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SUMMARY

Long interspersed nuclear element-1 (L1 or LINE-1) is a highly abundant mobile genetic element in both
humans and mice, comprising almost 20% of each genome. L1s are silenced by several mechanisms, as
their uncontrolled expression has the potential to induce genomic instability. However, L1s are paradox-
ically expressed at high levels in differentiating neural progenitor cells. Using in vitro and in vivo tech-
niques to modulate L1 expression, we report that L1s play a critical role in both human and mouse brain
development by regulating the rate of neural differentiation in a reverse-transcription-independent

manner.

INTRODUCTION

Repetitive elements compose more than half of the human
genome. One of the most abundant of these elements is long
interspersed nuclear element-1 (L1 or LINE-1), a retrotranspo-
son that self-replicates and accounts for almost 20% of human
and mouse genomes. Only a fraction of L1 elements are
capable of active retrotransposition, but in doing so, they can
create de novo mutations, induce genomic instability, and
disrupt the transcription of neighbor genes.'® Because of its
risk for deleterious effects on the genome, L1’s promoters are
epigenetically repressed in most cell types by DNA methylation
and associated heterochromatin. Recent findings further high-
lighted deleterious roles of L1 cDNA and RNA in cellular senes-
cence,®® suggesting that L1s have various impacts at different
levels. Paradoxically, however, L1 expression rises dramati-
cally in neural progenitor cells (NPCs) during differentiation,
raising the possibility that L1 may have unexplored physiolog-
ical roles in neurodevelopment.®

Here, we investigated the possibility that L1 expression plays
a role in the regulation of NPCs. During brain development,

NPCs give rise to both neurons and glial cells in a tightly regu-
lated process that must balance proliferation and differentia-
tion. A complex interplay of genetic and molecular factors,
which are still incompletely understood, ensures that cells are
generated, migrate, and mature at the correct times and loca-
tions. In the present study, we provide evidence that knock-
down of L1 transcripts induces precocious neural differentiation
and that simultaneous exogenous expression of L1s can pre-
vent precocious differentiation in mouse NPCs. Further, an L1
mutant without reverse transcription activity can rescue L1-
knockdown-induced neural differentiation, suggesting that
the underlying mechanism is reverse-transcription indepen-
dent. In differentiating conditions, the knockdown of L7 tran-
scripts did not affect neuronal differentiation but reduced glial
differentiation, suggesting potential roles in the regulation of
glial fate commitment in addition to the maintenance of NPCs.
We also show that knockdown of L7 transcripts in human cere-
bral organoids induces differentiation, suggesting evolutionarily
conserved roles for L1s in neural development. Altogether, our
findings suggest that L1s play physiological roles in the regula-
tion of brain development.

Cell Reports 43, 113774, February 27, 2024 © 2024 The Author(s). 1
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RESULTS

Downregulation of L1s facilitates neural differentiation

First, to examine the role of L1 expression in mouse NPCs, we de-
signed short hairpin RNAs (shRNAs) targeting active L1 families in
the mouse genome (L1MdA_Il, L1MdTf_I, and L1MdGf_I; Fig-
ure S1A)."° Full-length L1 elements are composed of two open
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Figure 1. Downregulation of L1 in NPCs fa-
cilitates morphological differentiation

(A) A schema of the experimental design.

(B) Morphological differentiation of mouse NPCs in
a proliferative culture condition 3 days after intro-
duction of shRNAs with GFP. Scale bar, 100 pm.
(C) Reconstructions of cell morphology with Imaris
after shRNA treatment. Cell bodies are shown in
blue, and neurites are shown in black. Scale bars,
20 um.

(D) Number of neurite branches on GFP-positive
cells. Mann-Whitney test, **p < 0.01 and *p < 0.05.
(E) Total neurite length on GFP-positive cells.
Mann-Whitney test, **p < 0.01 and *p < 0.05.

(F) Cell body volume of GFP-positive cells. Mann-
Whitney test, **p < 0.001.

Data are presented as mean + SEM. n = 80 cells
from four experiments. The shControl condition
was used for statistical comparison.

reading frames (ORFs), ORF1 and ORF2.
Specific small interfering RNA (siRNA) se-
quences targeting either ORF from the
common sequences of active L1s were
selected using siDirect 2.0."" Four siRNA
sequences shared by L1MdA_I, LIMdTTf_I,
and L1MdGf_| were chosen, and shRNAs
(shL1s) were constructed based on the
siRNA sequence (Figure S1A). The chosen
shRNAs were largely predicted to target
transcripts of the intended L1 subfamilies
with limited off targets (Figure S1B). To un-
derstand the expression pattern of L1 ele-
ments during neural development, we
quantified L1 expression from published
RNA sequencing (RNA-seq) data from
NPCs and neurons using L1EM.">"® We
found that LIMdA_1 and L1MdTf_1 tran-
scripts were highly expressed in NPCs as
expected, but other L1 subfamilies were
expressed at relatively low levels in NPCs
(Figure S1C). Intriguingly, LIMdA_1 levels
were downregulated in neurons, whereas
L1MdTf_1 levels were further upregulated
in neurons, indicating that the expression
dynamics of L1 elements are distinct
among different L1 subfamilies and that
each L1 subfamily might receive distinct
regulation of its expression. Downregula-
tion of L1 expression after the introduction
of shL1s in mouse NPCs was verified by

real-time gPCR with primers previously designed to detect active
L1s'* (Figures S2A and S2B). Downregulation of L1MdTf_1
by shL1-2 was also confirmed by RNA-seq using L1EM

translation.

(Figures S2C and S2D). Furthermore, the shRNAs also downregu-
lated the levels of Orf1 protein in mouse NPCs (Figures S2E and
S2F), indicating that shL1s resulted in an inhibition of L1’s RNA
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Figure 2. L1 regulates radial migration in the developing cortex

(A) A schema of the IUE procedure used to manipulate the levels of L1 in the developing cerebral cortex. GFP with shRNAs was introduced into the cerebral cortex
at E15.5, and brains were collected at E17.5.

(B) Coronal sections of the brains were stained with anti-Sox2 antibody, anti-GFP antibody, and DAPI. VZ, ventricular zone; SVZ, subventricular zone; 1Z, in-
termediate zone; CP, cortical plate. Scale bar: 35 pm.

