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SUMMARY STATEMENT
This study reports the bimodal tuning of L1 retrotransposon transcription and

retrotranscription exerted by Foxgl brain patterning gene in the developing rodent

neocortex.

ABSTRACT

Foxgl masters telencephalic development via a pleiotropic control over its progression.
Expressed within the central nervous system (CNS), L1 retrotransposons are implicated in
progression of its histogenesis and tuning of its genomic plasticity. Foxgl represses gene
transcription, and L1 elements share putative Foxgl binding motifs, suggesting the former
might limit telencephalic expression (and activity) of the latter. We tested such prediction,
in vivo as well as in engineered primary neural cultures, by loss- and gain-of-function
approaches. We showed that Foxgl-dependent, transcriptional L1 repression specifically
occurs in neopallial neuronogenic progenitors and post-mitotic neurons, where it is
supported by specific changes in the L1 epigenetic landscape. Unexpectedly, we discovered
that Foxgl physically interacts with LI-mRNA and positively regulates neonatal neopallium
L1-DNA content, antagonizing the retrotranscription-suppressing activity exerted by Mov10
and Ddx39a helicases. To the best of our knowledge, Foxgl represents the first CNS
patterning gene acting as a bimodal retrotransposon modulator, limiting transcription of L1
elements and promoting their amplification, within a specific domain of the developing

mouse brain.

© 2024. Published by The Company of Biologists Ltd.
Thisisan Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and reproduction in any medium
provided that the original work is properly attributed
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INTRODUCTION

Foxgl encodes for an evolutionarily ancient transcription factor that drives the development
of the anterior brain (Hanashima et al., 2004). It promotes the activation of subpallial
(Martynoga et al., 2005) and neo-paleo-pallial (Muzio and Mallamaci, 2005) morphogenetic
programs, regulates pallial stem cells fate choice, promoting neuronogenesis at expenses of
gliogenesis (Brancaccio et al., 2010; Falcone et al., 2019; Frisari et al., 2022), and commits
neocortical neurons to distinct layer identities (Hanashima et al., 2004; Hou et al., 2019;
Miyoshi and Fishell, 2012; Toma et al., 2014). Subsequently, Foxgl stimulates neuronal
morphological maturation (Brancaccio et al., 2010; Chiola et al., 2019; Yu et al., 2019; Zhu et
al., 2019), and enhances electrical activity (Tigani et al., 2020; Zhu et al., 2019), being in turn
transiently upregulated by the latter (Fimiani et al., 2016; Tigani et al., 2020). Experimental
Foxg1 knock-down in vivo reduces social interaction and results in selective impairment of
specific learning and memory abilities (Miyoshi et al., 2021; Shen et al., 2006; Yu et al.,
2019). In humans, several FOXG1 copy number variations (CNVs) and structural mutations
have been described. They lead to severe neuropathological scenarios, collectively referred
to as FOXG1 syndrome, for which no cure is so far available (Brimble et al., 2023; ClinVar
db_Foxgl; Florian et al., 2011; Mitter et al., 2018; Papandreou et al., 2016; SFARI db_Foxg1;
Vegas et al., 2018). Traditionally recognized as a transcriptional transrepressor (Seoane et
al., 2004), Foxgl has more recently been implicated in straight control of extra-
transcriptional functions, such as post-transcriptional ncRNA processing (Weise et al., 2019),
translation (Artimagnella et al., 2022) and mitochondrial biology (Pancrazi et al., 2015).
Albeit tightly controlled (Faulkner and Billon, 2018; Goodier, 2016), transposable elements
including L1s are actively transcribed. Specific ensembles of such elements are activated
concomitantly with distinct, early histogenetic routines (He et al., 2021), and, in some
cases, their transcription is required for the progression of these routines (Jachowicz et al.,
2017; Macfarlan et al., 2012; Percharde et al., 2018). Moreover, a subset of full-length L1s is
able to undergo somatic retrotransposition. As little as about 145 in humans, such
retrotransposition-competent L1s are approximately 3000 in mice, including 900, 400 and
1800 ones belonging to A, Gf and Tf families, respectively (An, 2012; Floreani et al., 2022).
Products of their somatic retro-transposition generally lack family-specific 5'UTRs (Singer et
al., 2010), while retaining shared orf2 and 3'UTR regions. Clonal analysis robustly

demonstrated that somatic retrotransposition takes place within the developing embryo at
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different times and in variety of cell types, with special emphasis on the developing CNS
(Bodea et al., 2018; Evrony et al., 2015; He et al., 2021; Richardson et al., 2014; Zhu et al.,
2021). The magnitude of L1 neo-retrotransposition in the human CNS has been hotly
debated, and human neocortical/ hippocampal neurons have been reported to harbor
somatic L1 insertions at a frequencies between 0.2 and 80 events per neural cell (Baillie et
al., 2011; Coufal et al., 2009; Evrony et al., 2012; Evrony et al., 2016; Upton et al., 2015). An
increase in LI-DNA content (close to +30%) has been reported in mice as well, in both
neocortical and hippocampal neurons, between embryonic day 15.5 (E15.5) and postnatal
day 14 (P14) (Fontana et al., 2021).

A substantial fraction of Foxgl protein is stably bound to chromatin (De Filippis et al., 2012),
suggesting it might be implicated in long term gene repression. Next, motif enrichment
analysis (MEA) of L1 consensus sequence by Jaspar software (Mathelier et al., 2016)
revealed a high score, putative FOXG1 binding site (RTAAACAW) within LI-orf2 coding
sequence (our unpublished data). Based on this information, we hypothesized that Foxgl
may be implicated in regulation of L1 transcription. We tested this hypothesis within the
murine embryonic neocortex. We showed that Foxgl-dependent L1 repression mainly
occurs in neuronogenic progenitors and post-mitotic neurons, accompanied by specific
changes in the epigenetic landscape. Unexpectedly, we also found that Foxgl positively
influences neopallial LI-DNA content, counteracting the retrotranscription-suppressing

activity exerted by Mov10 and Ddx39a helicases.

RESULTS

In vivo Foxg1 down-regulation of L1I-mRNA.

To investigate Foxgl involvement in regulation of L1 trascription, we compared L1-mRNA
levels in the neocortex of PO Foxgl'/+ mice (Hébert and McConnell, 2000) (Fig. S2A) and wild
type controls. As expected, we observed a substantial upregulation of L1 expression in these
mutants. It was detected by the diagnostic "L1.orf2" amplicon, common to all L1 families, as
well by the "L1.5'UTR.A, .Gf, and .Tf" amplicons (hereafter referred to also as L1.A, L1.Gf and
L1.Tf), specific to their respective transposition-competent families (S1; Table S1, (Sookdeo

et al.,, 2013; Storer et al.,, 2021). Its amplitude equalled +19.7+1.6% (p<0.014, n=7,7),
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+17.2+0.3% (p<0.008, n=7,7), +33.0+0.1% (p<10™, n=7,7), and +15.8+0.5% (p<0.006, n=7,7),
as for L1.orf2, L1.A, L1.Gf and L1.Tf, respectively (Fig. 1).

In vitro modeling of L1I-mRNA progression in murine developing neocortex.

To ease the dissection of Foxgl control over L1 expression, we established three protocols,
termed "type-1", "-lI" and "-llI", for the generation of primary neural cultures representing
early, mid and late phases of pallial neuronogenesis, respectively (Fig. 2A). Characterized by
progressively longer durations, such protocols differed for terminal exposure of neural cells
to "pure pro-proliferative", "mixed pro-proliferative/pro-differentiative"”, and "pure pro-
differentiative" media, respectively. Neural cells generated by these protocols were
classified based on their Sox2/Tubb3 expression profiles (Hutton and Pevny, 2011; Menezes
and Luskin, 1994). Type | cultures predominantly comprised Sox2*Tubb3™ presumptive
neural stem cells (NSCs; 39.3+0.9%; n=3) and Sox2 Tubb3™ neuronogenic progenitors (NPs;
30.1+0.7%; n=3), with a limited Tubb3" neuronal output (30.6+1.2%; n=3). The prevalence of
these two precursors decreased (to 22.2+1.4% and 16.6+£1.1%, respectively; n=3) in Type Il
cultures, which were characterized by more frequent neurons (Ns; 61.2+2.0%; n=3). As
expected, neuronal prevalence further increased in Type Il cultures (71.7£1.0%; n=3).
Subsequently, we profiled these cultures for L1-mRNA expression levels, by qRT-PCR (Fig.
2B). A progressive increase in the expression of the pan-L1 diagnostic amplicon "L1.orf2",
was observed moving from "type I" to "type II" and "type IlI" cultures ("type I" culture-
normalized values were: 1.00+0.11, 19.85+2.59, and 21.65+3.27, respectively, with piype - vs-
type I|)<10'5, Pitype Il -vs - type 1)<0.34, n=6,6,6). Similar progressions were also observed in cases
of family-specific amplicons, namely L1.5'UTR.A ("type 1" culture-normalized values:
1.00+0.39, 13.01+1.49, and 49.87+8.57, respectively, with pype - vs - type .|)<10’5, Pltype Il - vs - type
< 1073, n=6,6,6), L1.5'UTR.Gf ("type I" culture-normalized values: 1.00+0.10, 11.16+3.10,
and 33.31+7.14, respectively, with piype 1 - vs - type ||)<1O'2, Pitype Il - vs - type 1)< 10'2, n=5,6,6), and
L1.5'UTR.Tf ("type 1" culture-normalized values: 1.00+0.05, 23.41+7.26, and 72.48+11.49,
respectively, with ptype - vs - type ||)<1O'2, Pitype II - vs - type 1)< 10'2, n=5,6,5). This scenario points to
a generalized upregulation of L1 expression, associated with neocortical neuronogenesis
progression.

To validate the biological plausibility of these results, we repeated this analysis in vivo, by

comparing L1 expression in neocortical tissue taken from E14.5 (mid-neuronogenic) and PO
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(post-neuronogenic) mice (Fig. 2C). [Here, to enhance the robustness of the results, we
normalized L1 qRT-PCR values against a specific "gene quadruplet". This included three RNA-
pol ll-transcribed genes (Gapdh, Rpl10a and Cltc), characterized by comparable expression
profiles in apical precursors (APs), basal progenitors (BPs), early neurons (eNS) and late
neurons (INs) (Telley et al., 2016) (Table S3A), as well as by poor sensitivity to Foxgl
manipulation (Artimagnella and Mallamaci, 2020) (Table S3B). Additionally, the quadruplet
also included RNA-pol I-transcribed rDNA-45S, from which the large majority of cell RNA
complement is generated]. As expected, we observed a robust upregulation of LI-mRNAs in
PO compared to E14.5 neocortices, as evidenced by the amplicons "L1.orf2" (+122.3+47.7%,
p<0.004, n=10,7), "L1.5'UTR.A" (+140.6144.0%, p<0.001, n=10,7), "L1.5'UTR.Gf"
(+149.6+51.4%, p<0.003, n=9,7), and "L1.5'UTR.Tf" (+91.0+28.1%, p<0.001, n=10,7). As a
specificity control, a similar analysis was performed on the mesencephalic tectum (a CNS
district not expressing Foxg1), harvested from the same animals. Intriguingly, this revealed
an opposite E14.5 —P0 dynamics in LI-mRNA levels ("L1.5'UTR.A": -20.9+5.1%, p<0.045,
n=9,8; "L1.5'UTR.Gf": -36.5+4.7%, p<0.013, n=10,8; and "L1.5'UTR.Tf" -24.3+5.3%, p<0.051,
n=10,8).

Modeling Foxg1 regulation of L1I-mRNA.

To dissect Foxgl control over L1 transcription, we firstly evaluated L1-mRNA levels in "type
II", mid-neuronogenic cultures, where Foxgl had been constitutively knocked down (Table
S2 and Fig. S2B) by CRISPR-Cas9 technology and lentiviral transgenesis (Fig. 3A).
Consistently with findings in PO Foxgl'/+ pups (Fig. 1) and upon normalization against the
"Gapdh, Rpl10a, Cltc and rDNA18S quadruplet", neocortical Foxg1-LOF cultures exhibited an
increasing trend in LI-mRNAs from all three families, which - however - was not statistically
significant (Fig. 3A and S4A).

Next, we examined LI-mRNA response to Foxgl upregulation. To get insights into temporal
and intra-neuronogenic lineage progression of Foxgl modulation of L1 expression, we run
multiple Foxg1-OE assays, employing different, early-, mid- and late-neuronogenic, cultures,
and driving the Foxgl transgene by means of the ubiquitous pPgkl promoter and the cell-
type specific, pNes, pTal and pSyn promoters, active in NSCs, NPs/Ns, and Ns, respectively

(Brancaccio et al., 2010; Tigani et al., 2020). As a control, we used the ALPP gene, encoding
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for human Placental alkaline phosphatase, hereafter referred to as Plap (Falcone et al.,
2016).

Foxgl overexpression in early-neuronogenic ("type I") cultures, driven by either pNes or
pPgkl, resulted in a similar and generalized down-regulation of L1I-mRNAs. Specifically, in
case of pNes-manipulated cultures, Ll.orf2, .A, .Gf, and .Tf signals were decreased by
29.1+4.1% (p<10™, n=9,9), 27.3+3.8% (p<10°, n=9,9), 23.2+5.0% (p<0.006, n=9,9), and
22.345.5% (p<0.008, n=9,9), respectively (Fig. 3B). Similarly, in pPgkl-manipulated cultures,
these signals were reduced by 26.8+4.5% (p<0.006, n=6,6), 31.0+6.7% (p<0.004, n=6,6),
38.5+6.3% (p<0.003, n=6,6), and 32.2+5.0% (p<0.002, n=6,6), respectively (Fig. 3C).
Conversely, mid-neuronogenic ("type II") Foxgl-OE cultures showed different results
depending on the promoter driving the Foxgl transgene. The most pronounceed L1

downregulation was observed in Foxg1-OEP™<!

cultures, with L1.orf2, .A, .Gf, and .Tf signals
decreased by 42.9+6.1% (p<0.046, n=6,6), 61.4+4.4% (p<0.001, n=6,6), 68.1+2.9% (p<0.001,
n=6,6), and 60.2+5.4% (p<0.003, n=6,6), respectively (Fig. 3D). A milder decline in LI-mRNA
was observed in Foxgl-OEP™ cultures, where L1.A, .Gf, and .Tf signals decreased by
18.1+4.6% (p<0.025, n=7,5), 23.4+3.5% (p<0.004, n=7,5), and 16.1+4.3% (p<0.034, n=7,5),
respectively (Fig. 3E). LI-mRNA levels were mostly unaffected in Foxgl-OE™" "type II"
cultures, except for the L1.Gf signal, which was reduced by 10.7+0.8% (p<0.024, n=6,5) (Fig.
3F).

Lastly, late-neuronogenic cultures ("type IlI"), again over-expressing Foxgl under the control
of the pSyn promoter however over a longer duration, displayed a generalized LI-mRNA
down-regulation, with L1.orf2, .A, .Gf, and .Tf signals decreased by 19.2+3.8% (p<0.004,
n=7,8), 14.3+6.7% (p<0.007, n=7,8), 15.6+7.2% (p<0.003, n=7,8), and 21.3+4.0% (p<0.003,
n=7,7), respectively (Fig. 3G).

