Isl1, a combination of
high levels of Ngn2 and low levels of Lhx3 promotes conversion
to iIMNs. Notably, the trends we observed in the hyperP popula-
tion were diminished when examining the non-hyperP cells,
highlighting the utility of isolating populations with inherently
different conversion propensities (Figure S4D). Correlations are
also diminished between 14 dpi mRuby2 and 14 dpi conversion
rates (Figure S4E). Thus, we find that profiles of TFs are most
predictive within specific subpopulations and time windows,
highlighting a challenge in parsing dynamic changes in heteroge-
neous cultures.

For situations where transgene delivery is poor, such as in vivo
conversion, it is useful to know conversion rates normalized to
the number of transduced cells to account for the efficiency of
transgene delivery. Using the fluorescent mRuby2 reporter to
identify cells expressing the transgenes, we measured the con-
version efficiency for each TF reporter. We quantify efficiency
as the percentage of converted cells normalized to the number
of cells expressing the delivered genetic cargo at 14 dpi (i.e.,
mRuby2-positive) (Figure 5E). We achieve high efficiency, as
37%-50% of all transgene-expressing cells at 14 dpi convert
to iIMNs. As expected, conversion purity and efficiency are
similar for a given TF encoding (Figures 5F-5H). Given that
in vitro retroviral delivery to MEFs is highly efficient, the majority
of cells are transduced. Thus, it is not surprising that accounting

¢ CellP’ress

for transduction efficiency in calculating conversion efficiency
produces similar rates as conversion purity.

Proliferation history alters the transfer function

between TF levels and direct conversion rates

Cell-state determinants such as proliferation history influence
cell responses.”®?>*! Yet, how much can cell state transform
the ability of TFs to drive new fates?°° TFs are essential to drive
cell-fate conversion. We found a positive correlation between
expression levels of the pioneer factor Ngn2 and conversion,
so we expect that higher levels of expression will translate to
higher yields. However, hyperP cells express the exogenous
TFs at lower levels (Figure 5C) but are more likely to convert to
morphologically mature, motor neurons (Figures 3D-3G). To
investigate how cells interpret these seemingly incoherent
cues, we sorted cells based on their proliferation history and
expression levels of pioneer TF, Ngn2. Rather than using uORFs
to change expression, we delivered a single Ngn2*®"A-2A-
mRuby2 construct with Isl1-2A-Lhx3 and DDRR, then sorted
cells at 4 dpi by mRuby2 expression level and proliferation his-
tory (Figures 6A and 6B). We replated these sorted subpopula-
tions at 10,000 per 96-well and measured conversion at 14 dpi.
Populations with high, medium, and low levels of Ngn2 were
defined as the brightest 75%-100%, medium 50%-75%, and
dimmest 0%-25% mRuby2-expressing cells, respectively, and
were then further split by proliferation history. By definition,
each Ngn2 category sums to 25% across both hyperP and
non-hyperP subpopulations (Figure 6C). As expected, the hy-
perP cells are enriched with Ngn2*"4-2A-mRuby2-low cells,
while non-hyperP cells are enriched with Ngn2-high-expressing
cells (Figure 5C). In addition, cells maintain their relative mRuby2
expression levels through 14 dpi, suggesting that relative
Ngn2**HA_2A-mRuby2 levels are consistent with sorted subpop-
ulations from 4 to 14 dpi (Figure S5A).

By measuring the conversion rates of 4 dpi replated subpop-
ulations at 14 dpi, we were able to approximate a transfer func-
tion of Ngn2 level and proliferation history at 4 dpi to conversion
rate at 14 dpi (Figure 6D). We found that hyperP cells convert at
higher rates than non-hyperP cells. Cells from higher Ngn2-ex-
pressing subpopulations generally convert at higher rates within
each proliferative category (Figures 6D, 6E, and S5B). However,
even with lower levels of Ngn2, hyperP cells with medium levels
of Ngn2 convert at higher rates than non-hyperP cells with high
levels of Ngn2. Similarly, hyperP cells that are Ngn2-low convert
at similar rates to non-hyperP cells with high levels of Ngn2.
Thus, the conversion potential of cells with the same levels of
Ngn2 can be distinguished and defined by their proliferation
histories.

Driving hyperproliferation improves direct conversion of
adult human fibroblasts

Having identified a compact cocktail that reduces variability and
increases the yield of motor neurons from mouse cells, we
wondered how these cocktails might impact conversion of
primary adult human dermal fibroblasts (HDFs), where yields
and maturities remain limited.*® As direct conversion of primary
human fibroblasts offers a powerful platform for disease
modeling and drug discovery, improved rates of conversion
are essential for using these converted surrogate cells for
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Figure 6. Proliferation history alters transfer function between TF levels and direct conversion rates
(A) Overview of sorting strategy to predict conversion outcomes based on proliferation history and TF expression at 4 dpi and converted until 14 dpi. Like in
Figure 5D, cells were converted with Ngn2**HA-2A-mRuby?2, Isl1-2A-Lhx3, and +DDRR. Cells were sorted at 4 dpi by their mRuby2 (Ngn2**4) expression and

their proliferation history.