(legend continued on next page)
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After the introduction of shL1s, mouse NPCs were maintained
in proliferative culture conditions with FGF2 and EGF to address
the role of L1s in the maintenance of the NPC state. The introduc-
tion of shL1s induced drastic morphological differentiation in
mouse NPCs (Figures 1A and 1B). Consistent phenotypes
were observed with two other shL1s (shL1-1 and shL1-4). Quan-
titative analyses revealed that knockdown of L1 expression facil-
itated neurite branching and neurite extensions (Figures 1C-1F).
Furthermore, knockdown of L1s induced filopodia-like struc-
tures on neurites 3 days after the introduction of shL1s (Fig-
ure S2G). These data suggest that L1 expression is critical for
the maintenance of mouse NPCs and that downregulation of
L1 expression induces morphological differentiation even under
proliferative culture conditions for NPCs. These effects are spe-
cific to shRNAs targeting active L1s because shRNA targeting
inactive L1s (L1MdV_I) did not affect cellular morphology (Fig-
ure 1). Consistent with these results, knockdown of L1s downre-
gulated the expression of Ki67 (Figures S3A and S3B), a mitotic
cell marker, suggesting that down-regulation of L1 expression
reduced proliferating NPCs before the reduction of NPC marker
expression (Figures S3C-S3E). Importantly, the L1-knockdown-
induced phenotype was efficiently rescued by coexpression of
an shRNA-resistant full-length L1'® (Figure S4). These results
indicate that the observed induction of neural differentiation is
caused by the deficiency in L1 expression, and L1 expression
is essential to maintain the state of NPCs.

L1s regulate neural differentiation in the developing
neocortex

Next, to test whether L1s play critical roles in the developing
brain in vivo, we introduced shL1s using in utero electroporation
(IUE)."® "8 shL1s were introduced at embryonic day 15.5 (E15.5),
and the cerebral cortices were analyzed 2 days later at E17.5
(Figure 2A). In controls, most of the GFP-positive cells were
located within the ventricular zone (VZ) and the subventricular
zone (SVZ) of the developing cerebral cortex (Figure 2B). Consis-
tent with the results obtained in vitro, treatment with shRNAs tar-
geting active L1s promoted precocious radial migration, with
significantly higher numbers of GFP-positive cells present in
the intermediate zone as compared to controls (Figures 2B,
2C, and 2E). These findings suggest that knockdown of L1s
from NPCs in vivo causes accelerated radial migration, which
is a critical process during brain development.'? In line with these
findings, knockdown of active L1s reduced the proportion of
Sox2-positive cells colocalized with GFP-positive cells in the
developing cortex (Figure 2G). These results are consistent
with the idea that the knockdown of L1s facilitates a neural differ-
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entiation program. On the other hand, the introduction of
shRNAs targeting inactive L1s (shL1MdV_1, shL1Mur1, and
shL1MdFanc_1) affected neither radial migration (Figures 2B,
2D, and 2F) nor the proportion of Sox2-positive cells among
GFP-positive cells (Figure 2H). Importantly, the effects of L1
knockdown were reversed by the simultaneous introduction of
full-length L1 (Figures 2B, 2E, and 2G), indicating that the
expression of active L1s plays a critical role in the maintenance
of mouse NPCs in vivo and that knockdown of L1s induces pre-
cocious differentiation.

Reverse-transcription-independent roles of L1 in neural
development

To gain further insight into L1 function in the developing cortex,
we used IUE to exogenously overexpress wild-type L1 (WT-L1)
in the developing cortex in vivo. Exogenous expression of WT-
L1 markedly retained GFP-positive cells in the VZ compared to
controls (Figures 3A and 3B), suggesting that L1 expression
maintains NPCs and inhibits radial migration. Consistent with
these results, the proportion of Sox2-positive cells colocalized
with GFP-positive cells was higher when full-length L1 was intro-
duced (Figure 3F). L1 Orf2 encodes a reverse transcriptase (RT)
that has been implicated in the regulation of differentiation as
well as genomic mosaicism.”® To determine whether the func-
tional involvement of L1s in NPCs was dependent on its RT ac-
tivity, we cotransfected mutated L1 lacking RT activity (mL1)
with shL1s. mL1 reversed the effect of shL1s similar to full-length
L1 (Figures 3C, 3E, and 3G). These findings suggest that L1
expression regulates NPCs in an RT-activity-independent
manner.

To gain further mechanistic insight into the role of L1’s expres-
sion in neural progenitors, we analyzed genome-wide transcrip-
tional consequences of L1 knockdown using RNA-seq. To iden-
tify genes regulated by active L1s, we focused on those
differentially regulated in response to shL1s targeting active L1
elements, and reversed by WT-L1, but not affected by shL1 tar-
geting inactive L1s. A total of 477 genes were associated with the
manipulation of active L1s (p < 0.05) (Figure S5A). To verify the
specificity of L1 manipulation, we investigated whether L1-regu-
lated genes contained putative shL1 target sequences. Of 477
differentially expressed genes (L1-DEGs), only 18 contained pu-
tative shL1 target sequences (Figure S5B), suggesting that most
of the L1-DEGs were not directly targeted by shL1s (shL1-2 p =
0.87, shL1-3 p = 0.47).

Subsequently, we examined whether genes containing puta-
tive shL1 sequences within introns or exons were affected by
the manipulation of L1s, but the presence of putative shL1

(C) Distribution of GFP-positive cells in L1-knockdown brains at E17.5. Welch’s t test with Benjamini and Hochberg correction. *p < 0.05, n = 3-5 animals. The

shControl condition was used for statistical comparison.

(D) Distribution of GFP-positive cells in brains treated with shRNA targeting inactive L1. Welch’s t test. n = 3-5.
(E) Mean migration distance of GFP-positive cells from the VZ in L1-knockdown brains. One-way ANOVA (p = 0.0023), followed by Tukey-Kramer, **p < 0.01 and

*p < 0.05.

(F) Mean migration distance from the VZ in brains treated with shRNA targeting inactive L1. Student’s t test with Benjamini and Hochberg correction.
(G) Proportion of Sox2-positive cells in GFP-positive cells in L1-knockdown brains. One-way ANOVA (p = 0.0001), followed by Tukey-Kramer, *p < 0.05 and

*p < 0.01.

(H) Proportion of Sox2-positive cells in GFP-positive cells in brains treated with shRNA targeting inactive L1. Student’s t test with Benjamini and Hochberg

correction.