While pointing to a general trend of Foxgl-dependent L1 down-regulation, these results
offer valuable insights into temporal and cell-type specific unfolding of this process. In this
respect, it is important to distinguish between late neuronogenic cultures manipulated by a
pSyn-driven Foxgl transgene (Fig. 3G) and other cultures (Fig. 3B-F).

In the former case the promoter was active in cells occupying a terminal position along the
neuronogenic sequence and the culture was allowed to age sufficiently for robust Foxgl
protein accumulation within the same cell type where the promoter is active. In the light of

these considerations, the interpretation of data obtained in Foxgl—OEpSV”, "type IlI" cultures
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(Fig. 3G) is straightforward, pointing to a consistent neuronal inhibition of L1 elements
belonging to all families by Foxgl. Remarkably, this inference was corroborated by the
results of supplemental Foxgl manipulations, both OE and LOF, performed in pure neuronal
cultures fully depleted of glial cells by araC supplementation (Fig. 4). In such neocortical
neurons, constitutive Foxgl overexpression reduced the L1.orf2 gRT-PCR signal, by
25.2+8.7% (p<0.046, n=4,4) upon Gapdh-normalization (Fig. 4, graph (1)), by 33.5+8.7%
(p<0.025, n=4,4) upon Rpl10a-normalization (Fig. 4, graph (2)), whereas constitutive Foxg1-
knockdown (Fig. S2C) increased such signal, by 66.4+21.9% (p<0.016, n=4,4) upon Rpl10a-
normalization (Fig. 4, graph (3).

Conversely, in case of "type I" and "type II" cultures, the promoters driving the Foxgl
transgene were active in transient precursor types, within relatively short-lived
preparations. Consequently, in such cases, Foxgl protein accumulation could have taken
place in a cell type where the promoter is no longer active, or the available time might have
been not sufficient to get an appreciable protein upregulation at all. Because of that, L1-
mRNA dynamics displayed by Foxgl-OE, "type I" and "type II" cultures required further
clarification. In this respect, to get insights into the actual cell types where Foxgl
upregulation elicited an L1I-mRNA decline, we (1) quantified the sizes of NSCs, NPs and Ns
compartments of differently engineered cultures, (2) profiled each compartment for the
distribution of Foxgl protein cell content, and (3) finally looked for correlative evidences
between results of (1,2) analyses and cumulative LI-mRNA dynamics specific to the
corresponding cultures.

We found that, within early-neuronogenic, "type 1", preparations, pNes-driven Foxgl
elicited a prominent increase of NPs at the expense of NSCs, while keeping Ns to a
minimum. Specifically, being fx the prevalence of X-type cells within the entire cell
population, values were: fyp(Foxg1-GOF)=39.16+1.14% vs fyp(ctrl)=11.9342.58% (p<1.03*10
>, n=6,5), and fnsc(Foxg1-GOF)=57.8141.53% vs fysc(ctrl)=84.58+2.81% (p<2.83*10'6, n=6,5)
(Fig. 5A (1)).

Moreover, we found that, within the same preparations, pNes-driven Foxgl specifically
increased the frequency of both NSCs and NPs expressing Foxgl at the highest levels (i.e.
falling within the first decile), however such effect was far more prominent in case of NPs
than in NSCs. Specifically, being *fsec1 the fraction of X-type cells falling in decile 1, values

were: NSCfdecl(ctrl)=3.4% S NSCfdecl(Foxgl—GOF)=15.4%, and  “fyea(ctrl)=48.5% s
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NPf ec1(Foxg1-GOF)= 83.3% (Fig. 5A (2)). In this way, among cells moving to the first-decile
upon Foxgl overexpression, (a) >4/5 belonged to the NP compartment and (b) less than 1/5
to the NSC one. [In fact, (a) Afuprgect = fnp(FOXgI-GOF) * “NPfyeci(Foxg1-GOF) - fyp(ctrl) *
NPfseca(ctrl) = 0.392 * 0.832 - 0.119 * 0.485 = 0.268), and (b) Afnscrdect = fansc(Foxg1-GOF) *
N3Cf jec1(FOXG1-GOF) - fsc(ctrl) * MFyeci(ctrl) = 0.578 *0.154 - 0.846 * 0.034 = 0.060].

All that suggests that, within early-neuronogenic, "type I", cultures, the robust LI-mRNA
downregulation evoked by "“*Foxg1-OE (Fig. 3B) mostly occurred in NPs, and NSCs
contribution to this phenomenon was marginal, if any (Fig. 7 (1)).

Next, we performed a similar analysis of mid-neuronogenic, "type II", preparations
harboring the pTal- and pPgkl-driven Foxgl transgenes, which exhibited the strongest
impact on LI-mRNA dynamics (Fig. 3D-F). These transgenes altered only marginally culture
compartments sizes, both eliciting a moderate shrinkage of the neuronal one (from
66.1+1.9% to 60.0£1.8%, with p<0.03 and n=5,6, as well as 62.0+0.9% to 53.6£1.6%, with
p<0.01 and n=3,6, respectively) (Fig. 5B (1) and 5C (1)). Intriguingly, while similarly
perturbing neuronal Foxgl expression levels, they distorted Foxgl protein distribution in
NPs according to different patterns. Specifically, the NP fraction "moving" to the first
expression decile upon Foxg1-OE increased much more in ppgleoxgl-OE cultures (0.244 -
0.080 = 0.164) than in pT"lFoxgl—OE ones (0.122 - 0.058 = 0.064) (Fig. 5B (2) and 5C (2)).

pPgkl

Taking into account the stronger L1 inhibition occurring in Foxg1-OE compared to

pT"lFoxgl—OE cultures (Fig. 3DE), this scenario suggests that down-regulation of L1I-mRNA
detected in Foxg1-OE mid-neuronogenic cultures may have primarily occurred in NPs (Fig. 7
(2)).

In conclusion, results of our Foxgl-OE assays point to a negative impact of Foxgl on L1-

MRNA expression, both in NPs and Ns (Fig. 7), and mirror phenotypes displayed by Foxgl-

LOF and -OE cultures further suggest that Foxgl physiologically tunes these levels.

Mechanisms underlying Foxgl control of L1 transcription.

Foxgl is mostly recognized to act as a transcriptional repressor (Falcone et al., 2019; Seoane
et al., 2004). We wondered whether this also specifically applies to L1s. To address this
guestion, we established early ("prot I"-type) neuronogenic cultures, both wild type (Plap-
OE) and overexpressing Foxgl (Foxg1-OE), and compared Foxgl-enrichment at their L1 loci

against 1gG controls, by chromatin immuno-precipitation/quantitative polymerase chain
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reaction (ChIP)-gPCR. We found that this enrichment was barely detectable in Plap-OE
cultures and, conversely, statistically significant at all diagnostic amplicons in Foxgl-OE
preparations (psyrr.4<0.014, psyrr.6r<0.01, psyrr 77<0.002, pors2<0.02, p3y7r<0.01, with n=4,4)
(Fig. 6A). Considering the predominance of NSCs in early ("prot I"-type) Plap-OE cultures and
their substantial conversion into NPs induced by Foxg1-OE (as depicted in Fig. 5A (1)), ChIP
results shown in Fig. 6A may reflect selective Foxgl recruitment at L1 loci in NPs, but not in
NSCs (Fig. 7 (1)).

Subsequently, we run similar assays on chromatin prepared from mid-neuronogenic ("prot
[I"-type) cultures. In this instance, a clear Foxgl-enrichment was detectable at almost all
diagnostic amplicons in Plap-OE controls (psurra<0.02, psurr.6r<0.09, psurr7r<0.04,
Pors2<0.02, p3yrr<0.02, with n=5,5 or - case Gf - n=5,4) (Fig. 6B). Coupled with the high
prevalence of NPs and Ns in all "prot Il"-type cultures (as illustrated in Fig. 5C (1) ), this
observation points to Foxgl binding to L1 loci in NPs and/or Ns (Fig. 7).

In conclusion, both quantification of LI-mRNA levels and measure of Foxgl protein
recruitment to L1 loci, in control and Foxg1-OE cultures, suggested us that Foxgl control
over L1 transcription should specifically occur in NPs and Ns. To confirm this inference, we
transduced E11.5 neopallial precursors - either made loss-of-function for Foxgl or left
inaltered - by a pTal-mCherry transgene, driving selective mCherry expression in committed
neuronogenic progenitors and their post-mitotic progenies (Brancaccio et al., 2010). Four
days later, we dissociated the resulting neurospheres, sorted single cells based on red
fluorescence intensity, and quantified L1 transcripts in mCherry" and mCherry” fractions. It
turned out that CRISPR/Cas9-mediated Foxgl knock-down did not affect LI-mRNA levels in
mCherry” NSCs, while inducing a significant upregulation trend of them in mCherry” NPs and
Ns [+64.29+24.89% (p<0.06), +81.31+26.20% (p<0.02), and +64.994+22.54% (p<0.03), with
n=4,4, as for "L1.5'UTR.A", "L1.5'UTR.Gf", and "L1.5'UTR.Tf" amplicons, respectively] (Fig.
8). In essence, while significant in NPs and Ns, physiological Foxgl contribution to L1
repression is negligible in NSCs, as expected.

Several studies have underscored the significance of various epigenetic marks in tightly
regulating L1 transcription (Bulut-Karslioglu et al., 2014; Day et al., 2010; Guler et al., 2017;
He et al., 2019; Kim et al., 2014; Muotri et al., 2010; Protasova et al., 2021; Rangasamy,
2013). Additionally, inspection of the public Biogrid database (BioGRID db_FOXG1) revealed

that Foxgl physically interacts with key effectors modulating the epigenetic chromatin
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landscape, including Histone deacetylase 2 (HDAC2), Lysine-specific demethylase 5B
(KDM5B), Lysine-specific demethylase 1A (KDM1A). Thus, Foxgl might influence LI-mRNA
levels by modulating the epigenetic state of L1 chromatin.

To explore this, we evaluated chromatin extracted from mid-neuronogenic cultures, wild
type and Foxgl-OE, for its enrichment at L1 loci for a number of key epigenetic markers:
H3K4me3, H3K9me3, H3K27ac, and MeCP2 (Fig. 8A,B). We observed a remarkable
enrichment for H3K4me3, H3K9me3, H3K27ac at all diagnostic amplicons analyzed,
L1.5'UTR.A, .Gf, .Tf, .orf2 and.3'UTR, irrespective of culture genotype (about 60-1200-folds
over IgG controls). Conversely, enrichment for MeCP2 over these controls was barely
appreciable (<2-folds). Furthermore, enrichment for H3K4me3 showed a decreasing trend in
Foxg1-OE compared to Plap-OE cultures (psyrra<0.021, psuyrr<0.106, psyrr77<0.141,
Porf2<0.069, p3y7r<0.045, with n=4,3 and - in case of orf2 - n=3,3). Conversely, an opposite
trend was evident for H3K9me3 (ps5yrra<0.072, psyrr6r<0.006, psyrr77<0.062, por<0.021,
p3uTr<0.028, with n=5,5 and - in case of Tf - n=4,4)(Fig. 8C).

Overall, these results support the hypothesis that Foxgl-mediated modulation of L1
transcription involves pervasive changes in the epigenetic state of these elements, namely a
decrease in transcription-promoting H3K4me3 marks and an increase in heterochomatic
H3K9me3 marks. Additionally, the high levels of H3K27ac observed in both controls and
Foxg1-OE samples suggest a transient bivalent state of chromatin, capable of both silencing
and transcription (He et al., 2019), while the low MeCP2 enrichment at mid-neuronogenic
stages likely reflects relatively low expression of this protein (Diez-Roux et al., 2011).

Lastly, to further elucidate the mechanisms mediating Foxgl impact on L1 transcription, we

W308X Jllele (Frisari et al., 2022), encoding for

took advantage of the neuropathogenic FOXG1
a prematurely truncated protein, lacking the binding domains for the Groucho/Tle co-
repressor and the KDM5B-encoded JARID1B H3K4me2/3-demethylase (Fig. 10). Delivered to
neuron-enriched cultures as a Tet® -driven transgene, FOXG1"?% |ed to a reduction of L1-
MRNA levels, less pronounced compared to FOXG1"" -19.93+9.85% vs -43.94+10.39%
(n=4,4), -18.4715.27% vs -45.01+8.83% (p<0.021; n=4,4), -21.11+4.72 % vs -40.0316.37%
(p<0.038; n=4,4), and -31.94+6.24% vs -47.37+9.15% (n=4,4), as evaluated at diagnostic
amplicons "orf2", "S5'UTR.A" ", "5'UTR.Gf", and "S5'UTR.Tf", respectively (Fig. 10). A

consistent pattern emerged from comparisons of earlier, "mid-neuronogenic" cultures,
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alternatively overexpressing the two FOXG1 alleles (Fig. $3 and 3D), suggesting that JARID1B

and/or Groucho/Tle contribute to Foxgl-dependent L1 repression.

Temporal progression of pallial L1 DNA copy-number.

We wondered if, in addition to inhibiting L1 transcription of L1 elements, Foxgl might
further impact their DNA copy number. To get preliminary information about natural
dynamics of L1 DNA within the developing embryonic pallium, we scored early-, mid- and
late-neuronogenic cultures for their cumulative L1 copy number (Fig. 11A). For this purpose,
we relied on the diagnostic 3'UTR amplicon (Fig. S1, Table S1), present in all L1 repeats,
including the prevailingly 5' truncated elements originating from somatic retrotransposition
(Babushok et al., 2006). We found L1 copy number did not change across early- and mid-
neuronogenic cultures, whereas it was increased by 35.08+3.65% (p<0.001, n=5.7) in late-
neuronogenic ones (Fig. 11B, (1)).

Actually, these results were obtained on DNA prepared by a dedicated, sample digestion
procedure ("high PK"), aimed at extracting DNA with comparable efficacy regardless of the
compaction state of chromatin. [Fulfillment of this requirement had been previously tested,
by quantifying an X-chromosomal (lyonizable) Mecp2 amplicon in DNA extracted from
female and male tissues, and normalizing it against an autosomal amplicon (Gfap). This gave
a normalized, female-to-male Mecp2 signal ratio, equalling 1.54+0.18, with p s s<0.053,
n=3,2 (Fig. S5(1))]. To strenghten Fig. 11B, (1) results, we repeated the quantification of
pallial L1 content upon replacing the "high PK" protocol with a further improved version of it
("very high PK"). [With this latter protocol the female-to-male Mecp2 signal ratio arose to
2.25+0.45 (p  5s<0.016, n=3,2) and a similar 2.22+0.10 ratio was also obtained for an
alternative X-chromosomal gene, Cdkl/5 (p » 5<0.001, n=3,3) (Fig. S5(2,3)]. Moreover, as a
control, we included in this last assay late-neuronogenic cultures pre-treated by chronic
lamivudine, an established inhibitor of retro-transcription. "Very high PK" samples
substantially replicated the outcome of "high PK" ones, with L1 copy number increased in
late-neuronogenic cultures by 1.31+0.16-folds compared to their mid-neuronogenic
counterparts (p<0.04, n=8,8). Remarkably, this increase was fully suppressed by lamivudine

(Fig. 11B (2)).
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As mentioned above, assays referred to in Fig. 11B (1,2) were based on the "3'UTR"
diagnostic amplicon. As a further control, we also quantified LI-DNA in mid- and late
neuronogenic cultures by means of family-specific 5'UTR amplicons (Fig. S1, Table S1). As
expected, no relevant changes were found (Fig. 11B (3,4,5), except an increasing trend in
"S5'UTR.A" (Fig. 11B(3)), possibly reflecting differential somatic RT failure in distinct L1
families.