(B and C) A representative flow plot of hyperP and Ngn2 (mRuby?2) sorted by fluorescence-activated cell sorting (FACS). High, medium, and low populations were
defined as the 75%-100%, 50%-75%, and 0%—-25% of all mRuby2+ cells. HyperP and non-hyperP were defined as normal. The percentages of each sub-
population are shown in (C), with the percentages summing to 25% for each mRuby2 subpopulation by definition. Mean is shown with 95% confidence interval;
marker style denotes biological replicates; n = 2-3 biological replicates per condition; two-tailed t test.

(D and E) Conversion outcome at 14 dpi for each of the sorted subpopulations in (B) and (C). (D) Diagram of model and (E) supporting conversion purities showing
that proliferation history leads to different conversion rates based on TF expression early in conversion at 4 dpi. Mean is shown with 95% confidence interval;
marker style denotes biological replicates; n = 2-3 biological replicates per condition (2 for mRuby2-low populations).

Significance summary: p > 0.05 (ns); *p < 0.05; *p < 0.01; **p < 0.001; and ****p < 0.0001.

screening at scale. We hypothesized that differences in prolifer-
ation rates between MEFs and human fibroblasts may account
for the difference in conversion yield. Further, given that hyperP
MEFs convert at higher rates, we hypothesized that driving pro-
liferation would be an effective way to increase conversion of hu-
man cells. Thus, we focused on increasing the proliferation rate
of adult human fibroblasts by addition of genes known to drive
proliferation.

Previously, for direct conversion of adult HDFs into motor neu-
rons, we used a large conversion cocktail termed 7F (Brn2,
Ascl1, Mytl1, Ngn2, Isl1, Lhx3, NeuroD1), which is the 6F cocktail
with additional NeuroD1.°?® Based on our experience with
mouse direct conversion, we reasoned that removing Brn2,
which limits proliferation, and simplifying the conversion cocktail
to our optimal, single-transcript motor neuron module (LNI,
Lhx3-2A-Ngn2*®HA_2A-Is|1; see Wang et al.**) would improve
human fibroblast conversion (Figure 7A). Thus, we examined
conversion with 7F or LNI cocktails in combination with several
high-efficiency modules to boost proliferation. We quantified
proliferation using a CellTrace dilution assay measured at 7 dpi
and assessed conversion by staining cells for neural markers
at 35 dpi (Figure 7B).

The inclusion of p53DD (DD) increases the total number and
percentage of hyperP cells in the LNI condition (Figures 7C-
7F). Previously, we observed that the inclusion of both p53DD
and HRAS®'?V increased proliferation of mouse fibroblasts.?
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In contrast, we observed that the addition of HRAS®'?V to
LNI + DD reduces hyperproliferation (Figures 7D and 7E). Given
that HRAS®'2Y was not effective in increasing the number of hy-
perP human fibroblasts, we looked for other factors that would
drive proliferation. Oncogenes including myr-AKT, BCL2, and
c-MYC (ABC) are known to drive proliferation in human epithelial
cells,® thus we hypothesized that they could increase prolifera-
tion and conversion. Indeed, the addition of ABC to adult human
fibroblasts resulted in a 2.6-fold increase in the number of hy-
perP cells co-transduced with LNI + DD (Figure 7D). Seeding
densities can also influence proliferation rates. In the presence
of DD + ABC, we observed that higher seeding densities in-
crease the fraction and number of hyperP cells (Figures S6A-
S6C). However, by microtubule-associated protein 2 (MAP2)
and neuron-specific class Il B-tubulin (TUJ1) staining at 35 dpi,
we observed similarly dense and connected networks of
morphologically mature neurons with LNI + DD + ABC across
seeding densities (Figures S6D and S6E), suggesting that seed-
ing density for human fibroblasts was not a strong determinant of
neuron density at 35 dpi.

With an improved human-specific module to drive prolifera-
tion, we assessed neuron formation induced by the different
cocktails by immunofluorescent staining for the neuronal
markers TUJ1 and MAP2. In alignment with the increase in pro-
liferation rates, the addition of ABC to the larger TF cocktail of 7F
and the minimized cocktails of both LNI and NIL generates
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Figure 7. Driving hyperproliferation improves direct conversion of adult human fibroblasts

(A) Schematic depicting the conversion process for human dermal fibroblasts. Representative image shows cells converted with LNI DD ABC stained with TUJ1
and MAP2 at 35 dpi. Scale bar represents 500 um in both image and enlarged inset.