The numbers of animals are indicated in parentheses unless otherwise indicated in the legend. Data are presented as mean + SD. N.S., not significant.
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Figure 3. Exogenous expression of L1 maintains NPCs
(A) Coronal sections of the brains were prepared and stained with anti-Sox2 antibody, anti-GFP antibody, and DAPI. Note that full-length L1 (L1) expression
rescued shL1-induced radial migration. Scale bar: 35 um. VZ, ventricular zone; SVZ, subventricular zone; I1Z, intermediate zone; CP, cortical plate.

(legend continued on next page)
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sequences within genes showed negligible effects on their
expression (Figure S5C). We also examined cis effects of
shL1s on genes close to putative shL1 sequences. The spatial
relationship between the distance from plausible shL1 targeting
sequences to promoters of genes and the change in the corre-
sponding gene’s expression showed small but significant effects
(shL1-2, R? = —0.11, p < 1.88e—05; shL1-3, R? = —0.07,
p < 2.6e—03), indicating that while there is no direct effect on
gene expression, there may be a small trans effect of L1 expres-
sion in the local genomic region (Figure S5D). Together, these re-
sults support the conclusion that the transcriptomic changes are
mediated by L1s but not by the mistargeted effects of shL1s. L1-
DEGs showed signatures of enrichment in the regulation of cell
morphogenesis or projection, consistent with our observations
(Figure S5E). Interestingly, expression of a collagen gene
(Col18a1) was associated with the expression level of active
L1s (Figure S5F).

The change in the expression of collagen levels was previously
implicated in the evolution of neocortex.?’ We tested whether L1
mRNA was capable of interacting with chromatin to directly
regulate L1-DEGs, as shown in a recent report.”? Using chro-
matin isolation by RNA purification for L1spa, we found that L7
mRNA interacted with L1 chromatin as previously shown.??
However, we did not observe any evidence of such interactions
with regard to selected genes that were differentially expressed
due to modulation of L1 expression (L1-DEGs) such as Tle3 or
Fgfr2 (Figure S5G). Taken together, our observations suggest
that active L1s regulate the differentiation of NPCs through the
modulation of gene expression and that the effect on differenti-
ation occurs in an RT-independent manner.

L1s are dispensable for neuronal commitment but
potentially critical for gliogenesis
We then addressed the role of L1s in fate commitment upon dif-
ferentiation. L1 shRNAs were introduced to mouse NPCs by nu-
cleofection, and EGF was withdrawn upon plating to facilitate
differentiation in vitro (Figure 4A). Three days after the plating,
the expression of neuronal markers (Tuj1, Map2), a glial marker
(GFAP), and a mitotic marker (Ki67) was analyzed (Figures 4B-
4F). The fractions of Tuj1, Map2, and Ki67 did not show signifi-
cant changes (p > 0.05, ANOVA), indicating that the expression
of L1s is dispensable for neuronal commitment or maintenance
of proliferation in the differentiating condition. Intriguingly, the
proportion of GFAP-positive cells was significantly decreased
(*p < 0.05, ANOVA), indicating a potential role for L1s in the regu-
lation of astrocyte differentiation or maturation.

Next, to investigate the role of L1s in neuronal maturation
in vivo, shL1s were administered by IUE at E15.5, and brains

Cell Reports

were collected at postnatal day 7. To compare neuronal morpho-
logical maturation, morphology of GFP-positive cortical neurons
in layer 2/3 of the primary somatosensory cortex was examined
(Figures 4G and 4H).?® Cell area and dendritic length were not
significantly different between shControl and shL1s (Figures 4l
and 4J) (p > 0.05, Kruskal-Wallis). On the other hand, the number
of dendritic branches was markedly increased in shL1-intro-
duced GFP-positive cells (*p < 0.05, Kruskal-Wallis) (Figure 4K).
These data indicate two possibilities: knockdown of L1s induced
earlier differentiation from NPCs, or the entire developmental
process was shifted in advance. Alternatively, L1s may be
involved in the regulation of neuronal morphological maturation.

L1s regulate neural differentiation in human cortical
organoids
Finally, to test whether the role of L1s in the maintenance of NPCs
is evolutionarily conserved, we generated human forebrain orga-
noids derived from subject-derived pluripotent stem cells to
model human-specific aspects of early corticogenesis.”**° We
designed a set of shRNAs specifically targeting active human
L1s. Unique sequences of active human L1 (L1HS) and inactive
human L1 (L1M) were computationally selected, and siRNA se-
quences targeting ORF1 and ORF2 of L1HS and L1M were de-
signed using siDirect 2.0 (shL1HS-1, shL1HS-2, and shL1M).
The L1 subfamilies in the human genome potentially targeted by
shRNAs were estimated (Figure S6A). Based on the siRNA se-
quences, shRNAs were constructed and their effects were verified
using real-time gPCR and western blotting (Figure S6). Forebrain
organoids were generated using both H1 embryonic stem cells
and induced pluripotent stem cells (iPSCs) derived from healthy
subjects. To efficiently introduce shRNAs into NPCs within devel-
oping forebrain organoids, we labeled dividing radial glia-like cells
(RGLs) using a GFP-expressing retrovirus with shRNAs (Fig-
ure 5A). This approach allowed us to follow the progenies of
labeled RGLs as they migrated and integrated into the evolving
cortical plate (CP) (Figure 5B). Strikingly, the distribution of retro-
virally labeled RGLs 3 days post-infection (3 dpi) showed marked
differences between L1-deficient (shL1HS-1 and shL1HS-2) cells
and controls, with GFP-positive L1-deficient cells observed more
frequently in the CP-like regions (Figures 5B and 5C). In line with
this finding, quantitative assessment of their migratory positions
at 3 dpi showed a significantly shifted migratory advancement
of immature neurons deficient for L1s (shL1HS-1 and shL1HS-2)
toward the pial surface within CP-like regions of the developing
human organoid as compared to controls (Figures 5D and 5E).
To validate these observations in an independent setting,
we optimized an electroporation paradigm to target plasmids
expressing the same target shRNAs to RGL-like cells in a

(B) Rescue of the distribution of GFP-positive cells in the L1-knockdown brains by full-length L1 (L1) at E17.5. Student’s t test with Benjamini and Hochberg
correction. *p < 0.05 and **p < 0.01. n = 5-6. The shControl + L1 condition was used for statistical comparison.
(C) Rescue of the distribution of GFP-positive cells in the L1-knockdown brains by mutated L1 (mut-L1) lacking reverse transcriptase activity at E17.5. Student’s t

test. n = 4-6.

(D) Mean migration distance of GFP-positive cells from the VZ in brains treated with shL1 + L1. One-way ANOVA (p = 0.46). n = 5-6.