Finally, to validate the dynamics of L1-DNA observed in mid- vs late-neuronogenic cultures,
we compared LI-DNA content in neocortices dissected from E14.5 vs PO wild-type mice. As
expected, the latter exceeded the former, by 23.8+4.7% (p<0.0060; n=8,7) (Fig. 12),
corroborating our previous findings. Intriguingly, an increase of LI-DNA content over the
same time interval was also detectable in the mesencephalic tectum, where its amplitude

was even larger (+54.04£8.1%, with p<0.0004 and n=6,9) (Fig. 12).

Foxgl impact on L1.DNA copy numbers

We have shown that LI copy number increases during neocortical neuronogenesis
progression. To further investigate the role (if any) of Foxg1 in this process, we compared L1
DNA content in neocortices of Foxgl'/+ neonates and their littermate wild type controls.
When normalized against Gfap and Nfia, such content turned out to be decreased in Foxg1-
LOF samples by 7.50+0.85% (p<10~, n=6,8), compared to controls (Fig. 13). To note, this
variation accounts for approximately one third of the increment in neocortical L1 copies
detectable over the same time interval in wild type mice (Fig. 12). Moreover, this decrease
occurred in mutants characterized by Foxg1-mRNA levels reduced by only 33.59+6.17%
(p<0.02, n=8,7) compared to wild-type controls (Table S2).

To corroborate these findings, we repeated the evaluation of L1 copy number in primary,
late-neuronogenic cultures manipulated by CRISPR-Cas9 technology, which allowed us to
achieve a more pronounced Foxgl down-regulation, by 65.37+2.68% (p<10”, n=8,8), (Table
$2). Remarkably, in this case, L1 copy number was reduced by 15.23+2.19% (upon
normalization against Gfap and Nfia, with p<10°, n=8,8) (Fig. 14B(1)), corresponding to
about two thirds of the "physiological" increment mentioned above (Fig. 12).

To achieve a more comprehensive understanding of Foxgl role in tuning L1 copy number,
we overexpressed it in late-neuronogenic cultures, under the control of pTal and pPgkl

promoters, and evaluated the impact of these manipulations on L1 DNA content. As
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expected, we found that LI-DNA content was increased by "pTal-driven Foxgl", by
37.11416.35%, with p<0.03, and n=9,9 (Fig. 14B(4)). Conversely, no L1I-DNA increase was
elicited by "pPgkl-driven Foxgl" (Fig. 14B(3)), possibly due to the stronger LI-mRNA
downregulation triggered by such transgene compared to its pTal counterpart (Fig. 3D,E).
These results collectively indicate that Foxgl plays a crucial role in LI-DNA amplification and
its fine physiological tuning. To note, such amplification-promoting activity must be
particularly robust, as it emerged despite the concurrent, Foxgl-induced down-regulation of

LI-mRNA, namely the template from which new L1 DNA is generated.

Mechanisms underlying Foxgl impact on L1 copy number

We wondered: how does Foxgl impact L1 DNA content? We considered two possible
scenarios: (1) it acts indirectly, as a "professional transcription factor" modulating the
transcription of genes encoding for key effectors involved in synthesis and/or degradation of
new somatic L1 copies; (2) it straightly regulates these processes, through physical
interaction with factors implicated in them and/or with LI-mRNA.

As for (1), we inspected a database of genes mis-regulated upon Foxgl overepression in
neocortical neuronal cultures (Artimagnella and Mallamaci, 2020). We found that mRNA
encoding for Apobecl, an inhibitor of L1 retro-transposition (lkeda et al., 2011), is halved in
Foxg1-OE samples (Table S4A), which suggests Foxgl might promote retro-transposition, by
mitigating such inhibition.

As for (2), we interrogated the public Biogrid database for Foxgl interactors implicated in
retro-transposition control and found two well known antagonizers of L1 retro-
transposition, Mov10 and Ddx39a (Goodier et al., 2012)(Table S4B). We co-manipulated
expression levels of each of them alongside Foxgl in late-neuronogenic cell preparations,
and evaluated the impact of such manipulations on L1-DNA content (Fig. 15A). Intriguingy,
in a sensitized Foxgl-lof environment, "wild-type" levels of both Mov10 and Ddx39a led to
statistically significant decreases in L1-DNA copy number compared to their knock-down
counterparts [-16£3% with p<0.035 n=7, as well as -18%+3% with p<0.018, and n=6,
respectively]. Conversely, in a Foxgl-wt environment, a decrease was only detectable in
Ddx39a "wild type" compared to Ddx39a knock-down samples [-15+3%, with p<0.015, and

n=10]. Notably, two-ways ANOVA analysis of results indicated statistical interaction among
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Foxgl and both Mov10 (p<0.026) and Ddx39a (p<0.058) variables (Fig. 15B), pointing to a
likely functional interaction among Foxgl and the helicases encoded by these two genes.

Furthermore, we reasoned that Foxgl could counteract Mov10 and Ddx39a, by preventing
them from interacting with LI-mRNA. This might be achieved by chelating the helicase in
order and/or shielding its LI-RNA interactor. While the former phenomenon has been
previously documented (Li et al.,, 2015), to assess the latter, we run a set of RNA-
immunoprecipitation (RIP) assays, by which we quantified "5'UTR", "orf2" and "3'UTR" L1
diagnostic amplicons in anti-Foxgl-immunoprecipitated RNA (Fig. 16). Consistent with our
prediction, we found a robust enrichment of Foxgl at both 5' and 3' ends of L1-mRNA.
Normalized agaist IgG controls, this enrichment was 3.11+0.20 folds at "L1.5'UTR.A" (p<10™,
n=5,3), 1.85+0.28 folds at "L1.5'UTR.Gf" (p<0.043, n=5,3), 4.13+0.51 folds at "L1.5'UTR.Tf"
(p<0.003, n=5,3), and 3.89%0.55 folds at "L1.3'UTR" (p<0.004, n=5,3) (Fig. 16 (1,2,3,5)).
Foxgl enrichment was lower at "L1.orf2", where statistical significance was not reached

(Fig. 16 (4)).

DISCUSSION

Foxgl plays a central role in telencephalic development, exerting a highly pleiotropic
control over it. L1 is a prominent retrotransposon family modulating progression of
neocortical histogenesis and contributing to plasticity of neuronal genomic DNA. In this
study, we systematically investigated the impact of the former on the biology of the latter
within the developing murine neocortex. Main results were as follows.

As suspected, we found that LI-mRNA encoded by all three retro-transposition-
competent families (A, Gf and Tf) was increased in Foxg1-LOF mouse neonates compared to
wild type controls (Fig. 1). To model Foxgl-dependent L1 regulation across neuronogenic
progression, firstly, we developed an integrated culture-set, representing early-, mid- and
late-phases of neuronogenesis in vitro. This set exhibited a progressive increase in LI-mRNA
expression, paralleling in vivo LI-mRNA dynamics (Fig. 2). Then, we manipulated Foxgl
levels at different stages of the neuronogenic progression, both up and down, via multiple
approaches, taking advantage of distinctive neural cell type-specific promoters (Fig. 3,4). We
evaluated the impact of these manipulations on the sizes of NSCs, NPs and Ns

compartments, and we mapped changes of Foxgl protein levels to these compartments
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(Fig. 5). Additionally, we profiled Foxgl binding to L1 chromatine at different steps of
neuronogenic progression (Fig. 6). Integrated analysis of these results provided us robust
evidence that Foxgl represses L1 expression selectively in NPs and Ns (Fig. 7). This
repression was confirmed by quantifying L1-mRNA in NSCs and NPs+Ns fractions, FACsorted
from Foxgl-LOF preparations (Fig. 8). As expected, we found that such repression was
associated with reduced H3K4me3 and increased H3K9me3 marks along the entire
retrotransposon (Fig. 9). Furthermore, a prematurely truncated, human neuropathogenic,
loss-of-function variant of FOXG1 downregulated LI-mRNA too, although to a lesser extent
than its "healthy" counterpart (Fig. 10 and S3).

Before investigating the potential impact of Foxgl on L1-DNA copy number, we
profiled the progression of this number in early-, mid- and late-neuronogenic cultures, and
we found that it increased by approximately 35% in late ones, in a retro-transcription-
dependent way (Fig. 11). A similar increase was observed in vivo as well, in neonatal
compared to mid-neuronogenic embryonic neocortex, suggesting the former phenomenon
to be genuine (Fig. 12). Then, unexpectedly, we discovered that Foxgl down-regulation,
both in vivo and in vitro, resulted in a remarkable, Foxgl-dose-dependent reduction in L1-
DNA content, up to two thirds of the natural increase observed in vivo. Consistently, mild
Foxgl overexpression in mid-neuronogenic cultures increased LI1-DNA, further suggesting
that Foxgl tunes physiological amplification of this DNA (Fig. 13,14). We hypothesized that
Foxgl intervention in L1 retrotranscription might involve two helicases, Mov10 and Ddx39a,
known to antagonize retrotransposition and physically interact with Foxgl protein.
Interestingly, Foxgl desensitized neocortical neurons to the activity of these helicases,
resulting in increased LI-DNA copy number (Fig. 15). Finally, we found that Foxgl binds to
LI-mRNA, particularly at its 5' and 3' ends (Fig. 16).

As a general methodological note, the interpretation of results originating from gene
overexpression-assays requires a special caution, because of paradoxical dominant-negative
effects, potentially evoked by gene product over-abundance. In this respect, it is worthy
mentioning that in our OE assays Foxgl expression gains usually fell below 5x, at both mRNA
and protein levels (Table S2, and Fig. $2). More importantly, phenotypes evoked by Foxgl
overexpression generally mirrored those elicited by gene knock-down (see, for example, Fig.
3A vs Fig. 3B-G, or Fig. 4(2) vs Fig. 4(3)), suggesting that they provide a qualitatively genuine

representation of the physiological functions played by Foxgl in natural contexts.
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Concerning the scientific outcome of our study, two main messages emerged from it:

(1) we demonstrated that LI-mRNA levels progressively increase as neopallial neurono-
genesis goes on, and Foxgl limits this increase (Fig. 3,4). Noticeably, Foxgl control of L1-
mRNA applies to all three retrotransposition-competent L1 families (Fig. 1,3) and it is
achieved by direct Foxgl binding to L1 chromatin (Fig. 6), triggering a prominent change in
its epigenetic state (Fig. 9).
(2) we documented a natural upregulation of pallial L1I-DNA content occurring during late-
intrauterine development, and discovered that, albeit associated to an opposite LI-mRNA
dynamics (Fig. 3), moderate fluctuations of Foxgl levels around the baseline generally result
in colinear variations in such L1-DNA content (Fig. 13,14 (1,2,4)).

Actually, the increasing progression of LI-mRNA levels we documented in the murine
neopallial neuronogenic lineage is not novel. Indeed, it recalls similar phenomena previously
reported to take place in human embryonic neocortex (Garza et al., 2023) and adult
hippocampus (Muotri et al., 2010). Conversely, novel is the impact exerted by Foxgl on L1-
MRNA expression. Thus, Foxgl adds to the small transcription factor set known to control L1
transcription in the CNS (Blaudin De Thé et al., 2018; Kuwabara et al., 2009; Liu et al., 2019;
Muotri et al., 2005; Nandi et al., 2016; Sanchez-Luque et al., 2019). In this context, it recalls
Sox2. However, Sox2 was documented to repress L1 transcription in adult NSCs (Kuwabara
et al., 2009), while Foxgl has been shown to act in embryonic neuronal progenitors and
neurons (Fig. 7 and 8). Moreover, Sox2 is expressed in the apical compartment of the entire
neuraxis (Pevny and Lovell-Badge, 1997), Foxg1 is mainly confined to the telencephalon (Tao
and Lai, 1992). Notably, to our knowledge, Foxgl is the first patterning gene proven to limit
L1 expression within a specific domain of the developing mouse brain (Blaudin De Thé et al.,
2018; Kuwabara et al., 2009).

Moreover, even the increase of LI-DNA content we documented in the developing
mouse neocortex is not novel. Indeed, it is qualitatively and metrically consistent with
results of a previous study, run in the perinatal rodent brain (Fontana et al., 2021).
Conversely, novel is the impact exerted by Foxgl on L1-DNA copy number. In this respect,
we hypothesized that Foxgl1 control of L1-DNA content could take place via two helicases,
Mov10 and Ddx39a, reported to antagonize L1 retro-transcription (Goodier et al., 2012) and
physically interact with Foxgl protein (Li et al., 2015). We ruled out transcription as a

mediator of this mechanism. In fact, while resulting in Mov10- and Ddx39a-mRNA
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downregulation, by -45.3% and -17.6%, respectively, with padj<0.05 (Artimagnella and
Mallamaci, unpublished data), Foxgl knock-down did not increase LI-DNA content, but
rather reduced it. Conversely, we noticed that Foxgl knock-down made the decline of L1-
DNA evoked by higher levels of Mov10 and Ddx39a more pronounced (Fig. 15). In addition,
we showed that Foxgl protein normally binds to LI-mRNA (Fig. 16). Hence, we propose that
Foxgl may ease LI-mRNA retro-transcription largely by preventing the interaction among
the two helicases and such mRNA (Goodier et al., 2012), competitively or due to steric
hindrance. Such involvement in retrotranscription control adds to Foxgl implication in other
non-transcriptional metabolic routines, such as post-transcriptional ncRNA processing
(Weise et al.,, 2019), translation (Artimagnella et al., 2022) and mitochondrial biology
(Pancrazi et al., 2015).

Such bimodal Foxgl impact on L1 biology is remarkable. Mechanistically, it is
tempting to speculate the the transient down-regulation Foxg1 physiologically undergoes in
newborn pyramids (Miyoshi and Fishell, 2012) may be instrumental in allowing sufficient
accumulation of LI-mRNA needed for subsequent robust retro-transcription. From a
broader perspective, it has been shown/suggested that different products of L1 activity
(RNA, orfl/2 proteins, DNA) have been evolutionarily highjacked for distinctive aspects of
cell physiology and metabolism (Blaudin De Thé et al., 2018; Chow et al., 2010; Madabhushi
et al., 2015; Mangoni et al., 2023; Muotri and Gage, 2006), so likely requiring differential
tuning of their dosages. Thanks to its bimodal impact on L1 transcription and
retrotranscription, Foxgl might contribute to such complex regulation. To note, the
relationship between L1-mRNA and and L1-DNA levels apparently depends on the CNS
structure in order. Differently from neocortex, a huge amplification of LI-DNA content is
achieved within the late-gestational tectum, despite the concomitant down-regulation of
the "underlying" L1-mRNA level (Fig. 2,12). This might reflect an intrinsically different
regulation of L1 biology in telencephalon vs mesencephalon and/or a developmental
heterochrony between these two structures.