(B) Schematic of the CellTrace dilution assay. HDFs are labeled 1 dpi, and their fluorescent intensity is measured at 7 dpi, where cells that have gone through many
divisions have low fluorescence.

(C) Representative CellTrace distributions across conditions. Hyperproliferative cells are defined relative to the 5%-lowest fluorescent cells in a Ctrl-puro infection
condition for a given biological replicate.

(D) HyperP percentage at 7 dpi across conditions. Ctrl-puro is 5% HyperP by definition. Mean is shown with 95% confidence interval; n = 3 biological replicates
per condition; one-tailed t test with Bonferroni correction.

(E) HyperP total number at 7 dpi across conditions. Mean is shown with 95% confidence interval; n = 3 biological replicates per condition; one-tailed t test with
Bonferroni correction.

Overlay

(legend continued on next page)
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more TUJ1- and MAP2-positive cells (Figures 7G and S7A). Cells
converted with the addition of ABC display mature, neuronal
morphologies, and cultures form clusters of neurons with inter-
connecting neurites as observed for iPSC-derived neurons
(Figures 7G, S7B, and S7C).*>°° In contrast, cells converted
without ABC exhibit MAP2 and TUJ1 staining but less neuronal
morphologies. Overall, we observed species-specific responses
in proliferation to different high-efficiency factors. By identifying
an effective set of factors to increase hyperproliferation in adult
human fibroblasts, we were able to increase human conversion
efficiency through the axis of proliferation.

DISCUSSION

Despite improved techniques and tools, low conversion rates
and diverse sources of extrinsic variation have limited our
ability to interrogate and engineer cell-fate transitions. To reduce
extrinsic variation and resolve the impact of TF levels on conver-
sion, we tailored our motor neuron TF module to a minimal set of
three factors (Ngn2, Isl1, Lhx3) and developed a single-tran-
script, high-efficiency module based on our previously devel-
oped chemo-genetic DDRR cocktail.** With the statistical power
conferred by higher conversion rates, we identified how expres-
sion of individual TFs impacts conversion. Through systematic
titration, we demonstrated that the efficiency of MEF-to-iMN
direct conversion positively correlates with levels of the pioneer
TF Ngn2 early in the conversion process and depends on the
cell’s proliferation history. We applied these observations to
develop conversion cocktails that improve direct conversion
rates in human cells.

While TFs drive cell-fate conversion, global processes such
as transcription and proliferation can promote or impede
expression of transgenic TFs. We set out to resolve how cells
integrate contradictory cues from proliferation and TF expres-
sion during successful conversion events. We found that hy-
perP cells convert at higher rates despite reduced levels of
transgene expression. Our results suggest that proliferation
confers a state of receptivity to TFs factors. Once cells attain
this proliferation-mediated state of receptivity, TF levels direct
cells in distinct ways. High levels of the pioneer TF Ngn2 corre-
late to higher rates of conversion, whereas expression of Isl1
and Lhx3 do not show positive correlations early in conversion.
One potential mechanism by which rapid proliferation may
facilitate cell-fate transitions is through creating a more recep-
tive chromatin landscape via replication. Post replication,
nascent chromatin must re-establish steady-state accessi-
bility.°" Putatively, early opening of chromatin via pioneer activ-
ity of Ngn2 may provide accessibility to the other conversion
TFs. Additionally, high rates of transcription in hyperP cells
allow cells to convert at near-deterministic rates.”* Potentially,
Ngn2 levels may drive high rates of transcription in hyperP cells
and enable cells to convert at high rates. Exploring the epige-
netic profiles of hyperP cells during conversion may reveal fea-
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tures of chromatin that are receptive to TFs during direct cell-
fate conversion.

By isolating the hyperP cells in our analyses, we could control
for the effect of proliferation as a confounding factor on levels of
TFs and for their influence on conversion from this privileged cell
state. Specifically, we found that Brn2 alone strongly reduces
proliferation and the number of neurons formed. Thus, Brn2 im-
pedes cells’ entry into a proliferation-mediated receptive state,
making it difficult to decouple Brn2’s neurogenic potential from
its effects on proliferation. In contrast, Ascl1 can increase con-
version without changing proliferation rates. Further, we showed
that Ascli1 is dispensable for direct conversion of fibroblasts to
motor neurons.®?~>° Eliminating Ascl1 from the conversion cock-
tail may also remove differences in conversion caused by distinct
mechanistic pathways of the pro-neural, pioneering TFs, Ascli,
and Ngn2.°°*" In addition, variation in Brn2 expression in 6F
cocktails may potentially explain previously noted variability in
conversion rates as well as observations by others that Brn2
cocktails rapidly drive cells to exit the cell cycle.®”**> While other
direct conversion cocktails to neural lineages report early cell-
cycle exit,”>°® we found that the more effective set of TFs (i.e.,
NIL) lengthens the period over which cells proliferate and
convert. Notably, the TF-specific trends we observed in the hy-
perP population were diminished in the non- hyperP cells,
obscuring the impact of individual TFs (Figure S4D). As hyperP
cells often represent a small fraction of conversion cultures,
trends observed in bulk populations may mask the processes
that actually drive conversion within these highly convert-
ible cells.