(E) Mean migration distance of GFP-positive cells from the VZ in brains treated with shL1 + mut-L1. One-way ANOVA (p = 0.60). n = 4-6.
(F) Proportion of Sox2-positive cells in GFP-positive cells. Steel-Dwass test (p < 0.05), *p < 0.05.

(G) Proportion of Sox2-positive cells in GFP-positive cells. One-way ANOVA (p = 8.5377e—06).

Data are presented as mean + SD (***p < 0.001). N.S., not significant.
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Figure 4. Effects of L1 inhibition on neural differentiation and morphological maturation

(A) Experiment schema for neural differentiation after the introduction of shL1s.

(B) Representative images 3 days after shL1 introduction in differentiation cells from NPCs. Scale bar, 20 um.

(C-F) Quantification of GFP-positive cells with markers. ANOVA followed by Holm-Sidak’s multiple comparisons test, *p < 0.05. n = 5-8 experiments.
(G) Schematic diagram of IUE experiments for mice.

(legend continued on next page)
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virus-independent manner. Plasmids were injected into the ven-
tricles and then introduced via electroporation (Figure S7A). We
chose 5- to 6-week-old forebrain organoids for electroporation
because a strong expression of GFP was consistently observed
in the VZ-like regions at this time point. In control samples at
3 days post-electroporation, the majority of GFP-positive cells
were located within the VZ-like regions (Figure S7B). When
shL1HS-1 and shL1HS-2 were introduced, GFP-positive cells
migrated further out from the VZ, and some of them migrated
into the CP-like structure (Figures S7B-S7D). This enhanced
migration was not evident when shL1M was introduced, sug-
gesting that the effect of L1 knockdown was specific for active
L1s. Thus, knockdown of L1s in the VZ of human cerebral orga-
noids also facilitates the differentiation of NPCs.

Subsequently, we tested whether L1s are involved in fate
commitment and neuronal maturation. To address this point,
we first applied retroviruses harboring shL1s in 4-week-old hu-
man cortical organoids and collected them 2 weeks after retro-
viral application (Figures S7E and S7F). At this developmental
time point, 80% of shControl-expressing GFP-positive cells
became CTIP2 positive, a marker for deep-layer cortical neurons
(Figures S7E and S7F). In shL1s-expressing samples, no signif-
icant changes in the fraction of CTIP2-positive cells were
observed (Figure S7F), indicating that L1s are dispensable for
neuronal commitment from NPCs to deep-cortical-layer neurons
in the human cortical organoid system. To further assess
morphological maturation of neurons, shL1s were introduced
by electroporation, which allowed us to sparsely label cells,
and the electroporated cells were examined 2 weeks after the
electroporation (Figure 5F). Intriguingly, shLHS-1-treated cells
showed significantly longer total dendrite length (Figures 5F
and 5G; ***p = 0.0017, Mann-Whitney test) and higher dendritic
complexities as compared to the control group (Figure 5H).
These data indicate that L1 elements consistently play critical
roles in neuronal morphological maturation both in rodents and
human.

DISCUSSION

Expression of L1s is largely believed to be detrimental due to the
risk of insertional mutagenesis, transcriptional interference, and
genomic instability. In fact, recent evidence uncovered patho-
logical roles of L1 in the aging cells or age-related neurological
diseases.®®?° The findings indicated that de-repression of L1s
causes cellular senescence, heterochromatin disorganization,
and cell death. Nevertheless, our results demonstrate that L1
expression in NPCs plays a critical role in regulating normal neu-
ral differentiation. Our finding supports the idea that L1 expres-
sion itself plays a role in early developmental processes.
Furthermore, our data show that the role of L1 expression in neu-
ral development is evolutionarily conserved in rodents and hu-
mans. To address the role of L1s, we employed a knockdown
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strategy. We initially attempted knocking out the putatively
active L1s copies by a CRISPR-Cas9 approach during mouse
early embryonic development, but embryos did not develop,
perhaps due to excessive DNA damage. Therefore, we were
not able to investigate the effects of L1 knockout on cortical
development. To probe the function of L1 transcription, we em-
ployed a knockdown strategy using shRNA. We ruled out off-
target effects since independent sets of shRNA designs (i.e.,
mouse and human) induced similar effects in both model sys-
tems and could be rescued by exogenous expression of L1.
Despite abundant L1 transcripts in differentiating NPCs, most
of these RNAs were not retrotransposed, even if somatic L1 in-
sertions could occur in the neuronal lineage.”’"*° Therefore,
the physiological roles of L1s in brain development have been
largely unknown. Based on our findings, we propose that one
of the physiological roles of L1s in the developing brain is to safe-
guard NPCs from precocious differentiation. Increasing evi-
dence supports the hypothesis that human-specific features
are derived from a delayed developmental process, a process
called neoteny.®'° Since the expression of L1s in NPCs con-
tributes to the temporal regulation of brain development, L1
expression may be involved in the emergence of neotenic fea-
tures in brain evolution.

The exact molecular mechanisms underlying the regulation of
NPCs by L1s remain elusive, but our data indicate that retro-
transposition is dispensable. Interestingly, L1 exerts its effect
at various levels of cDNA, RNA, and local transcription, and L1
expression has been shown to regulate global chromatin acces-
sibility in early mouse embryos.>* Furthermore, L1 mRNA is
involved in the regulation of ribosomal RNA expression and the
cellular state of early mouse embryos by acting as long non-cod-
ing RNA.?? Similar to its roles in early embryonic development,
our data suggest L1s modulate gene networks in NPCs to regu-
late brain development. In agreement with our study, two recent
independent studies also uncovered essential roles of L1s in
brain development. Mangoni and colleagues recently showed
that L1 expression is essential for the maintenance of NPCs dur-
ing development of the mouse cortex and that L1 mRNAs likely
regulate the genetic programs of NPCs through interactions
with the Polycomb repressive complex 2.°° Garza and col-
leagues showed that L1s are dynamically expressed during hu-
man brain development. Using the published RNA-seq data-
set,*® we have independently analyzed L1 expression patterns
from human iPSCs through NPCs to neurons in vitro. We consis-
tently observed dynamic expression patterns of L1 subfamilies
during neural differentiation (Figure S8). Garza and colleagues
further uncovered that human-specific L1s could regulate brain
development through trans effects on the expression of neigh-
boring long non-coding RNAs.*” These studies consistently indi-
cate essential roles for L1 expression in the maintenance of
NPCs both in rodent and human models, albeit through different
potential mechanisms. These observations suggest that, during

(H) Representative images of dendritic morphology of electroporated neurons in layer 2/3 of the primary somatosensory cortex in postnatal day 7 (P7) mice. Scale

bars: 10 pm.