Actually, at the moment, we ignore the functional meaning of Foxgl control over L1
biology. Concerning Foxgl-dependent modulation of LI-mRNA levels, two considerations
may help addressing this issue. On one side, Foxgl exerts a multifaceted impact on
neocortical histogenesis, (1) stimulating the NSC-to-NP transition ((Falcone et al., 2019) Fig.

5A(1)), (2) inhibiting NPs exit from cell cycle (Brancaccio et al., 2010), (3) promoting

)
°
fw
Q
()
=)
C
©
£
©
Q
-+
Q
(]
(8}
O
<
(]
+
C
()
£
Q
o
()
>
()
(@)



postmitotic neuronal differentiation (Chiola et al., 2019; Frisari et al., 2022; Tigani et al.,
2020; Yu et al., 2019; Zhu et al., 2019) and migration (Miyoshi and Fishell, 2012), and (4)
antagonizing gliogenesis (Brancaccio et al., 2010; Falcone et al., 2019; Frisari et al., 2022).
On the other side, it has been shown that specific ensembles of transposable elements are
transcribed concomitantly with the progression of certain early histogenetic routines (He et
al.,, 2021). In some cases, such transcription has been proven to be necessary for the
advancement of these routines (Jachowicz et al., 2017; Macfarlan et al., 2012; Percharde et
al., 2018). It is tempting to speculate this might apply to cortical histogenesis as well. In this
respect, shortly after the submission of this manuscript, Mangoni et al reported an in depth
dissection of the complex phenotype originating by LI-mRNA knock-down in the developing
neocortex (Mangoni et al., 2023). In this study, LI-mRNA was dampened via RNAI, by an
order of magnitude comparable with that we elicited via Foxgl1-OE (Fig. 3D). Intriguingly,
this resulted in a variety of histogenetic anomalies, some of which (such as increased NSC
progression to neuronogenesis, impaired neuronal radial migration, and decreased
astrogenesis) were highly reminiscent of the developmental phenotype evoked by Foxg1-OE
(Fig. 5A (1), (Falcone et al., 2019; Miyoshi and Fishell, 2012)). This suggests that L1 response
to Foxgl may contribute to Foxg1 regulation of these processes.

Then, concerning Foxgl impact on L1-DNA copy number, it has been proposed that
somatic retrotransposition may help diversifying neuronal genome and, therefore, neuronal
functional properties (Muotri and Gage, 2006; Singer et al., 2010). By upregulating L1-DNA
copy number, Foxgl might enhance this phenomenon.

Finally, beyond its physiological occurrence in the developing rodent embryo, the
relationship between FOXG1 and L1 elements could be relevant to the etiopathogenesis of
the human FOXG1 syndrome. Deficient FOXG1 activity linked to FOXG1 hemizygosity or
heterozygosity for LOF-alleles might lead to L1-mRNA upregulation, while supernumerary or
GOF FOXG1 alleles might result in exaggerated LI-DNA neo-synthesis. Both scenarios are of
potential neuropathogenic interest (Suarez et al., 2018), and an early patient treatment with
FDA-approved inhibitors of retrotranscription (New drugs for HIV infection, 1996) might
mitigate consequences of FOXG1-GOF mutations. However, major differences characterize
cortical histogenesis and L1 biology in humans and rodents (Pinson and Huttner, 2021;
Rosser and An, 2012). For these reasons, these issues deserve further in depth

investigations.
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MATERIALS AND METHODS

Animal handling

Animal handling and subsequent procedures were in accordance with European and Italian
laws [European Parliament and Council Directive of 22 September 2010 (2010/63/EU);
Italian Government Decree of 4 March 2014, n° 26]. Experimental protocols were approved

by SISSA OpBA (Institutional SISSA Committee for Animal Care).

Embryos and animals were generated at the SISSA mouse facility, as follows:

- wild-type ones were generated by breeding CD1 parents, purchased from Envigo
Laboratories, Italy;

- Foxg1+/' ones (and their wild type controls) were generated by breeding CD1-backcrossed,
Foxg1+/' males (Hébert and McConnell, 2000) to wild type CD1 females

- Rosa26PHACCas9-2PZEafol/* qnes were generated by breeding Rosa26°“CCos%-2PZEafPl/* mhges

G(PCAGISTOP-Cas9-2P2-Eafp)/+ £\ dar

[originating from a line obtained by intercrossing a Rosa2
(Platt et al., 2014) to constitutive cre-expressors (Tang et al., 2002), and kept on a

C57BI/6 background] to wild type CD1 females.

Animals were staged by timed breeding and vaginal plug inspection. Where due, pregnant

females were sacrificed by cervical dislocation.

As for genotyping:

- Rosa26PACCas9-2P2Eafol/* e mhrvos were distinguished from their wild type littermates by
inspection under fluorescence microscope

- Foxg1+/' embryos were distinguished from their wild type littermates by PCR genotyping, as

previously described (Muzio and Mallamaci, 2005).

Molecular sexing was performed by a dedicated procedure, run in parallel with the
microdissection of neural tissue of interest. For this purpose, a skin fragment from each
embryo was collected and DNA extracted from it was used for fast, PCR-based genotyping.
Males were distinguished by an oligo pair specifically amplifying the Y-chromosome-located

Uty gene (see Table 1).

In general, extraction of genomic DNA employed for genotyping and preparation of the PCR
reaction mix were performed by a KAPA HotStart Mouse Genotyping Kit Roche (KK7351),

according to Manufacturer's instructions.
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Primary neocortical cultures: early-, mid-, and late-neuronogenic ones

E11.5 - E12,5 mouse neocortical primordia were dissected and mechanically dissociated to
single cells by gentle pipetting. Dissociated cells were quantified in a Burker chamber and
then plated in 24-multiwell plates (Falcon) at 100 - 300 cells/uL, in pro-proliferative medium
(1:1 DMEM-F12, 1X Glutamax (Gibco), 1X N2 supplement (Invitrogen), 1mg/ml BSA, 0.6%
Glucose, 2 pug/ml mouse heparin (Stemcell technologies), 1X Pen/strept (Gibco), 10ug/ml
Fungizone (Gibco), 20 ng/ml bFGF (invitrogen), 20 ng/mL EGF (Invitrogen). If required,
neural cells were transduced with a LV mix, each LV at a multeplicity of infection (m.o.i.) >8,
sufficient to infect almost the totality of neural cells in these conditions (Brancaccio et al.,
2010). Neural cells were subsequently cultured according to three different schedules,

aiming to model early, mid and late phases of neuronogenic progression:

(1) Protocol | (Prot-I), early-neurogenic cultures Already plated in pro-proliferative medium
(see above) at 300 cells/uL, cells were kept in such medium up to day in vitro 1-3 (DIV1-
DIV3), and then processed for analysis.

(2) Protocol 1l (Prot-1I), mid-neuronogenic cultures 20 hours after plating cells in pro-
proliferative medium (see above) at 300 cells/uL, their medium was further
supplemented with 5% FBS. Cells were kept in the resulting medium up to DIV3, and then
processed for analysis.

(3) Protocol Ill (Prot-lll), late-neuronogenic cultures 20 hours after plating cells in pro-
proliferative medium (see above) at a 100 cells/uL, their medium was further
supplemented with 5% FBS, and - next - daily hemi-replaced by "1:1 DMEM-F12, 1X
Glutamax (Gibco), 1X N2 supplement (Invitrogen), 1mg/ml BSA, 0.6% Glucose, 2 ug/ml
mouse heparin (Stemcell technologies), 1X Pen/strept (Gibco), 10pg/ml Fungizone
(Gibco), 5% FBS (Gibco)", up to DIV9, when cells were processed for analysis. When due,
medium was further supplemented from DIV4 to DIV9 by 10 uM Lamivudine (L1295-

10MG, Sigma Aldrich), assuming a conventional 3 days drug halflife.

In general, lentiviral transgenes were activated at day in vivo 0 (DIVO, i.e. the dissection day)
by 2ug/mL doxycyclin (Sigma #D9891-10G) medium supplementation, and kept on by
further doxycyclin supplementation, performed assuming a conventional 2 days drug

halflife.
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Primary neocortical cultures: neuron-enriched ones

Cortical tissue from E16.5 mice was chopped to small pieces for 5 min, in the smallest
volume of ice-cold "1X PBS - 0,6% D-glucose - 5mg/ml DNasel (Roche #10104159001)". After
enzymatic digestion in "2.5X trypsin (Gibco #15400054) - 2mg/ml DNasel" for 5 min, and its
inhibition with "DMEM-glutaMAX (Gibco) — 10% FBS (Euroclone) - 1X Pen-Strep", cells were
spun down and transferred to differentiative medium [Neurobasal-A, 1X Glutamax (Gibco),
1X B27 supplement (Invitrogen), 25uM L-glutamate (Sigma), 25uM [B-Mercaptoethanol
(Gibco), 2% FBS, 1X Pen/Strept (Gibco), 10ug/ml fungizone (Gibco)]. Cells were counted and
plated onto 0.1mg/ml poly-L-Lysine (Sigma #P2636) pre-treated 12-multiwell plates
(Falcon), 8x10° cells per well in 0.6-0.8 ml differentiative medium. 10uM Cytosine (-D-
arabinofuranoside (AraC; Sigma #C6645) was added to the medium at DIV1. Cells were kept
in culture 8 days.

When required, lentiviral culture transduction was performed at DIV1, and TetON-regulated
transgenes were activated, generally by 2ug/ml doxycyclin (Sigma #D9891-10G) medium
supplementation at DIV4. Limited to Fig. 10, doxycyclin was employed at 200ng/ml, starting
from DIV2.

Lentiviral vectors

Third generation self-inactivating (SIN) lentiviral vectors (LVs) were generated as previously
described (Follenzi and Naldini, 2002) with minor modifications. Resuspended in "DMEM
glutaMAX - 10x FBS - 1x Pen/Strep" HEK293T cells were plated on 10cm@ plates, 8*10°
cells/plate. Three days later, they were co-transfected with the transfer vector plasmid plus
three auxiliary plasmids (pMD2-VSV.G; pMDLg/pRRE; pRSV-REV), in the presence of
LipoD293™ (SigmaGen #5L100668). The conditioned medium was collected 24 and 48 hours
after transfection, filtered and ultracentrifuged at 50.000 g on a fixed angle rotor (JA25.50
Beckmann Coulter) for 150 min at 4°C. Lentiviral pellets were then resuspended in (BSA-
free) 1X PBS (Gibco). LVs were titrated by Real Time quantitative PCR after infection of
HEK293T cells, as previously reported (Sastry et al., 2002). One end point fluorescence
titrated LV was included in each PCR titration session and PCR-titers were adjusted to
fluorescence-equivalent titers throughout the study.

The full list of LVs employed for this study is reported in Table 2. Performances of Foxgl-

modulating LV transgenes were monitored by gRT-PCR. Results are summarized in Table S2.
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Fluorescence activated cell sorting (FACS).

Acute preparations of early, proliferating neocortical precursors were transduced by
lentiviral mixes including LV_pTal-mCherry, expressing the corresponding red fluoroprotein
in committed neuronogenic progenitors and their postmitotic progenies. Four days later,
the resulting neurospheres were treated by 1x Trypsin at 37°C for 2 min, transferred to
10%FBS-containing medium for trypsin inactivation, and dissociated by gentle pipetting.
Neural cells were pooled, spun at 200 g, and resuspended at 1*10° cells/ml, in a dedicated
flow cytometry buffer (a phenol red-free medium including 1X PBS, 25mM HEPES, and 2%
FBS). Cell suspensions were filtered by a 70um strainer (pluriSelect #43-10070-70), and
transferred to flow cytometer tubes (pluriSelect #05-03040-01). Cells were profiled by a
Biorad S3 Cell cytofluorimeter. First, forward scatter (FSC) and side scatter (SSC) parameters
were used to exclude debris and cell aggregates. Next, analytical gates R3-R4, were set, for
alternative mCherry+/' categorizations. mCherry” and mCherry* preparations (highly enriched
in NSCs and "NPs + Ns", respectively) were collected and employed for subsequent RNA

profiling.

Genomic DNA isolation and gPCR amplicon quantitation

DNA was isolated from neocortical tissue as well as from primary pallial cultures.
Neocortices from E14.5 embryos and PO pups were microdissected, cut into small pieces for
<5 min in the smallest volume of ice-cold 1X PBS - 0.6% glucose, and kept on ice. Minced
neural tissue was further dissociated to single cells by 2X trypsin at 37°C for 5 min, followed
by gentle pipetting and enzyme inactivation by FBS. On the other side, primary cell cultures
were straightly treated by 0.3X trypsin at 37°C for 5 min, again followed by gentle pipetting
and enzyme inactivation by FBS. Next, in both cases, cells were counted in a Burker-
chamber, split into aliquots of 10° cells each, pelletted for 5 min at 200g, and stored at -80°C
for subsequent use.

Single cell aliquots were processed by the “FlexiGene DNA Kit; Qiagen”, according to

Manufacturer's instructions, with the following modifications:

1) PK was employed at 0.6mg/mL (high PK) and 1.2 mg/mL (very high PK);
2) PK sample incubation was extended to 6 hrs;

3) following precipitation, the DNA pellet was washed three times by 70% ethanol.
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Finally, DNA was resuspended in water and quantified by DS-11spectrophotometer

(DeNovix).

Quantification of genomic amplicons (L1 elements and X-chromosome genes) was
performed starting from 10ng DNA per each reaction, by means of the SsoAdvanced SYBR
Green SupermixT“platform (Biorad), according to Manufacturer's instructions. PCRs were
run on a BioRad CFX96TM Thermal Cycler. Primer sequences and thermal reaction profiles
are reported in Table 1. Each amplicon was qPCR-analyzed in technical triplicate, and results
averaged. Averages were normalized against levels of selected autosomal amplicons, as
reported in Figures (depending on cases, the level of a single reference gene or the
geometrical average of >1 of them were employed). As specified in Legends to Figures,
biological replicates were DNA preparations originating (1) from different embryo/neonate
individuals or (2) individually transduced and cultured cell aliquots, taken from pooled

neural cells preparations.

Validation of family-specific, diagnostic mL1 primers.

Genomic DNA extracted from PO wild type neocortices was employed as substrate to obtain
mL1 amplicons. PCRs were primed by family-specific oligonucleotide pairs [A5utr.t3L(oM)/F
and AS5utr.t3L(oM)/R; Gf5utr.t3L(oM)/F and Gf5utr.t3L(oM)/R; Tf5utr.t1L(M)/F and
Tf5utr.t1L(M)/R] and a 3'UTR-specific pair [AM.mL1-pan3utr/F and AM.mL1-pan3utr/R].
They were catalyzed over 40 cycles by SsoAdvanced, as described in Table 1. Amplicons
were cloned by a TOPO™-TA cloning kit (Invitrogen #K4575J10), according to
Manufacturer's instructions. For each amplicon, at least six clones were double-strand
sequenced via Sanger method, by a Commercial operator (Eurofins). Sequences were
aligned by Clustal Omega and further processed to generate experimental, SEQ.A.x,
SEQ.Gf.x, SEQ.Tf.x and SEQ.3'UTR consensuses. Similarly, harvested from the Dfam database
(https://www.dfam.org) under accession numbers DF0001807, DF0001809, DF0001811,
DF0001816, DF0001819, DF0001821, DF0001823, DF0001849, DF0001851, DF0001864,
DF0001866, DF0001868, DF0001806, DF0001808, DF0001810, DF0001815, DF0001818,
DF0001820, DF0001822, DF0001848, DF0001850, DF0001863, DF0001865 and DF0001867,
family specific L1 5'UTR and 3'UTR sequences were aligned by Clustal Omega and further
processed to generate family-specific DFAM.A, DFAM.Gf and DFAM.Tf, and "pan-L1"
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DFAM.3'UTR consensuses. Finally, each SEQ consensus was aligned against the

corresponding DFAM consensus.