Conversion has been extensively studied through transcrip-
tional profiling.”**°9"°* However, TFs activate gene regulatory
networks as proteins. Posttranslational regulation of protein
levels can generate large variance between levels of RNA and
protein for the same gene.?®® Here, we do not rely on transcrip-
tional profiling to make claims about how TF levels influence con-
version events. Instead, we focused on measuring protein levels
to examine how transgenic TFs influence conversion events. In
our individual TF titration, we quantified the expression of the
exogenous transgenes. While the total levels of TFs may influ-
ence conversion, the exogenous factors represent the primary
species that drive cell-fate transitions.

Collectively, our results show that proliferation history and TF
expression combine to drive cell-fate transitions. We find that
although hyperP cells express lower levels of conversion TFs,
proliferation-mediated receptivity enables them to convert at
higher rates. Thus, control of TF levels alone is not sufficient to
precisely control cell fate. By developing tools that more pre-
cisely perturb multiple aspects of the conversion process, we
will improve our understanding and control of cellular conver-
sion. In this study, we primarily use oncogenes as strong drivers
of proliferation to improve direct conversion to mouse and hu-
man motor neurons. Although we observed that cells can still
efficiently convert to post-mitotic cell fates even in the presence
of powerful oncogenes, clinical applications may require agents

(F) HyperP total number vs. percentage at 7 dpi across all conversion conditions. An exponential fit is shown with 95% confidence interval.
(G) Representative images at 35 dpi of cells fixed and stained with TUJ1 and MAP2 with a seeding density of 2,500 cells per 96-well. Scale bar represents 500 pm

in images and 50 um in the enlarged inset on the right.

Significance summary: p > 0.05 (ns); *p < 0.05; **p < 0.01; **p < 0.001; and ***p < 0.0001.
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with a higher safety profile to drive proliferation. Potentially, per-
manent integration of oncogenes can be replaced with transient
transgene delivery, excision of the high-efficiency module, or
small-molecule replacements.®® Beyond targeting conversion
to specific cell types, precise control of transgenes to induce
conversion of human cells will improve safety and efficacy of
gene and cell-based therapies for regeneration of neural tissue.
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rabbit anti-Ki67 GeneTex Cat#GTX1667; RRID:AB_422351
mouse anti-TUBB3 Biolegend Cat#801202; RRID:AB_10063408
rabbit anti-MAP2 Cell Signaling Technology Cat##4542; RRID:AB_10693782
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Chemicals, peptides, and recombinant proteins

RepSox (TGF-B inhibitor)
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Recombinant Human CNTF Protein
Recombinant Human GDNF Protein

Recombinant Human Protein FGF-Basic
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(+)-Aphidicolin

DAPI

DMEM

Fetal Bovine Serum

HEPES

Hexadimethrine bromide
DMEM/F-12, no glutamine

B-27 Supplement (50X), serum free
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MEM Non Essential Amino Acids
Solution (100X)

DNase
Papain
Penicillin-Streptomycin (10,000 U/mL)

Selleck Chemicals
R&D Systems
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Peprotech

Cayman Chemicals
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Genesee Scientific
Genesee Scientific
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Thermo Scientific
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Bovine Serum Albumin Sigma-Aldrich Cat#A2058
Laminin Corning Cat#354232
Gelatin Sigma-Aldrich Cat#G1890
Lenti-X Concentrator Takara Bio Cat#631232
Critical commercial assays

CellTrace Violet Cell Proliferation Kit, for Thermo Scientific Cat#C34557
flow cytometry

CellTrace Far Red Cell Proliferation Kit, for Thermo Scientific Cat#C34564
flow cytometry

Click-iT Plus EdU Alexa Fluor 647 Flow Thermo Scientific Cat#C10635

Cytometry Assay Kit
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Experimental models: Cell lines

Human: Fibroblast from Skin Coriell Institute Cat#GM05116
(Female, 44YR)

Human: HEK293T ATCC Cat#CRL-3216
Human: Plat-E Retroviral Packaging Cell Biolabs, Inc. Cat#RV-101

Cell Line

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Cat#000664, RRID:IMSR_JAX:000664
Mouse: B6.Cg-Tg(HIxb9-GFP)1Tmj/J The Jackson Laboratory Cat#005029, RRID:IMSR_JAX:005029
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Software and algorithms