(I-K) Quantification of cell area, dendritic length, and branching numbers of dendrite from electroporated cells at P7. ANOVA followed by Holm-Sidak’s multiple

comparisons test, *p < 0.05. 37-54 cells from 3 experiments.
Data are presented as mean + SD. N.S., not significant.
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cells will further elucidate how repetitive elements contribute to O Forebrain organoid electroporation

brain development, brain evolution, and the process of neoteny. O Quantification of neural migration in forebrain organo-
ids
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To address the roles of L1s in the regulation of NPCs, the study © 3D morphological analysis and cell counting

used a knockdown strategy with several shRNAs and L1 rescue ® QUANTIFICATION AND STATISTICAL ANALYSIS

experiments to verify the specificity of the effects derived from

L1 manipulation. Despite these efforts, it still remains possible  syppLEMENTAL INFORMATION

that the observed phenotype contains an off-target effect of

shRNA. Therefore, future work should address the same ques- Supplemental information can be found online at https://doi.org/10.1016/].
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Figure 5. L1s regulate neural differentiation in human forebrain organoids

(A) A schema of the retroviral labeling procedure used to manipulate the levels of L1 in RGLs of forebrain organoids.

(B) Representative confocal images of VZ-like regions of retrovirally labeled RGL-derived cells that are migrating into the developing cortical plate of forebrain
organoids. Sections were stained with anti-GFP (green) and DAPI. Scale bar, 50 pm.

(C) Fold change of retrovirally labeled RGLs 3 days post infection (dpi) observed in CP-like over VZ-like regions. Mann-Whitney U test, *p < 0.05. Boxplots with
whiskers indicate minimum to maximum values, with box limits for 25" to 75" percentiles, and a centerline for the median.

(D) Relative normalized position of GFP-positive migratory cells within the evolving cortical plate of forebrain organoids. Mann-Whitney U test, *p < 0.05. Boxplots
with whiskers indicate minimum to maximum values, with box limits for 25™ to 75™ percentiles, and a centerline for the median.

(E) Distribution of GFP-positive cells in the CP-like structures. Kolmogorov-Smirnov test, NTC (non-targeting control) vs. shL1HS-2: p = 0.0177, NTC vs. shL1HS-
1: p < 0.0001.

(C—E) Nnrc = 56 cells (from n = 4 independent organoids; 2 organoids per iPSC, 2 organoids per ESC line), Ngn1Hs-2 = 78 cells (from n = 4 independent organoids;
2 organoids per iPSC, 2 organoids per ESC line), and Nsp 1ns-1 = 113 cells (from n = 4 independent organoids; 2 organoids per iPSC, 2 organoids per ESC line).
(F) Representative images of electroporated cells in the CP-like layer 2 weeks after the electroporation of shRNA plasmids. Scale bar, 25 pm.

(G) Quantification of dendritic length of electroporated cells. Data are presented as mean + SEM. Mann-Whitney test, ***p = 0.0019.

(H) Sholl analysis for dendritic complexity of neurons in human cortical organoids. Two-way ANOVA followed by Holm-Sidak’s multiple comparisons test,
***p <0.001, *p <0.01, and *p < 0.05. Nntc = 29 cells (from n = 2 independent organoids), Nep 1Hs-2 = 69 cells (from n = 2 independent organoids), and Ngp 1 =17
cells (from n = 2 independent organoids).

Data are presented as mean + SEM.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-Sox2
Goat polyclonal anti-Sox2
Goat polyclonal anti-DCX
Chick polyclonal anti-GFP
Rabbit polyclonal anti-S1003
Mouse monoclonal anti-Ki67
Mouse anti-Nestin

Chicken anti-Map2

Rabbit anti-Tuj1

Rabbit anti-GFAP

Rabbit polyclonal anti-GFP
Rabbit anti-mouse Orf1
Mouse anti-human ORF1
Rat anti-Ctip2

Cell signaling
Santa Cruz
Santa Cruz
Aves Lab
Swant

BD Pharminger
Santa Cruz
Abcam
BioLegend
Dako
LifeTechnology
This study
Millopore
Abcam

#2748; RRID: AB_823640
sc17320; RRID: AB_2286684
Sc-8066; RRID: AB_2088494
GFP-1020; RRID: AB_10000240
37A; RRID: AB_2315305
550609; RRID: AB_393778
347580

AP20; RRID: AB_1824237
MRB-435P; RRID: AB663339
Z0334; RRID: AB_10013382
A11122; RRID: AB_2307355
N/A

4H1; RRID: AB_2941775
25B6: RRID: AB_2064130

Bacterial and virus strains

Retrovirus; pCAG07-GFP-hUB-shRNA Schafer et al.”® N/A
Chemicals, peptides, recombinant proteins and reagents

FGF2 PeproTech 100-18A
EGF PeproTech 10014
Retinoic acid Sigma R-2625
Forskolin Sigma F-6886
Laminin Invitrogen A256075
Bovine albumin serum (BSA) Fisher Scientific BP1600-1
Fetal bovine serum (FBS) 1500-500
ProLong® Gold Antifade Mountant ThermoFisher P36934
TRIzol® LS Reagent ThermoFisher 10296028
B-27 supplement Invitrogen 12587010
DMEM/F-12 L-Glutamine media ThermoFisher 11320-033
Heparin Sigma H2149

PEI Polysciences Inc #23966
Puromycin Gibco A11138-03
Rock inhibitor Stem Cell Technologies 72308

20% Knockout Serum Replacer
Non-essential Amino Acids
collagenase Type IV
2-mercaptoethanol

GlutaMAX

ROCK inhibitor Y-27632
Dorsomorphin

SB-431542

Cultrex Reduced Growth Factor Basement
Membrane Extract

Insulin
A-083

Thermo Fischer
Thermo Fischer
Gibco
Thermo Fischer
Thermo Fischer
Tocris

Cayman Chemicals

Tocris
R&D

Millipore
Stemgent

Cat# 10828028
Cat# 1114005
Cat# 17104-019
Cat# 21985023
Cat# 35050061
Cat# 1254

N/A

Cat# 1614

Cat# 3433-005-01

Cat# 19278
Cat# 04-0014-10

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Nucleofector Kit for mouse neural stem cells Lonza VPG-1004
Deposited data