Chromatin Immunoprecipitation (ChIP) assay

Chromatin Immunoprecipitation-quantitative Polymerase Chain Reaction assays (ChIP-
gPCRs) were performed on chromatin aliquots prepared from 3.0*10° cells (aFoxg1-ChIP) or
1.0*10° cells (aH3K4me3-, aH3K9me3-, aH3K27ac-, and aoMeCP2-ChlIP).

ChIP analysis was performed by the MAGnify™ Chromatin Immunoprecipitation System kit
(Invitrogen), according to Manufacturer's instructions, with minor modifications. Briefly,
chromatin was fixed by 1% formaldehyde for 10 min at RT. After cell lysis, fixed chromatin
was sonicated by a Soniprep 150 apparatus according to the following settings: (1) on ice; 5s
ON, 55 s OFF; oscillation amplitude 5 um; 4 cycles (aFoxg1-ChlIP); (2) on ice; 5s ON, 55 s OFF;
oscillation amplitude 5 um; 5 cycles (aH3K4me3-, aH3K9me3-, aH3K27ac-, and aMeCP2-
ChIP). Agarose gel electrophoresis was employed to estimate quality of sonicated
chromatin.

Sonicated chromatin was immunoprecipitated for 2h at 4°C in a final volume of 100 uL,
keeping the tubes in a rotating device, using the following, agarose bead-bound antibodies:
- aFoxg1 (rabbit polyclonal, Abcam #ab18259), 10 ug/reaction;

- aH3K4me3 (rabbit polyclonal, Abcam #ab8580), 3 pg/reaction;

- aH3K9me3 (rabbit polyclonal, Active Motif #39161), 3 ug/reaction;

- aH3K27ac (rabbit polyclonal, #ab177178), Abcam, 3 pg/reaction;

- aMecP2 (rat polyclonal IgG2a serotype, Active Motif #61291), 3 ug/reaction.

Next, immunoprecipitated DNA was purified according to Manufacturer’s instructions. Last,
1/30 of each immunoprecipitated (IP) DNA sample was amplified by gPCR. For each sample,
gPCRs were performed in technical triplicate. Averages were normalized against input
chromatin and further normalized against controls. Experiments were performed at least in

biological triplicate. Results were evaluated by Student’s t-test, via Excel software.

Total RNA extraction
Total RNA was extracted from both primary neural cultures and acutely dissected
neocortical samples using TRIzol Reagent (Thermofisher #15596026) according to the

Manufacturer's instructions. RNA was precipitated using isopropanol and GlycoBlue
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(Ambion) overnight at -80°C. After two washes with 75% ethanol, RNA was resuspended in
20ul sterile nuclease-free deionized water. Agarose gel electrophoresis and spectro-
photometric measurements (DS-11, DeNovix) were employed to estimate its concentration,

quality and purity.

RNA Immunoprecipitation (RIP)

RNA immunoprecipitation was performed starting from primary neural cultures.

Before starting cells processing, for each RIP reaction, 10ul of protein A/G Dynabeads
(Thermofisher #492024) were coupled with 10ug of aFoxgl (ChIP-grade, rabbit polyclonal,
Abcam #ab18259), or 10ug of rabbit IgG (Millipore #12370) as control, according to
Manufacturer's protocols. "Pre-clearing" control beads were prepared omitting antibody
coupling.

Cells were washed once with ice-cold 1x PBS. 75ul ice-cold lysis buffer was added to each
well (of 12-multiwell plate) and kept on ice for 10 min. Next, cells were scraped and lysed by
vigorously pipetting up and down, paying attention not to make bubbles. Lysate collected
from 10 wells (about 8x10° cells; corresponding to a aFoxgl/IgG biological samples pair),
was “pipetted up and down and kept 10 min on ice" twice, then it was centrifuged at 2000g
for 10 min at 4°C, and then centrifuged at 16000g for 10 min at 4°C. The supernatant
resulting from each sample was incubated with pre-clearing beads (pre-equilibrated in lysis
buffer) for 30 min at 4°C on roller-shaker. Then, preclearing beads were separated with a
magnet, and supernatant was incubated with antibody-coupled beads (pre-equilibrated in
lysis buffer), overnight at 4°C on roller-shaker. 10% of supernatant (Input, IN-RIP) was stored
on ice. The day after, beads were collected with a magnet and washed five times with 0.5ml
ice-cold high-salt buffer. [Lysis buffer: 25mM TRIS-HC1, 150mM KCI (Ambion), 10mM MgCl,
(Ambion), 1% (vol/vol) NP-40 (Thermo Fisher Scientific), 1X EDTA-free protease inhibitors
(Roche), 0.5 mM DTT (Invitrogen), 10 ul/ml rRNasin (Promega), 10 upl/ml Superaseln
(Applied Biosystems). High-salt buffer: 25mM TRIS-HCI, 350mM KCI (Ambion), 10mM MgCl,
(Ambion), 1% (vol/vol) NP-40 (Thermo Fisher Scientific), 1X EDTA-free protease inhibitors
(Roche), 0.5mM DTT (Invitrogen)]. For each sample, RNA immunoprecipitated (IP-RIP) and
Input were extracted with Trizol™ LS reagent according to manufacturer's instructions. For
each sample, a supplementary extraction was used to improve the total RNA yield. RNA was

precipitated using isopropanol and GlycoBlue over-night at -80°C. After two washes with
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75% ethanol, the RNA was resuspended in 10ul sterile nuclease-free deionized water.
Agarose gel electrophoresis and spectrophotometric measurements (NanoDrop ND-1000)

were employed to estimate quantity, quality and purity of the resulting RNA.

Total and immunoprecipitated RNA quantitation.

RNA preparations from total RNA samples, and RIP samples were treated by TURBO™DNase
(2U/ul) (Thermofisher # AM2238) for 1h at 37°C, following Manufacturer’s instructions.
cDNA was produced by reverse transcription (RT) by Superscript II™ (Thermofisher
#18080093) according to Manufacturer's instructions, in the presence of random hexamers.
Then, the RT reaction was diluted 1:5 (in case of both RIP and total RNA samples), and 1ul of
the resulting cDNA was used as substrate of any subsequent quantitative PCR (gPCR)
reaction. Limited to intron-less amplicons and for RIP-derived samples, negative control
PCRs were run on RT(-) RNA preparations. gPCR reactions were performed by the
SsoAdvanced SYBR Green Supermix'™ platform (Biorad #1725270), according to
Manufacturer's instructions. For each transcript under examination and each sample, cDNA
was gPCR-analyzed in technical triplicate, and results averaged. In case of total RNA, mRNA
levels were normalized against the geometrical average of Rpl10a,Gapdh, Cltc and Rn18S
levels (or a subset of them, see Legends to Figures). In case of RIP samples, IP samples were
normalized against Inputs. Primer sequences reported in Table 1. Data analysis was

performed using Microsoft Excel.

Immunofluorescence: sample preparation

Brains were dissected out from PO mouse pups, fixed in 4% paraformaldehyde at 4°C
overnight, transferred to 30% sucrose/1xPBS, kept at 4°C until equilibration, included in OCT
(Bio-Optica) and sliced at 30um. Slices were attached to Superfrost N* glass slides
(ThermoScientific), which were stored at -80°C. Before immunolabeling, slides were
transferred to RT for 10' and washed in 1xPBS for 30' for OCT removal.

In case of primary neural cell preparations, cells were dissociated by 0.3X trypsin digestion
for 4 minutes at RT, followed by gentle (10 times) pipetting and 1:1 v/v trypsin inactivation
by FBS-containing medium. Cells were resuspended at 200 cells/uL and 1 mL of suspension

was plated on a 12mm@ glass coverslip previously coated by 0.1mg/ml poly-L-Lysine. Cells
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were kept in 5% CO2, at 37°C for 1 hour, fixed in 4% PFA at RT for 15 minutes, and finally
washed 3 times in 1x PBS.

Fixed/washed cells/brain sections were treated with blocking mix (1X PBS - 10% FBS -1
mg/ml BSA - 0.1% Triton X-100) for at least 1 hour at room temperature (RT). Next, they
were incubated with primary antibodies in blocking mix, overnight at 4°C. The day after,
samples were washed 3 times in "1X PBS — 0.1% Triton X-100" (5 min each) and then
incubated with secondary antibodies in blocking mix, for 2 hours at RT. Samples were finally
washed 3 times in "1X PBS — 0.1% Triton X-100" (5 min each), subsequently counterstained
with DAPI (4’, 6’-diamidino-2- phenylindole), and mounted in Vectashield Mounting Medium
(Vector). The following primary antibodies were used: aSox2, rabbit polyclonal, (clone
2Q178, Abcam #ab6142, 1:400); aTubb3, mouse monoclonal, (clone Tujl, Covance #MMS-
435P, 1:1000); aFoxgl antibody (rabbit polyclonal, Abcam #ab18259, 1:500); aRFP
(specifically recognizing mCherry), rat monoclonal (Antibodies online #ABIN334653, 1:500);
oEGFP (Enhanced Green Fluorescent Protein), chicken polyclonal (GenTex #GTX13970,
1:1000). Secondary antibodies were conjugates with Alexa Fluor 488, Alexa Fluor 594 and

Alexa Fluor 647 fluorophores (Invitrogen, 1:500).

Image acquisition and analysis

Immuno-stained cells/brain sections were photographed on a Nikon Eclipse Tl microscope,
equipped with a 20X objective, by a Hamamatsu 1394 ORCA-285 camera (Fig. 2), or a Nikon
C1 confocal system (Fig. 5, S2). Hamamatsu photos were collected as 1344x1024 pixel files.
Nikon C1 photos were collected as 3um Z-stacks (0.3um steps) of 1024x1024 pixel images.
Images were analyzed by Adobe Photoshop CS6 (Fig. 2) and Volocity 5.5.1 (Figure 5, S2)
softwares. Resulting numerical data were further processed by Microsoft Excel software.
Specifically in case of Fig. 5 analysis, the following strategy was implemented. Acutely
transduced by LV_pTal-mCherry (firing in NPS and Ns) at moi=8, NSCs, NPs and Ns were
recognized by their mCherry Tubb3, mCherry’Tubb3™ and mCherry*Tubb3* profiles,
respectively. Moreover, for each cell, nuclear Foxgl protein content was quantified by
Volocity 5.5.1 analysis of aFoxgl-IF signal. Data referring to an equal number of cells from 6
biological replicates of control samples were collected, cumulatively ranked and employed
to establish boundaries between contiguous (aFoxgl-IF signal) deciles (here "biological

replicates" are aliquots of neural cells originating from the same starting pool, each
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independently transduced and cultured). Next, starting from 6 and 5 biological replicates of
control and Foxgl-OE samples, respectively, distinctive cell types (NSCs, NP, and Ns) of
different genotypes (control or mis-expressing Foxgl), falling within different decile bins
were quantified, normalized against total cells of the same type and genotype, and finally
plotted against decile number. Cumulatively, >17,000 neural cells were scored for this
analysis.

As for Fig. S2, Foxgl protein level were revealed by oFoxgl/arabbit-Alexa488
immunofluorescence, and quantified by Volocity 5.5.1 analysis, run over the entire cell
population. For each test, at least six biological replicates were employed. Here, "biological
replicates" are columns of midparietal neocortex taken from different brains, each including
at least 2,500 cells (Fig. S2A), or aliquots of neural cells originating from the same starting

pool, each independently transduced and cultured (Fig. $2B,C).

Statistical analysis

When not otherwise stated, experiments were performed at least in biological triplicate.
Statistical tests employed for result evaluation, p values, and definitions of n (number of
biological replicates) are provided in each Figure. Full primary data referred to by all Figures

are reported in Table S5.
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Fig. 1. L1 transcripts levels in neocortex of Foxgl'/ * mouse neonates and controls. RT-PCR
guantitation of pan-L1 diagnostic amplicon "orf2", and family-specific amplicons, "A", "Gf"
and "Tf". Data double normalized, against Gapdh and wild-type controls. Error-bars
representing sem's. Statistical significance of results evaluated by t-test (one-tailed,

unpaired). n is the number of biological replicates, i.e. neocortices taken from distinct pups.
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Fig. 2. In vitro modeling of LI-mRNA progression in murine developing neocortex. In (A),
from left to right, shown are: [a] the three protocols (type |, Il and Ill) employed to generate
primary cultures, which model early, mid and late phases of neuronogenesis, respectively,
and include neural cells terminally exposed to GFs, GFs and serum, and serum, respectively;
[b] prevalences of distinctive cell types forming these cultures (type | cultures enriched in
neural stem cells (NSCs, Sox2'Tubb3’) and neuronogenic progenitors (NPs, Sox2 Tubb3’),
type Il ones including comparable fractions of NSCs, NPs and neurons (Ns, Tubb3*), and type
Il ones highly enriched in Ns); to note, here, low-Sox2-expressing cells (<2*background)
were classified as Sox2’, whereas all cells classified as Sox2" expressed such protein at much
higher levels (>5*background); [c] examples of primary data; these include: bright field
pictures of living cultures, taken just before their terminal analysis, and dark field images of

aSox2/aTubb3 immunofluorescences, performed upon culture dissociation and fixation. In
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(B) provided are RT-PCR quantitations of pan-L1 diagnostic amplicon "orf2" (1), and family-
specific amplicons, "A", "Gf" and "Tf" (2), in neural cultures set according to protocols |, Il
and lIl. Data double normalized, against Gapdh and "protocol I" values. In (C) shown are RT-
PCR quantitations of the same diagnostic amplicons in neocortex and mesencephalic tectum
at embryonic day 14.5 (E14.5) and birth (P0). Data double normalized against the geometric
mean of Gapdh, Rpl10a, Cltc and rDNA18S ("quadruplet") and "E14.5" values. In (B,C) error-
bars representing sem's. Statistical significance of results evaluated by t-test (one-tailed,
unpaired). n is the number of biological replicates, i.e. independently cultured cell aliquots,
originating from pooled, wild-type E11.5 neocortical primordia (B) or distinct embryos/pups

(C).
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Fig. 3. Impact of Foxgl manipulation on LI-mRNA levels, in progressively more advanced
neuronogenic pallial cultures. In (A) and (B-G), shown are outcomes of Foxgl
downregulation (Foxgl-LOF) and overexpression (Foxgl-OE), respectively, in early- (B,C),
mid- (A,D-F) and late- (G) neuronogenic cultures, set according to type I, Il and Ill protocols,
respectively. To left, protocols and lentiviral vectors employed. Transgenes driven by pNes,
pTal and pSyn promoters, active in NSCs, NPs/Ns and Ns, respectively, and ubiquitously
firing U6p and pPgkl promoters. To right, results. RT-PCR quantitation of pan-L1 diagnostic
amplicon "orf2", and family-specific amplicons, "A", "Gf" and "Tf", in neural cultures set

according to above-mentioned protocols. Data double normalized against gene quadruplet