Code This study https://doi.org/10.5281/zenodo.14851683
Adobe lllustrator CC Adobe Systems https://www.adobe.com

Python 3 N/A https://www.python.org

ImageJ N/A https://imagej.net

FlowJo N/A https://www.flowjo.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and tissue culture

HEK293T, Plat-E, and mouse embryonic fibroblasts were cultured in DMEM supplemented with 10% FBS at 37°C, 5% CO.. Plat-E
cells were selected using 10 pg/mL blastocidin and 1 pg/mL puromycin every three passages. Human adult dermal fibroblasts were
cultured in DMEM supplemented with 15% FBS and non-essential amino acids at 37°C, 5% CO.. The following are sex of primary
human fibroblasts used in this study: female (GM05116). Cultures were periodically tested for mycoplasma.

MEF dissection and isolation

C57BL/6 mice were mated with mice bearing the Hb9::GFP reporter. Mouse embryonic fibroblasts were isolated at E12.5-E14.5 un-
der a dissection microscope. Embryos were sorted into non-transgenic and Hb9::GFP+ by using a blue laser to illuminate the spinal
cord to identify the presence of Hb9::GFP+ cells. After removing the head and internal organs to avoid contaminating neurons and
other cells, razors were used to break up the tissue for 5 minutes in the presence of 0.25% Trypsin-EDTA. Up to two embryos were
processed at the same time. The preliminary suspension was neutralized, resuspended, and triturated with 0.25% Trypsin-EDTA.
Again, the suspension was neutralized, resuspended, and filtered through a 40 um cell strainer. MEF cultures were expanded on
0.1% gelatin coated 10 cm dishes, using one 10 cm dish per embryo. MEFs were expanded until ~80% confluent, passaged,
and expanded for at least 3-4 days. Passage 1 MEFs were tested for mycoplasma, cryopreserved in 90% FBS and 10% DMSO,
and kept in liquid nitrogen.

METHOD DETAILS

Plasmid construction

Entry vectors were constructed by Gibson and Golden gate cloning. Retroviral vectors were constructed by Gateway cloning into
pMXs-WPRE-DEST using an LR reaction, respectively. Viral plasmids were confirmed via Sanger or whole plasmid sequencing.
For a complete list of plasmids, see supplementary files, including Data S1 and Table S1.

Viral transduction and iMN conversion of MEFs

Plat-E cells were seeded at 850k per 6-well onto 6-well plates coated g/ The next day, ~80% confluent Plat-E cells were transfected
with 1.8 ng of DNA per well using a 4-5:1 ratio of ng PEl:ng DNA. The next day, a media change was performed with 1.25 mL fresh
DMEM supplemented with 10% FBS and 25 mM HEPES to help buffer. MEFs were also seeded at 10k per 96-well onto 96-well plates
coated with 0.1% gelatin. The next day, viral supernatant was collected, filtered through a 0.45 um filter, and 1.25 mL fresh DMEM
supplemented with 10% FBS and 25 mM HEPES was added again to the Plat-E cells. MEFs were transduced with 11 pL of viral su-
pernatant per viral cassette. Fresh DMEM supplemented with 10% FBS was added to reach a final volume of 100 uL per 96-well.
5 ng/mL polybrene was supplemented to increase transduction efficiency. Transduction was repeated for a second day. One day
after the second viral transduction was considered 1 dpi and 100 puL per 96-well fresh media was swapped in. At 3 dpi, media
was switched to N3 media (DMEM/F-12 supplemented with N2, B27, and neurotrophic growth factors, BDNF, CNTF, GDNF, FGF
all at 10 ng/mL).>*>°? For conditions with RepSox, 7.5 uM RepSox was also supplemented into the N3 media starting at 3 dpi. For
experiments needing larger well sizes, MEF seeding and viral supernatant volumes were scaled accordingly by well surface area.

Quantification of conversion yield, purity, and efficiency

Converted cells were dissociated using 0.025% Trypsin-EDTA prior to 6 dpi and DNase/papain from 6 dpi onwards. One vial of
papain (>100 U/vial) and one vial DNase (>1,000 U/vial) were dissolved in 6 mL of DMEM/F-12. 50 uL of this dissociation media
was used per 96-well. Cells were incubated with dissociation media at 37°C, 5% CO, for ~15 minutes or until starting to detach.
100 pL of media was added to neutralize the reaction, then cells were resuspended in 300 uL PBS. All cells in a well were recorded
using flow cytometry to detect Hb9::GFP fluorescence. iMNs were defined by gating the brightest Hb9::GFP fluorescent cells
(Figure S1A).%® Yield was calculated by dividing the total number of Hb9::GFP positive cells detected via flow by the total number
of initially seeded cells which was generally 10k/96-well. Purity was calculated by dividing the total number of Hb9::GFP positive cells
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by the total number of cells detected via flow. Efficiency was calculated by dividing the total number of Hb9::GFP and mRuby2
positive cells by the total number of mRuby2 positive cells detected via flow.