RNA-seq data for the knockout of L1 This study GEO: GSE217643
Mouse NPC and neuron RNA seq data Bonev et al.*® GEO: GSE96107

Human iPSC to neurons RNA-seq data

Burke et al.*®

SRA: PRJNA596331

Experimental models: Cell lines

Mouse cortical neural progenitors This study N/A
Human iPSC and ESC lines Schafer et al.”* Cove 3-1iPSC
Cent 3-6 iPSC
Experimental models: Organisms/strains
Mouse: C57BL/6 N/A Harlan/Evigo
Oligonucleotides
Please see Table S1 N/A
Recombinant DNA
pWA125-L1 Anetal.’® NA
pWA125-mL1 Anetal.'® N/A
Software and algorithms
Fiji/imageJ Schindelin et al.*° https:/fiji.sc
R Robinson et al.*’ https://www.r-project.org
SolexaQA++ Cox et al.*? N/A
Bowtie2 Langmead and Salzberg*® http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml
Homer Heinz et al.* N/A
Rstudio3 N/A
siDirect 2.0 Naito et al."’ N/A
L1EM McKerrow et al.'® N/A

RESOURCES AVAILABILITY

Lead contact
Further information and Requests for resources and reagents should be directed to the lead contact, Fred H. Gage (gage@salk.edu).

Materials availability
All biological materials used in this study are available from the lead contact upon request or from commercial sources.

Data and code availability
The RNA sequencing data have been deposited at GEO (GSE217643), and publicly available.
This paper does not report original code.
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplemental Information. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

The mouse NPCs isolated from C57BL/6 mice were cultured as described previously.*® NPCs were cultured in DMEM/F-12 supple-
mented with N2 and B27 (Invitrogen) in the presence of FGF2 (10 ng/mL), EGF (10 ng/mL), laminin (1 pg/ml) and heparin (5 pg/mL).
NPCs were passaged every two to three days and media was changed. HEK293T cells were cultured in IMDM supplemented with
5% fetal bovine serum at 37°C. For differentiation, EGF was withdrawn from the proliferating media, and cells were fixed with 4%
PFA/PBS 3 days after the removal of EGF. For human cells, this study’s protocol was approved by Salk Institute’s IRB Committee
(FWA 00005316) and the Embryonic Stem Cell Research and Oversight Committee. The Salk Institute is committed to protecting the

14 Cell Reports 43, 113774, February 27, 2024



Cell Reports ¢ CelPress

OPEN ACCESS

rights and welfare of human research participants and ensures compliance with all applicable ethical and legal requirements. After a
complete description of the study, written informed consent was provided by the parents of the human participants.

Animals

All animal procedures were performed in accordance with protocols approved by the Animal Care and Use Committee of The Salk
Institute for Biological Studies. Experiments were conducted in accordance with the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals and the US Public Health Service’s Policy on Humane Care and Use of Laboratory Animals. C57BL/6
mice were purchased from Harlan/Envigo and were bred in the Salk animal facility. Animals were housed under constant temperature
and humidity on a 12-h light-dark cycle with free access to food and water.

Forebrain organoid culture

Forebrain organoids were generated as described previously.>* Briefly, human iPSC or ESC colonies were detached with collage-
nase Type IV (Gibco) and transferred to an Ultra-Low attachment 10-cm plate (Corning Costar) containing hPSC medium that con-
sisted of DMEM:F12 (Invitrogen), 20% Knockout Serum Replacer (Gibco), 1x Non-essential Amino Acids (Invitrogen), 1x B-mercap-
toethanol (Gibco), 1x GlutaMAX (Invitrogen), 10 ng/mL FGF-2 (Peprotech) and ROCK inhibitor Y27632 (10 uM). One day later, the
medium was replaced with induction medium containing hPSC media, 2 uM dorsomorphin (Cayman Chemical) and 2 uM A-083
(Stemgent) without FGF-2. Five days later, the media were replaced with neural induction medium, consisting of DMEM:F12 (Invitro-
gen), 1x N2 Supplement (Invitrogen), 1x Non-essential Amino Acids (Invitrogen), 1x GlutaMAX (Invitrogen), 10 ng/mL Heparin (Sigma),
1x Penicillin/Streptomycin (Gibco), 10 uM CHIR99021 (Cayman) and 1 uM SB-431542 (Stemgent). Seven days after induction, orga-
noids were embedded in 20 uL Matrigel (Trevigen) droplets and continued to grow for an additional week in 6-cm Ultra-Low attach-
ment plates (Corning Costar). From day 14 onwards, organoids were cultured in differentiation medium comprising DMEM:F12 (In-
vitrogen), 1x N2 and B27 Supplements (Invitrogen), 1x Non-essential Amino Acids (Invitrogen), 1xGlutaMAX (Invitrogen), 1x
B-Mercaptoethanol (Gibco), 1x Penicillin/Streptomycin (Gibco) and 2.5 ng mL/1 Insulin (Sigma), and were transferred to an orbital
shaker (65-80 rpm). At day 20, residual Matrigel was removed and media changes were performed every two to three days using
the aforementioned differentiation medium.

Plasmids

For knockdown experiments, shRNAs targeting mouse or human L1s were designed using siDirect2.0."" siRNA sequences were de-
signed to target the active mouse L1 families (L1MdA_1, L1MdTf_l and L1MdGf_I) as well as the inactive mouse L1 families (L1 MdV,
L1MdFanc_l, L1Mur1) (Table S1). shRNAs were cloned into a construct containing a chicken B-actin (CAG)-driven green fluorescent
protein (GFP) and an hU6 promoter driving expression of shRNAs®® or pLKO1 vector for puromycin selection. shRNA targeting the
active human L1 (L1HS) and the inactive human L1 (L1M) were similarly constructed. Knockdown efficiencies of L1 expression were
confirmed by gRT-PCR following transfection into mouse NPCs and HEK293T. To exogenously express L1, codon-optimized mouse
full-length WT L1 (FL-L1; pWA-125) and mutated-L1 (mL1; pWA-126) with its endogenous 5'UTR, an upstream CMV promoter and a
retrotransposition-dependent GFP expression cassette were used.*® Plasmids were purified using the PureLink HiPure Plasmid Filter
Maxiprep Kit (Invitrogen). Before in utero electroporation procedures, plasmid DNA was diluted to 1 mg/mL in 1x PBS, and Fast
Green solution was added to a final concentration of 0.05% to monitor the injection.