-+
Q
-
O
(]
=)
C
©
£
©
()
)
Q
(]
O
(8]
<
°
)
C
()
£
Q
ko)
()
>
()
(@)




(Gapdh, Rpli0a, Cltc and rDNA 18S) and control values. Error-bars representing sem's.
Statistical significance of results evaluated by t-test (one-tailed, unpaired). n is the number
of biological replicates, i.e. independently cultured and engineered cell aliquots, originating

from pooled R26°“A¢9ECFF/* E11 5 neocortical primordia.
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Fig. 4. Impact of constitutive Foxgl overexpression on LI-mRNA levels, in primary,

neuron-enriched cultures. To left, protocols and lentiviral vectors employed, to right,

results. Neuronal enrichment obtaind by early araC supplementation. Foxgl constitutively

overexpressed (OE) by a pPgkl-driven transgene, or down-regulated (LOF) by RNAi. L1-

MRNA data double normalized against Rp/10a (or Gapdh) and control samples. Scalebars,

sem's. Statistical evaluation of results by t-test (one-tail, unpaired). n = number of biological

replicates, i.e. independently cultured and engineered cell aliquots originating from a

common neural precursor pool.
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Fig. 5. Quantification of Foxgl protein levels in distinctive neural precursor types, upon
Foxgl over-expression driven by lentiviral vectors and cell-type specific promoters.
Throughout the figure, to left, protocols and lentiviruses employed, to right, results. Assays
run in early- (A), mid- (B,C) and late- (D) neuronogenic cultures, set according to type |, Il
and Il protocols, respectively. Cultures over-expressing Foxgl or a control (Plap). Foxgl-
encoding transgenes driven by pNes (A) and pTal (B) promoters, active in NSCs, and NPs/Ns,
respectively, and ubiquitously firing pPgkl promoter (C). NSCs, NPs and Ns recognized on
the basis of their "™'mCherry/Tubb3’, P™'mCherry"/Tubb3’, and P™'mCherry*/Tubb3*
profiles, respectively. Foxgl cell content evaluated by quantitative immuno-fluorescence. In
graphs (1), shown are prevalences of NSCs, NPs and Ns in neural cultures set according to
the different protocols. Error-bars representing sem's. Statistical significance of results

evaluated by t-test (one-tailed, unpaired). n is the number of biological replicates, i.e.
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independently cultured and engineered cell aliquots, originating from pooled, wild-type
E11.5 neocortical primordia. In graphs (2), shown are frequencies of NSCs, NPs and Ns falling
within distinct Foxgl expression deciles, i.e. normally equi-numerous bins characterized by
decreasing (from 1 to 10) Foxgl expression levels. n is the number of cells profiled, evenly

pooled from the biological replicates referred to as for graph (1) series.
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Fig. 6. Chromatin immunoprecipitation (ChIP) profiling of Foxgl protein enrichment at L1
elements. To left, protocols and lentiviral vectors employed, to right, results. Analysis run in
early- (A) and mid- (B) neuronogenic cultures, set according to type | and Il protocols,
respectively. Cultures constitutively overexpressing Foxgl (or a Plap control), driven by the
pPgkl promoter. Chromatin immunoprecipitation performed by anti-Foxgl antibody and
control IgG. PCR quantitation of pan-L1 diagnostic amplicons "L1.orf2" and "L1.3'UTR", and
family-specific "L1.5'UTR" amplicons, ".A", ".Gf" and ".Tf". Results normalized against input
chromatin. Scalebars, sem's. Statistical evaluation of results by t-test (one-tail, unpaired). n
= number of biological replicates, i.e. independently cultured and engineered cell aliquots

originating from a common neural precursor pool.
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Fig. 7. Synopsis of Foxgl inhibition of L1 expression within the pallial neuronogenic
lineage. Tentative, temporal progression of Foxgl control of L1 expression, based on
integrated critical evaluation of L1-gRTPCR- (Fig. 3,4), Foxgl-qlF- (Fig. 5) and aFoxgl-
ChIPgPCR- (Fig. 6) data.
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Fig. 8. Assessing mL1-mRNA dynamics in Foxg1-LOF vs control, NSC and neurono-genic (NP
+ N), sorted populations. To top, the experimental protocol, with details of neocortical (ncx)
precursors and lentiviral vectors employed, as well as FSC/FL3 distributions of FACsorted
cells. Of note, Foxgl was constitutively knocked-down by a genetically encoded Cas9
nuclease programmed by two sgRNAs (aFoxgl1.52 and aFoxgl.S3). Non-NSC, neuronogenic
committed cells, including NPs, neuronal progenitors, and Ns, postmitotic neurons, were
labelled by a lentiviral mCherry transgene driven by the Tubulin-al promoter (pTal). A
stringent R3 gate, based on distribution of mCherry-untransduced cells, was applied for

"clean" isolation of NSCs. To bottom, results of gRTPCR profiling of sorted cells, normalized
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against Gapdh and further normalized against controls. Error-bars representing sem's.
Statistical significance of results evaluated by t-test (one-tailed, unpaired). n is the number

of biological replicates, i.e. independently cultured and engineered cell aliquots, originating

6pCAG—Cas9—EGFP/+

from pooled R2 E11.5 neocortical primordia.
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Fig. 9. Chromatin immunoprecipitation (ChIP) profiling of H3K4me3, H3K9me3, H3K27ac,
and MeCP2 enrichment at L1 elements. In (A), protocols and lentiviral vectors employed, in
(B) an illustrative prototype of results presentation, in (C) results. Analyses run in mid-

neuronogenic cultures, set according to a type Il protocol. Cultures constitutively
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overexpressing Foxgl (or a Plap control), driven by the pPgkl promoter. Chromatin
immunoprecipitation performed by oaH3K4me3, aH3K9me3, aH3K27ac, and aMeCP2
antibodies and their isotypic IgG controls. PCR quantitation of pan-L1 diagnostic amplicons
"L1.0rf2" and "L1.3'UTR", and family-specific "L1.5'UTR amplicons", ".A", ".Gf" and ".Tf".
Results normalized against input chromatin. Scalebars, sem's. Statistical evaluation of
results by t-test (one-tail, unpaired). n = number of biological replicates, i.e. independently

cultured and engineered cell aliquots originating from a common neural precursor pool.
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Fig. 10. Modulation of L1I-mRNA levels in primary, neuron-enriched murine cultures

Wsongoxgl alleles.

overexpressing the human, wild-type and mutant, hsa-WTFong and hsa-
To left, protocol and lentiviral vectors employed. Transgenes driven by the constitutively
firing pPgkl promoter. The mutant allele in order encodes for a prematurely truncated
protein, including the DNA-binding domain (DBD), but not the Groucho- and Jarid-binding
domains (GBD and JBD, respectively). RT-PCR quantitation of pan-L1 diagnostic amplicon
"L1.0rf2", and family-specific amplicons, "L1.A", "L1.Gf" and " L1.Tf", in neural cultures set
according to a type Il protocol. Data double normalized, against gene quadruplet (Gapdh,
Rpl10a, Cltc and rDNA 18S) and control values. Error-bars representing sem's. Statistical
significance of results evaluated by t-test (one-tailed, unpaired). n is the number of

biological replicates, i.e. independently cultured and engineered cell aliquots, originating

from pooled, wild-type E16.5 neocortical primordia.
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Fig. 11. L1 DNA copy number variations (CNVs) in early- mid- and late-neuronogenic
murine pallial cultures. (A) protocols, (B) results. Early- mid- and late-neuronogenic cultures
set by means of type |, Il and Ill protocols, respectively. DNA extraction performed by "high
PK" (1) and "very high PK" procedure (2-4) (see Materials and Methods). DNA CNVs assessed
by guantitative PCR, followed by normalization against endogenous Gfap, S100b and Foxg1l
(gene "triplet"). In graph (1), shown is the total L1 copy number detectable in late- and mid-
normalized against early-neuronogenic cultures. In graph (2), shown is the suppression of L1
copy number variation which normally occurs between "mid-" and "late-neuronogenic"
cultures, elicited by the pan-RT inhibitor lamivudine (aka 3T3). Finally, in graphs (3-5), as
controls, shown are comparisons of family-specific, DNA copy numbers, as detected by
"5'UTR.A", "5'UTR.Gf" and "5'UTR.Tf" diagnostic amplicons. Error-bars representing sem's.
Statistical significance of results evaluated by t-test (one-tailed, unpaired). n is the number
of biological replicates, i.e. independently cultured and engineered cell aliquots, originating

from pooled, wild-type E11.5 neocortical primordia.
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Fig. 12. L1 DNA copy numbers in neocortex and tectum of wild type, mid-neuronogenic
and perinatal mice. PCR quantitation of the pan-L1 diagnostic amplicon "L1.3'UTR". Data
normalized against the Foxgl/Gfap/Nfia gene triplet. Error-bars representing sem's.
Statistical significance of results evaluated by t-test (one-tailed, unpaired). n is the number

of biological replicates, i.e. neocortices taken from distinct pups.
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Fig. 13. L1 DNA copy numbers in neocortex of Foxgl'/ * mouse neonates and controls. PCR
guantitation of the pan-L1 diagnostic amplicon "L1.3'UTR". Data double normalized against
the Gfap/Nfia gene doublet, and wild-type controls. Error-bars representing sem's.
Statistical significance of results evaluated by t-test (two-tailed, unpaired). n is the number

of biological replicates, i.e. neocortices taken from distinct pups.

i)
Q
-
O
0
35
C
M
£
©
()
)
Q
(]
(8}
O
<
°
-
C
()
£
Q
ko)
()
>
()
(@)



A

MEM/F12-5%serum*** EmERE

“prot 111" DIV 01 456789
1 |
n
[\

dissociation*
LV transduction**

DMEM/F12-GFs | mam
2ug/ml doxy | mes——
S%serum supplem. | =

analysis i

*E11.5 ncxprecursors,

[1,2] R26 FCAG CasSEGFR™ and [3,4] wt

.2

LV.atl (Clrf)-vs-LVa2 a3 (Foxg1-LOF)
at moi's = 26 and 13+13, respectivaly

LTH UGp Foxg1l.SZsgRNA LTR

Foxg1.SIsgRNA LTR

(3] 4]

Lvb1,clvsdVb1,c2; LVD2.¢clvslVb2.c2;

each LV at moi=8 each LV at moi=8
IZRLTR pPgkt
b2 } pT rtTA-M2

B TR TRE FLM‘

c2

*** since DIV4, medium half-replacement
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CRISPR-Cas9 machinery driven by constitutively active U6p (sgRNAs) and R26/pCAG (Cas9)
promoters, Foxgl transgene led by constitutive Pgklp and NP/N-restricted pTal. Neural
cultures set according to a "type IlI" protocol. Assesment of total L1 copies by quantitation
of the "L1.3'UTR" amplicon. Data double-normalized, against Gfap (or the Gfap/Nfia gene
doublet) and control values. Error-bars representing sem's. Statistical significance of results
evaluated by t-test (one-tailed, unpaired). n is the number of biological replicates, i.e.

independently cultured and engineered cell aliquots, originating from pooled, R2
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Fig. 15. Functional interaction among Foxgl and helicase genes Mov10 and Ddx39a in
modulation of L1 copy number. In (A), protocols (with lentiviruses employed). In (B) shown
is the impact exerted by Mov10 and Ddx39a downregulation, in Foxgl-wt and Foxgl-LOF
environments, on L1 copy number, as evaluated in late-neuronogenic cultures by qPCR.
Data double-normalized, against Gfap and control values. n is the number of biological
replicates, i.e. independently cultured and engineered preparations, originating from a
common neural cell pool. Statistical evaluation of results performed by t-test, one-tailed and

unpaired, as well as by, unpaired, 2-ways ANOVA. Errors bars indicate s.e.m.
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Fig. 16. Foxgl-protein/L1-mRNA interaction in neocortical neurons, as evaluated by RNA
immunoprecipitation-quantitative PCR (qRIP-PCR) assay. To left, protocol, to right, results.
Diagnostic amplicons, L1.5'UTR.A (1), L1.5'UTR.Gf (2), L1.5'UTR.Tf (3), Ll.orf2 (4), and
L1.3'UTR (5). Results double normalized, against input-RNA and IgG-IP samples. Througout
figure, n is the number of biological replicates, i.e. independently cultured and engineered
preparations, originating from a common neural cell pool. Statistical evaluation of results

performed by t-test, one-tailed and unpaired. Errors bars indicate s.e.m.
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Table 1. Primer sequences and mL1 thermal reaction profiles.

The following oligonucleotide pairs have been employed in this study:

Rpl10a/F,R
5’ CAG CAG CACTGT GAT GAAGCCAAG G 3’
5’ GGG ATCT GCT TAA TCA GAG ACT CAG AGG 3’

mGapdh/F,R
5" ATCTTC TTG TGC AGT GCC AGC CTC GTC 3’
5’ GAA CAT GTA GAC CAT GTA GTT GAG GTC AAT GAAGG 3’

mmuCltc/F,R
5'CTT GCT CAG CGT TTG GAA AAA CAC GAA CTC AT 3'
5' GCC AAT TCT GTG TCT TTA GAT TCA GAG GCATAC 3'

mmuRn18s/F,R
5' AAT TGA CGG AAG GGC ACC ACC AGG AGT 3'
5' GCC ATG CAC CAC CAC CCA CGG AAT C 3!

Foxgl(cds)/F,R
5’ GAC AAG AAG AAC GGC AAGTACGAG AAGC3’
5’ GAA CTC ATA GAT GCC ATT GAG CGTCAG G 3’

Foxgl1(Mid)/F,R
5’ GAC AAG AAG AAC GGC AAGTACGAG AAGC3’
5’ GAA CTC ATA GAT GCC ATT GAG CGTCAG G 3’

Couptfl_Foxgl1-BS.a/F,R
5’ CCATCT GAATGC AAA ACG TAA GCATG 3'
5’ ATG GAC CTC GCT CTACTA ATT TGT TGG 3'

Gfap_Foxgl1-BS.b/F,R
5’ GCA GGA ACT CCT GAG GCT GGC AGC ATT 3'
5 GTG TAA ACA AAATTA CAG GAG CTT GTG TTGAACTTG C3'

Nfia_Foxgl-BS.h1/F,R
5" CAG AACTTG GTG GAT GGT GAG TTG GCA G 3'
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5" TGT GAG TTT GAT GAA TGT GAG GTC TGG GAC 3'

S100b_Foxgl1-BS.x2/F,R
5" TTG TGA GCC ACC CAA TGT GGT TCT GG 3'
5’ CCA CAA ATG TGT TGG AAA GAT ATA ACT CAA AG 3'

Sox9_Foxgl1-BS.h1/F,R
5" CCG TGA TTG GCC CGA GGT ATC TAA CGT G 3'
5" AGT TGT CGC TCC CACAGA AGTTTC CAG G 3'

A5utr.t3L(oM)/F,R
5' GAA TAC TCT GCC CAC TGA AAC TAA GGA GA 3!
5'GTT AAG AGCTTGTTCTTC AGG TGA CTC TGT 3'

Gf5utr.t3L(oM)/F,R
5' GGA GGT CCA AAC ACC AGA TAA CTG TAC ACC 3'
5' AGC AGG CGT GGG AGA CAA GCT CTCTT 3'

Tf5utr.t1L(M)/F,R
5' GAG AGT CTG TAC CAC CTG GGA ACT GC 3'
5' CCG AAG AAG AAG GCC CAA AAC AGG AC 3'

Orf2/F,R *
5' AGC TTT YAT YCC AGG GAT GCA GGG AT 3’
5'TGG GTG TTG GAT MTT GTC AAATGCTT 3’
*Y=CorT;, M=AorC

AM.mL1-pan3utr/F,R
5' GGT GGA ACA ACA TTA TGA ACT AACCAG TACC3'
5'CCA ATG GGCCTCTCTTTC CAGTGA TG 3'

CdkI5/F,R
5' GCA CTA CTT GAA AAT AAA GGA CGA AGG ATGGC 3’
5' CAG GCT GCG AGATGA ACG TGA ATATGA 3’

MeCP2/F,R
5'GTC CCC TGC CCA CACTAA GTATGACAT ¥
5' GGG TCA CAT TGG GTA GCT GAA GGA GAT 3’
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uUty/F,R
5' TGC TAT ACT GAT CTC ACA AGG AACAAAGAGCA 3’
5' GGA GCA CCG ATT CTG GGA ACT TAACAG 3’

NB. mL1 amplicons were quantified by PCR, run on a BioRad CFX96 thermocycler, according to the
following thermal reaction profiles:

-5'UTRs

1x(98°C/4min); 40x(98°C/10sec, 68.4°C/15sec, 72°C/10sec, 74°C/3sec); 1x(72°C/10min)

-orf2 & 3'UTR

1x(98°C/4min); 40x(98°C/10sec, 68.4°C/15sec, 72°C/20sec, 74°C/3sec); 1x(72°C/10min)
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Table 2. Lentiviruses list.