_ # Hb9::GFP positive cells

H o)
Yield (%) = - ritial seeded cells = 10k

x 100%

. # Hb9::GFP positive cells
Purity (%) = 1009
urity (%) # total cells detected x 100%

_ # Hb9::GFP and mRuby? positive cells

- oY —
Efficiency (%) # mRuby?2 positive cells x 100

CellTrace labeling to measure cellular proliferation

At 1 dpi, cells were first washed with PBS. Then 100 uL/96-well of 1uM CellTrace-Far Red or 5uM CellTrace-Violet in PBS was added.
Cells were incubated at 37°C, 5% CO, for 30 minutes. Then the staining solution was removed, cells were washed with media to
remove residual stain, then fresh media was added. Cells were then cultured or converted as normal. CellTrace fluorescence was
detected by flow cytometry. Cells that undergo a period of hyperproliferation were identified by dilution of CellTrace dye over 72 hours
from 1 to 4 dpi for MEF conversion and over 144 hours from 1 to 7 dpi for human conversion. We denote cells with a history of rapid
proliferation at the time point assayed as hyperproliferative (hyperP) and all other cells at 4 dpi as non-hyperP relative to the CellTrace
dilution in a control puro infection condition to account for effects on proliferation induced by viral transduction. For MEF and human
conversion, hyperP cells are defined relative to the 20%-lowest and 5%-lowest fluorescent cells, respectively, in a control puro infec-
tion condition for a given biological replicate.

Flow cytometry and FACS

An Attune NxT Acoustic Focusing Cytometer was used for flow cytometry analyzer experiments. A 405 nm laser with a 440/50
filter was used for blue fluorescence (DAPI, CellTrace-Violet), a 488 nm laser with 510/10 filter was used for green fluorescence
(GFP), a 561 nm laser was used with 585/16 filter for red fluorescence (Alexa Fluor 594, mRuby?2), and a 638 nm laser with a 670/
14 filter was used for far red fluorescence (Alexa Fluor 647, CellTrace-Far Red, Zombie NIR). FSC-A and SSC-A were used to
gate cells, while FSC-H and FSC-A were used to gate singlets using FlowJo. Singlets were exported as csv files to analyze using
Python.

FACS was performed using a BD FACSAria. A 488 nm laser with 530/30 filter was used for green fluorescence (GFP), a 561 nm laser
with 610/20 filter was used for red fluorescence (mRuby?2) and a 640 nm laser with a 670/30 filter was used for far red fluorescence
(CellTrace-Far Red). Cells were sorted into N3 media supplemented with penicillin-streptomycin. For replating experiments, cells
were resuspended in their appropriate medias, counted, and replated at 10k/96-well. Penicillin and streptomycin were included
for the rest of conversion after sorting.

For all cytometry experiments, appropriate controls were included to assess negative populations (e.g. un-stained cells, single
color controls, secondary antibody only controls, non-targeting antibody controls, etc.).

Fixation and immunofluorescent staining

For plate imaging, cells were fixed with 3.7% paraformaldehyde for 1 hour at 4°C. Cells were washed three time with cold PBS and
permeabilized with 0.5% Tween/PBS overnight at 4°C. Cells were then blocked with 5% FBS and 0.1% Tween/PBS for 1 hour at 4°C.
Cells were then incubated with primary antibody diluted in blocking solution (5% FBS and 0.1% Tween/PBS) overnight at 4°C. Cells
were then washed three times with cold 0.1% Tween/PBS, with the third wash being left for at least 20 minutes. Cells were then incu-
bated with secondary antibody diluted in blocking solution (5% FBS and 0.1% Tween/PBS) for 1 hour at 4°C. Cells were then washed
three times with cold 0.1% Tween/PBS and 0.1 pg/mL DAPI staining was added for 10 minutes. Cells were washed three more times
with cold 0.1% Tween/PBS and imaged. In between incubation steps, the plate was kept covered in foil.