METHOD DETAILS

qRT-PCR

Total RNA was extracted using RNeasy Plus Mini kit (Qiagen) and extracted RNA was treated by TURBO DNase (Ambion). cDNA was
reverse transcribed from RNA using a QuantiTect Reverse Transcription Kit (Qiagen) with gDNA wipeout treatment. Quantitative RT-
PCR was performed using the C1000Touch cycler (Bio-Rad) for Sybr Green (HEK293T and mouse NPCs) or ABI 7900 instrument
(Applied Biosystems) for Tagman (mouse NPCs). Real time gPCR with Tagman assay was performed in duplex with Gapdh
(Mm99999915_g1, Life Technologies) as a reference gene; cycling conditions were 50°C for 2 min and 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. No template and no reverse transcription (RT) controls were included. Expression
levels were determined relative to Gapdh or B-actin using the delta delta Ct method. siRNA sequence and primers used for gRT-PCR
are listed in Table S1.

In utero electroporation

In utero electroporation was performed as previously described with slight modifications.'® Briefly, pregnant C57BL/6 mice were
anesthetized with isoflurane (2.5-3%), and the uterine horns were exposed. Approximately 1-2 puL of DNA solution (2 mg/mL) was
injected into the lateral ventricle of the brains of embryos at E15.5 using a pulled glass micropipette. Each embryo was held between
tweezer-type electrodes with an electroporator CUY21EDIT (BEX, 0.5 cm puddle type electrode, 35 V, 50 ms duration, 950 ms in-
tervals, 5 pulses). Care was taken to quickly place embryos back into the abdominal cavity to avoid excessive temperature loss.
The wall and skin of the abdominal cavity were sutured. Dams were given an injection of buprenorphine and recovered in a
home cage.

Cell Reports 43, 113774, February 27,2024 15




¢? CelPress Cell Reports

OPEN ACCESS

Immunohistochemistry

Dams were deeply anesthetized with ketamine/xylazine/acepromazine. Brains from embryos were dissected out and fixed in 4%
paraformaldehyde (PFA) in PBS, pH 7.4, overnight at 4°C and then transferred into 30% sucrose solution for cryoprotection. Fifty
um-thick coronal sections were obtained using a cryostat (Leica) and were subjected to immunohistochemistry as previously
described.*” Secondary antibodies were all obtained from Jackson Immunoresearch.

Antibody generation anti-mouse LINE1-ORF1

The DNA sequence encoding murine LINE1-ORF1 (Uniprot P11260) was codon-optimized for E. coli, synthetized (IDT) and subcl-
oned in the pETM11-SUMOS expression vector (EMBL). The pETM11-SUMO3-LINE1-ORF1 expression plasmid was freshly trans-
formed into E. coli BL21-CodonPlus(DE3)-RIL cells. Precultures were grown at 37°C in LB medium supplemented with 30 ng/mL
Kanamycin and 34 png/mL Chloramphenicol and used to inoculate the large-scale expression cultures. Ten mL preculture was added
to 1 L of TB-FB medium supplemented with 1.5% lactose, 30 pg/mL Kanamycin and 34 ung/mL Chloramphenicol. The E. coli cultures
were grown overnight at 25°C and harvested by centrifugation (30 min, 5000 g, 4°C). The cell pellets were flash-frozen in liquid ni-
trogen and stored at —80°C until the start of the protein purification.

All steps of the protein purification process were performed at 4°C and samples were stored on ice throughout the whole workflow.
The cell pellet was resuspended in cold lysis buffer (50 mM Tris-HCI pH 8.0, 250 mM NaCl, 20 mM imidazole) supplemented with
1 pg/mL DNasel, 5 mM MgCl, and EDTA-free cOmplete protease inhibitors (Roche). After resuspension, 1 mg/mL lysozyme was
added and the mixture was incubated for 30 min at 4°C. The cells were lysed by 3 passages through a microfluidizer device, followed
by centrifugation (30 min, 140000 x g, 4°C). The cleared lysate was loaded onto a 5 mL Protino Ni-NTA column (Macherey-Nagel) pre-
equilibrated with 50 mM Tris-HCI pH 8.0, 250 mM NaCl, 20 mM imidazole. After loading, the Ni-NTA column was washed with equil-
ibration buffer and eluted with equilibration buffer supplemented with 300 mM imidazole. The elution samples were analyzed by SDS-
PAGE and the fractions containing the Hisg-SUMO@S-LINE1-ORF1 fusion protein were pooled. Hisg-tagged SenP2 protease was
added to the pooled elution fractions to remove the Hisg-SUMOS fusion tag and the entire sample was dialyzed overnight against
50 mM Tris-HCI pH 8.0, 250 mM NaCl, 20 mM imidazole at 4°C. The next day, the dialyzed sample was loaded again onto a
5 mL Protino Ni-NTA column (Macherey-Nagel). Untagged LINE1-ORF1 protein was collected in the flow-through and dialyzed over-
night against 50 mM Tris-HCI pH 7.0, 50 mM NaCl. The dialyzed LINE1-ORF1 sample was loaded onto a 5 mL HiTrap Q HP column
(Cytiva) pre-equilibrated with IEX buffer (50 mM Tris-HCI pH 7.0, 50 mM NaCl). After washing with IEX equilibration buffer, the HiTrap
Q HP column was eluted in a gradient going from 50 mM NaCl to 1 M NaCl over 12 column volumes. The elution fractions containing
LINE1-ORF1 were pooled and concentrated to ~4.4 mg/mL. Aliquots containing the LINE1-ORF1 protein (in 50 mM Tris-HCI pH 7.0,
600 mM NaCl) were flash-frozen and stored at —80°C. Identity and intactness of the LINE1-ORF1 protein were verified by mass spec-
trometry by the EMBL Proteomics Core Facility.

Polyclonal antibodies against the purified LINE1-ORF1 protein were raised in a New Zealand White rabbit at the EMBL Laboratory
Animal Resources facility. After the immunization process, the rabbit was sacrificed by exsanguination. The serum was isolated from
the final bleed sample and used for antibody purification. Purified LINE1-ORF1 protein was covalently coupled to NHS-activated
agarose beads (Pierce) according to the manufacturer’s specifications. The serum was diluted 1:1 in PBS and incubated overnight
with the LINE1-ORF1 resin pre-equilibrated in PBS. After overnight incubation, the resin was washed with PBS and the LINE1-ORF1-
specific antibodies were eluted with 100 mM Glycin pH 2.4, 150 mM NaCl. The elution fractions were immediately neutralized with
1 M Tris pH 8.5. The elution fractions were analyzed by SDS-PAGE and the fractions containing antibodies were pooled.