The lentiviruses (LVs) were used for this study were named according to the standard
nomenclature: LV: pX-GOI, where pX is the promoter and GOI is the gene of interest. They

were:

LV_pPgk1-rtTA2S-M2 (Spigoni et al., 2010)
LV_pNes-rtTA-M2, aka pNes/hsp68-rtTA2S-M2 (Brancaccio et al., 2010)
LV_pTal-rtTA2S-M2 (Brancaccio et al., 2010)
LV_pSyn-rtTA2S-M2 (Tigani et al., 2020)

LV_TREt-PLAP (Falcone et al., 2019)

LV_TREt Foxgl (Raciti et al., 2013)

LV_pU6 shFoxgl (Sigma TRCNO000081746, in pLKO.1)
LV_pU6 shCtrl (Chiola et al., 2019)

LV_pTal-mCherry (Brancaccio et al., 2010)

LV_pU6 shMov10 (Sigma TRCN0000097832, in pLKO.1)
LV_pU6 shDdx39a (Sigma TRCNO000071093, in pLKO.1)

LV_U6p-aLACZ.sgRNA [obtained by cloning the TGCGA ATACG CCCAC GCGAT guide (Platt et
al., 2014) into BsmBl-cut, lentiCRISPR_V2AEB; lentiCRISPR_V2AEB was previously
obtained starting from lentiCRISPR_v2 (Addgene #52961), deleting the EFla-prom-Cas9

fragment by EcoRI/BamHI digestion, filling-in and religating]

LV_U6p-a Foxgl. S2.sgRNA sgRNA [obtained by cloning the GCCCG TCGGG CCGGA CGAGA
guide (Mall et al., 2017) into BsmBlI-cut, lentiCRISPR_v2AEB]

LV_U6p-aFoxgl. S3. sgRNA [obtained by cloning the CCCCG ACGCC TGGGT GATGC guide
(Mall et al., 2017) into BsmBlI-cut, lentiCRISPR_Vv2AEB]

LV_TREt-hsaFOXG1wt [built by transferring the Agel-Sall fragment from pUC57 “hsaF1WT”
(provided us on a commercial basis by Gene Universal) into the Agel-Sall digested

LV_TREt-IRES2- EGFP (Falcone et al., 2015)].
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LV_TREt-hsaFoxg1(W308X) [built by transferring the Agel-Xhol fragment from pUC57
“hsaF1-W308X” (provided us on a commercial basis by Gene Universal) into the Agel-Sall

digested LV_TREt-IRES2-EGFP (Falcone et al., 2015)].

NB. To build the last six LVs mentioned above, DNA manipulations (extraction, purification and ligation),
bacterial cultures and transformations were performed according to standard methods. Restriction and
modification enzymes were obtained from New England Biolabs and Promega; DNA fragments were purified
from agarose gel by QIAquick Gel Extraction Kit (Qiagen); plasmid preparations were performed through DNA
Plasmid Purification Kit (Qiagen). Plasmids were grown in E. Coli, XI1-blue or ElectroMAX™ Stbl4™ Competent

Cells (Invitrogen).
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Fig. S1. Mapping diagnostic amplicons to mLINE1 elements. Shown are the five
amplicons employed in this study and their locations. Coordinates refer to an
idealized mLINE1 element obtained by juxtaposing: (a) Clustal Omega alignement of
subfamily specific 5'UTRs (Dfam DF0001807, DF0001809, DF0001811, DF0001816,
DF0001819, DF0001821, DFO0001823, DF0001849, DF0001851, DF0001864,
DF0001866 and DF0001868), (b) Clustal alignement of subfamily specific orf1 & orf2
elements reported in "Sookdeo et al (2013), doi: 10.1186/1759-8753-4-3, Additional
File 1", and (c) Clustal Omega alignement of subfamily specific 3'UTRs (Dfam
DF0001806, DF0001808, DF0001810, DF0001815, DF0001818, DF0001820,
DF0001822, DF0001848, DF0001850, DF0001863, DF0001865, and DF0001867).
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Fig. S2. Foxg1 protein dynamics upon selected LOF- and GOF- manipulations.
Here, reported are control-normalized Foxg1 protein levels in selected experiments
of this study, each with reference Figures and panels, and indicative examples of the
corresponding immunofluorescences. To note, Foxg1 protein downregulation was
achieved by heterozygosity for a Foxg7-null allele (A), Cas9/sgRNA-driven knock-
down (B) and shRNA-driven interference (C), Foxg1 protein upregulation by TetON-
controlled expression of a Foxg1-encoding transgene, driven by pNes, pTa1l and
pPgk1 promoters (D). In case of overexpression assays, in addition to quantifications
of average expression levels peculiar to distinctive neural cell types (NSCs, NPs,
and Ns), shown also are cumulative distributions of protein levels displayed by single
cells of different neural types. In such case, for the sake of clarity, a graph prototype
with parameters represented in x and y is reported at the top of the panel. Error-bars
representing sem's. Statistical significance of results evaluated by t-test (one-tailed,
unpaired). n generally is the number of biological replicates, i.e. mouse individuals
(A) and independently cultured and engineered cell aliquots, originating from pooled,
wild-type E16.5 (B,C) or E11.5 (D) neocortical primordia. In the only case of graphs
representing cumulative distributions (D), n is the number of cells pooled from
distinctive biological replicates of each sample.

C
o
)

©

e

-
qg
£

>

C

©
)

C

()

e
9

Q.

(@

o}
(Vp)

[ ]
-

C

()}

€

Q.
o

()

>

()
(@)



Development: doi:10.1242/dev.202292: Supplementary information

- - - 1.‘
prot Il owvo 1 3 3
&
dissocaton” |, c 12
LV transduction* |, 2 FO00 penors P29 peposy
DMEMF12-GF 3 | s gz 10| ] 1 | I
2ugiml doxy | 8 g
S¥serum ﬂwplm — 0.8
analysie ' ¥
*E115 wt nox precursons ?Eg 06
" LV-a bt (Pag-OE) vs LV-a,bZ {Foxg 1-0E), ':é- ’é
each LV at mol=3 a 04
§ 0.2
K=y
0.0
< ¥ g 2 2
o0 os0 e n=55 g é‘l é’ -éu
3 g z g
‘quadruplat’ = Gapah, Ralt0s, G, MKATES
Pap-CE [l hsa-YP X Foxg1-OF

Fig. S3. Modulation of L7-mRNA levels in murine mid-neuronogenic pallial
cultures overexpressing the hsa-"3%XFoxg1 mutant allele. To left, protocol and
lentiviral vectors employed. Transgenes driven by the constitutively firing pPgk1
promoter. The human (hsa) mutant allele in order encodes for a prematurely
truncated protein, including the DNA-binding domain (DBD), but not the Groucho-
and Jarid-binding domains (GBD and JBD, respectively). RT-PCR quantitation of
pan-L1 diagnostic amplicon "L1.orf2", and family-specific amplicons, "L1.A", "L1.Gf"
and " L1.Tf", in neural cultures set according to a type Il protocol. Data double
normalized against gene quadruplet (Gapdh, Rpl10a, Cltc and rDNA 18S) and
control values. Error-bars representing sem's. Statistical significance of results
evaluated by t-test (one-tailed, unpaired). n is the number of biological replicates, i.e.
independently cultured and engineered cell aliquots, originating from pooled, wild-
type E11.5 neocortical primordia.
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Fig. S4. Comparative evaluation of "quadruplet-" vs Gapdh-normalization of
L71-mRNA expression levels. In (A) and (B) shown are data referred to in Fig. 3A
and 3D, respectively, upon alternative normalization against Gapdh (1) and gene
"quadruplet” (2).
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Fig. S5. Optimization of genomic DNA extraction. To left, protocol. Mid- neuronogenic
cultures set by means of type Il protocols. DNA extraction performed by a strong ("high PK",
see Materials and Methods) or a very strong procedure ("very high PK", see Materials and
Methods). To right, results. Graphs (1-3) providing a comparative assessment of "high PK"
and "very high PK" procedures for their capability to extract with similar efficacy genomic
DNA, regardless of chromatin accessibility. Such assesment was done by quantifying X-
chromosomal Mecp2 and Cdkl5 sequences, amplified from female and male genomic DNA,
and normalizing them against the euchromatic Gfap autosomal locus. Error-bars
representing sem's. Statistical significance of results evaluated by t-test (one-tailed,
unpaired). n is the number of biological replicates, i.e. independently cultured and

engineered cell aliquots, originating from pooled, wild-type E11.5 neocortical primordia.
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Table S1. Validating LINE1-diagnostic PCR primers. Sequences of DNA strings amplified by distinctive, family-specific (6'UTR) and shared (3'UTR),
LINE1 primers were aligned by Clustal Omega and further processed to generate experimental, SEQ.A.x, SEQ.Gf.x, SEQ.Tf.x and SEQ.3'UTR.x
consensuses. Similarly, subfamily specific LINE1 5'UTR and 3'UTR sequences harvested from Dfam database (listed in Legend to Fig. S1) were aligned
by Clustal Omega and further processed to generate family-specific DFAM.A, DFAM.Gf and DFAM.Tf consensuses, as well as a shared DFAM.3'UTR
consensus. Finally, each SEQ consensus was aligned against the corresponding DFAM consensus. Throughout the table, nucleotide numbers refer to
the outputs of Clustal Omega alignments among Dfam consensus sequences.

[1] Afanmily-specific prinmers: A5utr.t3L(oM/F, A5utr.t3L(oM/R
SEQ A. x GAATACTCTGCCCACTGAAACTAAGGA- - GAGTGCTACCCT- CCAGRT CTGCT YATAGAGGCTAACAGAGT CACCKGAAGAACAACGCTCTTAAC
DFAM A 818 GAATACTCTGCCCACTGAAACTAAGGA- - GAGTGCT ACCCTHCCA%T CTGCTBATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC 912

R R R R R R R R

DFAM G 818 GACTGCTCTGACCACTGAAACT CAGAGAAGAGAGCTTGT CTCCCACGCCTGCTGATAGAGGGTAACAAAAT CAACAGAGGAACAATCTCTTAAC 912

Kk ok kkkkk hkkkkkkkkkk Kk*k *kkk Kk k *k kkk K kkkkkkkkkkhhkkkhkhhkhkk * *khkk k kk Khkkkkk Khkkkkkkk

DFAM Tf 818 GAGTGCTCTGAGCACT GAAACT CAGAGGAGAGAAT CTGT CTCCCAGGT CTGCTGATAGACGGTAACAGAATCACCAGAAGAACAATCTCTAAAC 912

*k ok kkkokk kkkkkkkhkhk Kk *kk K kk kkkkhhkkkhkkkhhhhdh hhhhhhhhk *Ahhkhk khhkkhhkhhkh *hhkkkhk*

NB. "[]' replaced by "C" in LINEL A 1II-VII

[2] & family-specific priners: F5utr.t3L(oM/F, G5utr.t3L(oM/R
SEQ G . x GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCT TGT CTCCCACGCCTCCT
DFAM A 758 KCTGGITCGAACACCAGATATCTGGGTACCT GCCTTGCAAGAAGAGAGCT TGCCT GCAGAGARTACT CTGCCCACT GAAACT MAGGAKAGT GCTASYCTC- - CCAGGTCTGCT 870

* *hkk kK kkkkkkkkkkk kkk Khkhkk Khkkkk Khkhk KAk hhhhhhhhhkhhhkrhhd % khhkkhk Shhkhhhhkhkhhhkhkxx *k Kk * kK kkk ok Kkkkkk

DFAM G 758 GGAGGTCCAAACACCAGATAACTGT RCAOCTE]CCCT GARAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTNGT CTCCCACGCCTCGCT - 870

R R R R R R R R

DFAM Tf 758 GGAGGTCCAAAWACAAGATATCTGCGCACCTTC- - - CCTGTAAGAGAGCT TGCCAGCAGAGAGT GCTCTGAGCACT GAAACT CAGAGGAGAGAATCTGTICTCCCAGGTCTGCT - 870

khkkkhkkkhkhkkk Kk Khkkkk Kkhkk *k *khkkk * k ok ok ok ok ok ok ok ok ok ok ok Khkhkhkhkk Khhkkhkhkk Fhkkhhhhhhhhhhhkd *hkkxx Khkkkkkkkk *k kkkkk

NB. “[' replaced by "-" in LINEL G.11|

[3] Tf famly-specific prinmers: Tfbutr.tiL(M/F, Tf5utr.t1L(M/R
SEQ Tf . x. GAGAGTCTGTAG- ----------------- CACCTGGGAACT GCCAAAGCAACACAGT GTCTGAGAAAGGTCCTGT TTTGEGECCTTCTTCTTCGG

DFAM A 658 GAGY! KKSSSVGSKGAGT CKCCBGACACCCNCAAGGDNCC\ACACRGGAYYCYNCACGNGATOCT AAGACCYYY DGTGAGT! C-BGAV\CACAACT TCT C£ 752

*kk kkk Kk * kkkk K * * % * %k Kk

DFAM GG 658 CCA- MYWKMT TCKRSKMCWGVS- - - M‘\SYNGSCMSCYT NCNGGCCAAAGCAACACAGCT TCTGGGAAAGATCCTGT TTTGGGECCTTCACCTTCRG 752