For flow cytometry, cells were dissociated and fixed with 3.7% paraformaldehyde for 15 minutes at room temperature. Cells were
permeabilized by 200 puL of 0.5% Tween/PBS for 15 minutes at room temperature, and washed with PBS. 200 pL of primary antibody
diluted in blocking solution (5% FBS and 0.1% Tween/PBS) was added and incubated at 4°C for 2 hours or overnight with rotation for
mixing. Cells were washed three times with 1 mL cold 0.1% Tween/PBS, with the third wash being left for at least 30 minutes at 4°C.
Cells were then incubated with 800 pL of secondary antibody diluted in blocking solution for 30 minutes at 4°C and washed three
times with 1 mL cold 0.1% Tween/PBS. In between incubation steps, cells were kept covered in foil. The primary antibodies used
in this study were: rabbit anti-Ki67 (1:100, GeneTex, GTX1667, RRID:AB_422351); mouse anti-TUBBS3 (1:500, Biolegend, 801202,
RRID:AB_10063408); rabbit anti-MAP2 (1:500, Cell Signaling Technology, #4542, RRID:AB_10693782 ). The secondary antibodies
used in this study were: donkey anti-mouse Alexa Fluor 647 (1:500, Invitrogen, A-31571, RRID: AB_162542); donkey anti-rabbit Alexa
Fluor 594 (1:500, Invitrogen, A-21207, RRID: AB_141637); donkey anti-rabbit Alexa Fluor 647 (1:500, Invitrogen, A-31573,
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RRID:AB_2536183); goat anti-mouse Alexa Fluor 488 (1:500, Jackson ImmunoResearch Labs, 115-546-146, RRID:
AB_2338868).

Morphology quantification of Hb9::GFP-positive cells

Cells were fixed as described above and stained with DAPI as a nuclear marker. Random images were taken such that at least >100
Hb9::GFP-positive cells were imaged per condition per biological replicate. Hb9::GFP-positive cells with neuronal morphology were
classified as having a tight soma with neurites. Annotation was performed manually using Imaged.

5-ethynyl-2’-deoxyuridine (EdU) assay to detect cell cycle progression

Cells were sorted by FACS for Hb9::GFP at 14 dpi and replated at a density of 120k cells per 24-well coated with 0.1% gelatin for at
least 10 minutes at room temperature. Control DDRR cells were sorted by singlets with no fluorescent gating. Cells were recovered in
N3 media with RepSox and penicillin-streptomycin. Half-media changes were performed every other day to prevent cell loss. For
aphidicolin-treated control cells, 1 uM aphidicolin was added 24 hours before EdU, from 6 to 7 days post-sort (dps), to block
DNA replication prior to EdU-addition. Then 10 uM EdU was fed to all cells for 24 hours at 7 days post-sort (dps) until 8 dps.
Thus, aphidicolin control cells were treated with aphidicolin for a total of 48 hours from 6 to 8 dps. Cells were then dissociated
with DNase/papain as described above and clicked according the manufacturer’s recommendation using the Click-iT EAU Alexa
Fluor 647 Flow Cytometry Assay Kit.

Brn2-2A-mRuby2 multiplicity of infection (MOI) calculation and conversion assay

Plat-E cells were seeded at 850k per 6-well onto 6-well plates coated with 0.1% gelatin for at least 10 minutes at room temperature.
The next day, ~80% confluent Plat-E cells were transfected with 1.8 ug of DNA per well using a 4-5:1 ratio of ng PEI:pg DNA. The next
day, a media change was performed with 1.25 mL fresh DMEM supplemented with 10% FBS and 25 mM HEPES to help buffer. The
next day, viral supernatant was collected, filtered through a 0.45 um filter, and 1.25 mL fresh DMEM supplemented with 10% FBS and
25 mM HEPES was added again to the Plat-E cells. The next day, viral supernatant was collected and filtered through a 0.45 um filter
again for approximately ~2.2 mL of viral supernatant. 1 volume Lenti-X concentrator was added to 3 volumes viral supernatant and
incubated at 4°C overnight. The virus was pelleted by centrifugation at 1,500 x g for 45 minutes at 4°C. The supernatant was removed,
and the pellets were resuspended in DMEM with 10% FBS to a final volume of 200 pL per original 2.2 mL of viral supernatant. Several
wells would be mixed together, aliquoted, and frozen at -80°C as a single batch.

To determine MOI, MEFs were transduced with 1:2 serial dilutions of frozen virus. Frozen viral supernatant was resuspended in
DMEM swith 10% FBS to reach a final volume of 100 pL per 96-well. 5 pg/mL polybrene was supplemented to increase transduction
efficiency. A single transduction was performed and mRuby?2 expression was measured at 4 dpi. The percent of mRuby2-positive
MEFs at 4 dpi vs. virus volume was plotted and fit to a Poisson distribution to determine the number of transducing units (TU) per
volume per 10k seeded MEFs for a given frozen batch. Typical volumes we observed to reach an MOI of 5 TU/cell were around
~2 uL/96-well for 10k seeded MEFs/96-well in 100 L total transduction media with polybrene using this method.