Immunocytochemistry

Immunocytochemistry was performed as described previously, with slight modifications.*® Briefly, cultured cells were fixed with 4%
PFA for 10 min at room temperature followed by three washes in PBS and were then permeabilized with 0.1% Triton X-100 in TBS,
blocked with 3% horse serum and incubated with primary antibody overnight.

ChIRP-qPCR

ChIRP experiments were performed using two sets of non-overlapping biotinylated probes (even and odd sets) designed for the mouse
L1spa element.?> Mouse NPCs were differentiated and harvested at days 0 and 3. ChIRP was performed using a Magna ChIRP RNA
Interactome Kit (Millipore) according to manufacturer’s instructions. Briefly, ~1 x 107 cells were crosslinked in 1% glutaraldehyde for
10 min and then quenched with glycine. Cell pellets were washed, lysed, and then sonicated using a Bioruptor Pico (Diagenode) to shear
cross-linked chromatin to ~100-500 base pairs in length. Sheared chromatin was incubated overnight with biotinylated L1 probes
(50 uM) at 37°C. A negative control reaction was incubated with LacZ probes. Hybridized RNA-chromatin complexes were captured
on streptavidin magnetic beads and washed, and then DNA was eluted and purified using a MinElute PCR purification kit (Qiagen). En-
richments were analyzed by Sybr Green gPCR (ABI Step One Plus) and percent input was calculated using the delta Ct method. Primers
for expected negative regions were used to assess background levels of enrichment (Gapdh, Actin, RpI3-Tss, and IntChr11).

RNA sequencing and analyses

After the electroporation of shRNAs, GFP-positive cells were sorted directly into Trizol-LS (Invitrogen). RNA was isolated according to
the manufacturer’s instructions and digested with TURBO DNase (Life Technologies). RNA integrity numbers (RIN) were assessed
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using the Agilent Tape Station before library preparation and RNA was amplified with SMARTseq?2 protocol to read 5'-UTR of RNA
and the Nextera XT kit was used for sample preparation. Libraries were sequenced paired-end 150 bp (PE150) using an lllumina
NextSeq sequencer at the Next Generation Sequencing (NGS) core at the Salk Institute according to manufacturer’s instructions
(llumina).

Reads were trimmed for quality and adapter sequence. To maintain only high-quality bases, reads were first trimmed using the
dynamictrim function from SolexaQA++.” Template-switch oligo (TSO) sequences were removed using cutadapt and requiring
that sequences with at least 30bp were retained for downstream counting. Trimmed reads were then aligned to the mouse genome
using the rsem-calculate-expression function from RSEM.*° Transcripts per million (TPM) were log, + 1 normalized for visualization
and differential expression calculations using a mixed effects model. To accommodate the mixed effect study design, the Imer func-
tion from the Ime4 package was used for differential expression analysis in R version 3.6.1 with shL1s for active L1s as the fixed effect
and the construct as the random effect. p-values were adjusted for multiple-testing using the p.adjust (method = “holm”) function
in R.

The genome-wide binding sites for each shRNA were computationally identified by searching for each sequence and its reverse
complement, with one allowable mismatch, to the mm10 reference genome using the regular expression library (re) in python 3.6.
Distances to the closest promoter were identified by intersecting shRNA binding sites with a bed file of complete gene lengths
from RefSeq (transcription start to transcription stop). To predict the numbers of shRNA targeted L1 subfamilies, shRNA sequences
were aligned to the L1 elements in the Repbase.®® To quantify the expression levels of L1 elements and the effects of shRNAs on L1
expression globally, L1EM was used.'®

Forebrain organoid electroporation

For electroporation, DNA solution (2 mg/mL) was injected into the ventricle of five-to eight-week-old forebrain organoids using a pulled
glass micropipette. Each organoid was placed between tweezer-type electrodes with an electroporator BTX ECM830 (0.3 cm puddle
type electrode, 35 V, 50 ms duration, 950 ms intervals, 5 pulses X 2 shot) in PBS. After electroporation, organoids were put back in
differentiation medium for three days for migration analysis or 14 days for morphological analysis. Organoids were fixed in 4% PFA
for 45 min and then transferred into 30% sucrose solution for cryoprotection. Twenty um-thick sections were obtained using a cryostat
(Leica) and subjected to immunohistochemistry as previously described.?* A total of three or four forebrain organoids with 1-3 ‘VZ-like’
regions per organoid were quantified for every condition.

Retrovirally labeled newborn neurons were analyzed in forebrain organoids at 3 dpi in regions that showed clearly defined VZ-like
and CP-like structures. The migratory distance was assessed based on the relative position of GFP (RV-CAG::GFP) within CP-like
regions and analyzed using Neurolucida version 11 (MBF Bioscience). In total, two lines (1 neurotypical iPSC line and one H1
ESC line) were analyzed with three to five organoid replicates per individual.

Quantification of neural migration in forebrain organoids

To normalize the thickness of VZ among rosettes, the thicknesses of VZ were normalized to 100%, and the distances of GFP-positive
cells were measured from the ventricle using ImageJ. Distances of GFP-positive cells migrating into the CP were considered as 100%
or more.

Microscopy

Fluorescence was detected using a Zeiss LSM 880. Images were acquired with 20x and 63x objectives and the location of GFP-pos-
itive cells and the colocalization with cellular markers were confirmed by 3D reconstructions of z series. For super-resolution imaging,
a Zeiss LSM 880 Airy scan microscope (x63 objective lens) was used.

3D morphological analysis and cell counting

GFP*-labeled cells were 3D reconstructed using the Imaris 8.4.1 software (Bitplane) or Neurolucida (MBF Bioscience). The Filament
function in Imaris was used for neurite tracing and the Cell function was used for analyzing cell area and volume. Sholl plots were
compiled from the 3-D vector-based Imaris datasets by using 10-um increment concentric circles around the center of the soma.
To count cells in images, the Cell counter function in Fiji was used, and the coordination of counted cells was exported to Excel files
for further analyses. All numerical analyses were performed using Excel (Microsoft) and GraphPad Prism.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using R software, GraphPad Prism and Excel (Microsoft). p-values were determined by an un-

paired Student’s t-test, a Welch’s t test, a Mann-Whitney U test, Kruskal-Wallis test or ANOVA. Boxplots with whiskers indicate min-
imum to maximum values, with box limits for 25" to 75" percentile, and a centerline for median.
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