For comparing mRuby?2 vs. bulk populations, either an FSC-A vs. mRuby2-A gate was used for mRuby2-positive cells or FSC-A vs.
FSC-H for bulk cells. For hyperproliferation by CellTrace-Violet dilution, the dimmest 20% in Ctrl-puro bulk population was used to
set the CellTrace-Violet gate. Two twin plates were converted per biological replicate. The yield normalized to 4 dpi count was calcu-
lated as follows for a given biological twin:

# Hb9::GFP+at 14 dpi

# singlets at 4 dpi x 100

Yield normalized to 4 dpi counts (%) for bulk =

. . . # Hb9::GFP+AND # mRuby2+at 14 dpi
0, —
Yield normalized to 4 dpi counts (%) for mRuby2 + =  mRuby2+at 4 dpi x 100

Twin conversion assays for 4 dpi exogenous transgene reporter and 14 dpi conversion

MEFs from a single biological source were seeded in duplicate and converted using six uORF conditions (five uUORFs and one without
any uORFs) with the same viral supernatant mixes, such that each twin received the same exact transduction treatments. At 1 dpi,
one biological twin was stained with CellTrace-Violet to assay at 4 dpi for proliferation history and exogenous transgene expression
via the mRuby2 reporter. The other biological twin was kept until 14 dpi to measure conversion yield and purity. Each twin was per-
formed with three technical replicates and the results were averaged and plotted against each other for each biological replicate.
Thus, each point represents the average geometric mean of mRuby?2 expression at 4 dpi across three wells and the average conver-
sion rate at 14 dpi across another three wells, for a total of six wells assayed for a single biological replicate of one condition.

Ngn2-2A-mRuby2 and proliferation history dual sort

Cells were transduced and stained with CellTrace-Violet as described above. At 4 dpi, cells were sorted by both their proliferation
history and mRuby?2 levels using FACS, as described above. An additional unused far red CellTrace-Far Red-A vs. mRuby2-A
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gate was used to gate mRuby2-positive cells. It was found that gating on Far Red vs. Red resulted in better separation on the BD
FACSAria than FSC vs. Red. Ngn2-2A-mRuby?2 levels were then gated into quartiles (0-25%, etc...) based on the mRuby2-positive
cells. Cells were sorted and replated at 10k/96-well onto 0.1% gelatin-coated plates and converted until 14 dpi.

Viral transduction and iMN conversion of human adult dermal fibroblasts

HEK293Ts were seeded at 6.5 million per 10 cm dish onto 10 cm dishes coated with 0.1% gelatin. The next day, each dish of 293Ts
was transfected with 10.8 ug pLK-packaging plasmid, 1.2 ug of pHDMG envelope plasmid, and 12 ug of transfer plasmid using a
4-5:1 ratio of ug PEl:ng DNA. 6-8 hours later, a media change was performed with 6.5 mL of 25 mM HEPES buffered DMEM with
10% FBS. 24, 48, and 72 hours later, viral supernatant was collected and stored at 4°C and was replaced with fresh media after
the first two collections. After the third collection, the viral supernatant was filtered with a 0.45 pM filter and was mixed with 1 volume
Lenti-X concentrator to 3 volumes viral supernatant and incubated at 4°C for 1-3 days. Next, the virus was pelleted by centrifugation
at 1,500 x g for 45 minutes at 4°C. The supernatant was removed, and the pellets were resuspended in HDF media to a final volume of
200 pL per 10 cm dish. The virus was stored for less than a week at 4°C until use. HDFs were seeded one day prior to transduction
onto plates coated with 0.1% gelatin at the appropriate seeding density (e.g. 2.5k, 5k, or 10k per 96-well). HDFs were transduced two
days in a row with 5 pL of each concentrated virus per 96-well. Fresh HDF media was included to reach a final volume of 100 uL per
96-well, and 5 ug/mL polybrene was added to increase transduction efficiency. Each day after the addition of virus, the plates were
centrifuged at 1500 x g for 90 minutes at 32°C to further increase transduction efficiency via spinfection. At 1 dpi and 4-5 dpi, the
media was replaced with fresh HDF media. At 7 dpi, the cells were dissociated using trypsin. Once the cells were in suspension, fresh
HDF media was added, and the contents of each well were transferred to a laminin coated plate. The day after replating, the media
was replaced with N3 media with RepSox. N3 media was replaced every 3 to 4 days until 35 dpi.

Morphology quantification of human iMNs

Neuronal clustering in the high-efficiency LNI DD ABC condition made traditional Sholl analysis challenging. Instead, all images of
human iMNs were analyzed from the experiments shown in Figure 7. We quantified the number of neuron clusters observed in
each field of view across the different conditions. For each iMN cluster, the number of axons or axonal bundles projecting from
each cluster was manually counted as an indicator of the number of iMNs in each cluster.

Fluorescent imaging
Images not taken for immunohistochemistry were imaged using a Keyence All-in-one fluorescence microscope BZ-X800.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis were performed using Python.
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