* ok x K ok kkkkkkhkkhh Ak hhhhhhhhkh *hkkk Ak hhkhhhhhhhhhkhkk * ok ok kKK

DFAM Tf 658 GAGAGKSTGTACE----------------- |CWY CT GGGAACT GCCAAAGCAACACAGYKTCTGAGARAGGYCCTGT TTTGGGCCTTCTTCTTCGR 752

khkkkkkkkkkkx B R R R R

NB. "[ro--------------- I replaced by "ACAGAAGCT--- GACAGC' in DFAM Tf. 111

[4] 3'UR priners: AM nll-pan3utr/F, AM nLl-pan3utr/R
SEQ 3' UTR. x GGTGGAACAACAT TATGAACTAACCAGT ACCCCDGAGBTCKTGWCT CTWGECT GCATRT GYAT CARAAGAT GRMCT ARTHGGYCAT CACT GGAAAGAGAGGCCCATTGG
DFAM 3' UTR GGYGSAWCAACAT TATGARCTAACCAGT ACCCCKGAGCT CTTGACT CTAGCT GCATATRYAT CAAAAGAT GGCCTAGT CGGCCAT CACT GGAAAGAGAGGCCCATTGG 108

B R R R R R
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Table S2. Foxg1-mRNA dynamics upon OE- and LOF-manipulations of this study. Here,
reported are control-normalized Foxg7-mRNA levels in selected experiments of this study,
each with reference Figures and panels, and normalizer gene(s) employed for their evaluation.

ref Foxg1-mRNA manipulation
ctr-norm
Fig. # panel, graph Foxgl- normalizer(s)
MRNA levels
1 0.64 Gapdh
A 0.64 gene quadruplet*
B 2.74 gene quadruplet*
3 C 3.63 gene quadruplet*
D 2.84 gene quadruplet*
E 4.02 gene quadruplet*
graph (1) 4.84 Gapdh
4 graph (2) 4.27 Rpl10a
graph (3) 0.28 Rpl10a
8 NPNsSf:\ls gig Gapdh
13 - 0.64 Gapdh
1 B, graph (1) 0.35 Gapdh
B, graph (3) 3.05 Gapdh
S3 - 14.08 "quadruplet"

*(Gapdh; Rpl10a; Cltc and rDNA 18S)
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Table S3. "Quadruplet”, RNA-pol ll-transcribed normalizers: fluctuations of their
mRNA levels throughout normal neuronogenesis as well as upon Foxg7 manipulation
in differentiating neurons. (A) Violin plots representing single cell mRNA levels, in pallial
apical precursors (AP), basal precursors (BP), early neurons (EN) and late neurons (LN).
Downloaded from http://genebrowser.unige.ch/science 2016 (Telley et al., 2016). (B)
Modulation of average mRNA levels in differentiating neuronal cultures overexpressing
Foxg1 (Artimagnella and Mallamaci, 2020 i.e doi:10.5281/zenod0.3739467).

A B
Gene
Loc log2fFC logCPM P-val FOR
us og2fC  logC -value Nams
ENSMUSGO0000047126 0,01 9,73 0,94 0.96 Clte
Gene
Lo log2FC P Pval FDR
cus OR. logC -value e
ENSMUSGO0000057666 0,16 9,44 0,15 0,24 Gapdh
Gane
L ! C P Pwval F
ocus og2FC  logC ~value DR Siaria
ENSMUSGDO00003 7805 0,07 6,50 0,68 0,77 Rpil0a
P Cgersstronmeer Leage dvacam o018 0010 5251Qen000 37 MesT
304 10 VIt cence aedi
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Table S4. Putative mediators of Foxg1 impact on L1 retro-transcription. Shown are
selected genes impacting on L1 retro-transcription/transposition rates, (A) whose mRNA
levels are sensitive to Foxg1 overexpression, or (B) whose protein products physically
interact with Foxg1 protein.

Foxgl-responsive gene impact on retro- mRNA dynamics upon Foxgl overexpression in ncx neurons
(ref 1) transcription/transposition Locus log2FC logCPM P-value EDR
limits Linel retrotransposition
Apobecl (ref 2) P ENSMUSG00000040613 -1.01 2.02 0.00 0.00
impact on retro- Foxgl-protein interaction
Foxg1 interactor (ref 3) .p ) . g p. L
transcription/transposition details (Biogrid #)
MOV10 limits Linel retrotransposition 1507467
(ref 4)
limits Linel retrotransposition
DDX39A P 1507432
(ref 4)
REFERENCES

1 doi: 10.5281/zenodo.2849656.
2 doi: 10.1093/nar/gkr124

3 https://thebiogrid.org/
4 doi: 10.1371/journal.pgen.1002941
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Table S5. Full primary data
(referring to: Figures 1,2,3,4,5,6,8,9,10,11,12,13,14,15,16,52,53,54,S5)

Figure 1
PO neocortex
'<z? 1.00
QEE 0.87 1.27 1.28 1.17 1.45 1.07 1.44
£ 0.81 1.05 [ 0.99 | 0.94 | 0.97 1.13 | 0.98 1.03
g 1.10 | 0.97 | 0.94 1.03 | 0.87 1.29 | 0.83 1.05
2: 0.82 1.24 | 0.97 1.17 1.07 1.32 1.07 1.26
g 0.95 1.21 1.01 1.22 | 0.85 1.35 | 0.88 1.10
é‘ 1.27 136 | 0.98 1.25 | 0.99 1.34 | 1.05 1.24
S 1.17 1.28 1.11 1.31 1.07 1.43 1.13 1.34
Foxgl | Foxgl | Foxgl | Foxgl | Foxgl | Foxgl | Foxgl | Foxgl
(+/4) | (+/2) | (+/4) | (/) | (+/4) | (+/2) | (+/4) | (+/7)
mlinel.orf2 mlinel.A mlinel.Gf mlinel.Tf
Figure 2
A "prot I" "prot II" "prot "
= 0.41 0.28 0.02 0.29 = 0.23 0.26 0.14 0.39 = 0.72 0.28
= 0.38 0.31 0.02 0.29 = 0.24 0.27 0.15 0.33 = 0.72 0.28
8 0.39 0.27 0.02 0.32 8 0.19 0.27 0.16 0.41 8 0.72 0.28
+ + - - + + - -
Tsuz(ss- Tsﬁoza Tiz)t()23+ Tsuckfa- Tsuol::(bz3- Tsuzfy Tiz)t(a23+ Tsucl’)):JZES— Tubb3+ | Tubb3-
B (1) (2)
%’ 0.95 20.59 | 18.91 %-‘ 0.54 10.40 | 36.28 7.51 23.39 15.66
3 3
:$ <z( 0.83 24.61 | 26.32 :‘93 <z( 2.95 10.18 | 44.18 111 6.91 28.72 1.02 13.70 | 52.68
:_é ”E‘ 1.07 18.40 | 30.29 :_é "“E‘ 0.63 9.36 32.65 0.96 7.23 16.95 1.04 14.26 | 78.68
2 E 0.67 25.92 | 27.82 2 E 0.57 13.33 | 41.51 1.05 9.79 23.11 1.04 19.29 | 56.39
%g_g 1.48 8.18 17.66 %g_g 0.81 17.40 | 89.81 1.25 26.47 | 63.74 111 59.45 | 59.86
& 1.00 | 2140 | 8.92 & 050 | 17.39 | 54.80 | 0.64 | 9.03 | 43.93 | 0.79 | 18.11 | 114.81
E12 E14 E20 E12 E14 E20 E12 E14 E20 E12 E14 E20
orf2 mLinel.A-5'UTR mLinel.Gf-5'UTR mLinel.Tf-5'UTR
C neocortex mesencephalon
= 1.16 1.01 1.18 - 0.89 0.95
é 1.05 0.95 1.24 111 é 0.63 0.77 0.81 0.81
E | 008 0.95 0.81 0.93 E | 076 | 064 | 081 | 082 | 133 | 075 | 124 | o081
§ 1.10 3.03 1.13 3.16 0.97 3.14 1.05 2.53 g 1.64 0.67 134 0.72 0.95 0.56 1.52 0.66
:_5- 0.77 1.48 0.78 1.86 1.19 1.89 0.85 1.53 EJ 0.84 1.20 0.84 0.98 0.38 0.76 0.37 0.86
£ 0.91 1.44 0.92 1.92 0.77 1.43 0.92 1.43 £ 0.29 0.71 1.44 0.71 1.82 0.54 1.46 0.67
E 1.17 1.77 1.30 2.34 0.86 2.19 1.05 1.77 E 1.74 0.95 1.19 0.78 1.28 0.58 1.10 0.95
é- 0.88 4.78 1.06 4.68 1.09 5.29 0.98 3.32 é— 1.40 0.73 1.14 0.58 1.00 0.45 1.08 0.52
Tg 0.84 1.65 0.84 1.32 0.90 2.09 1.02 1.47 ',E 0.96 1.19 0.92 1.02 0.96 0.83 0.95 0.92
7 1.13 141 1.06 1.57 117 1.44 0.93 1.32 7 0.73 0.71 0.55 0.73 0.58 0.60 0.52 0.67
E14 PO E14 PO E14 PO E14 PO E14 PO E14 PO E14 PO E14 PO
mlinel.orf2 mlinel.A mlinel.Gf mlinel.Tf mLinel.orf2 mlinel.A mlinel.Gf mlinel.Tf
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Figure 3
A g 1.18 1.22 111
E 0.77 1.35 1.11 1.41 0.89 1.37
£ 0.89 1.43 0.84 1.00 0.99 1.05
g 0.97 1.58 1.07 1.37 1.03 1.38
[
g = 0.83 0.86 0.73 1.79 0.93 1.34
82 | 131|077 | 112 | 060 | 1.01 | 0.81
“C'—: E 0.83 1.09 0.80 1.17 0.90 1.12
% 0.82 0.82 0.76 0.80 0.80 0.88
g' 1.02 131 0.97 1.31 0.93 1.11
g 1.32 1.09 1.27 1.11 1.26 1.20
£ 123 | 093 | 1.34 | 084 | 1.26 | 096
Foxgl- Foxgl- Foxgl-
ctr LOF ctr LoF ctr LOF
mlinel.A mLinel.Gf mLinel.Tf
B ) 1.05 0.89 1.00 0.95 0.97 1.04 0.98 1.08 D o
% | 092|075 | 100 | 068 | 099 | 075 | 096 | 0.69 £
S g S g
w Z 0.94 0.75 0.81 0.69 0.83 0.70 0.73 0.72 w Z
o « o x
S E 0.89 0.64 0.97 0.69 0.97 0.74 0.98 0.77 2 % 0.95 0.74 0.87 0.31 0.99 0.28 0.89 0.38
S = S =
g | 108 | 087 | 132 | 087 | 147 | 098 | 137 | 1.00 S £ | o048 | 072 | 067 | 035 | 065 [ 030 | 0.78 | 0.41
23 =35
@ £ 1.18 0.71 1.03 0.72 0.96 0.70 1.08 0.74 o € 1.96 0.35 1.60 0.26 1.67 0.24 1.75 0.26
Bl B
g 1 0.93 0.59 0.93 0.62 1.00 0.55 0.96 0.65 _g 5 1.04 0.57 0.98 0.48 1.08 0.44 1.14 0.65
® < c <
A 1.08 0.66 1.08 0.74 1.00 0.76 1.11 0.78 > 1.09 0.46 1.03 0.54 0.85 0.29 0.83 0.34
- 0.93 0.52 0.86 0.59 0.81 0.69 0.83 0.55 - 0.48 0.58 0.85 0.37 0.76 0.36 0.62 0.35
Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl-
ctr oF ctr oF ctr oF ctr oF ctr oF ctr oF ctr oF ctr oF
mLinel.orf2 mLinel.A mLinel.Gf mLinel.Tf mLinel.orf2 mLinel.A mLinel.Gf mLinel.Tf
c |u E | . 0.98 1.01 0.97 0.99
2 R
2z 0.90 0.75 1.01 0.65 0.88 0.68 1.05 0.74 gz 1.05 1.15 1.11 1.03
55 1S =
& e = 1.10 0.92 1.09 0.73 1.10 0.74 1.03 0.67 ~ € = 1.21 0.85 1.15 0.76 1.09 0.74 1.15 0.80
% g Z| 115 | 059 | 1.06 | 054 | 1.02 | 047 | 098 | 0.55 i g Z| 079 | 105 | 085 | 0.86 | 092 | 0.75 | 0.87 | 0.86
S S F 097|077 | 08 | 099 | 087 | 081 | 097 | 085 3<8 114|116 1213|098 | 119 | 090 | 1.22 | 1.00
T B o o
s 'g 0.70 0.70 0.76 0.67 0.75 0.58 0.73 0.73 S % 0.83 0.79 0.74 0.72 0.78 0.69 0.76 0.75
o o
=" 1.19 0.67 1.19 0.55 1.38 0.42 1.24 0.53 £ 1.01 0.79 0.97 0.77 0.94 0.76 0.99 0.79
Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl-
ctr OF ctr oF ctr OF ctr OF ctr OF ctr OF ctr OF ctr OF
mLinel.orf2 mlinel.A mLinel.Gf mLinel.Tf mLinel.orf2 mlinel.A mLinel.Gf mLinel.Tf
G = 0.77 0.87 0.86 F =3
w Z W Z
o '-E 0.86 0.73 0.82 0.71 0.80 0.69 0.84 0.88 Q °E‘
§ EI 0.95 0.65 1.06 0.67 1.06 0.60 1.02 0.69 R% uv—\_‘ 0.84 0.87 0.89 0.87 0.83
2 % 0.88 0.71 0.86 0.69 0.87 0.72 0.86 0.63 o % 1.05 0.86 1.10 0.89 1.07 0.89 1.05 0.91
o € o E
%_ c 1.10 0.87 1.04 0.82 1.07 0.85 1.06 0.70 %;,_ € 0.95 0.93 1.03 0.93 1.10 0.92 1.09 1.01
',': 2 0.95 0.92 0.98 0.97 0.99 0.91 1.00 0.83 ',': 2 0.93 0.91 0.90 0.97 0.93 0.89 0.84 1.02
=) =
£ § 1.02 0.88 0.97 0.88 1.00 0.84 0.96 0.89 g g 1.02 0.90 0.94 0.97 0.89 0.82 0.93 1.05
o o
© 1.24 0.93 1.27 1.25 1.20 1.28 1.25 0.87 ° 1.21 0.92 1.15 0.89 111 0.97 1.25 0.98
Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl- Foxgl-
ctr oF ctr oF ctr oF ctr oF ctr oF ctr oF ctr oF ctr oF
mLinel.orf2 mlinel.A mLinel.Gf mlinel.Tf mLinel.orf2 mLinel.A mLinel.Gf mLinel.Tf
Figure 4
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Figure 5

enrichment enrichment enrichment enrichment enrichment

A (1) (2)
0.60 0.38 0.02 NSC PNPlap-OE cell n = 6060 PN*Foxg1-OE cell n = 5811
. | o8 | 052 | 012 | 043 | 0.04 | 006 =g Pesplap-0 | 012 | 012 | 012 | 012 | 012 | 011 | 0.10 | 009 | 0.08 | 0.03
3
£ | 083 | 056 | 013 | 041 | 0.04 | 0.02 “ & | ™Foxg1-0E | 0.05 | 008 | 009 | 009 | 012 | 011 | 010 | 0.10 | 0.10 | 0.15
]
g | 075 | 063 | 021 | 035 | 0.04 | 002 expr decile | 10 9 8 7 6 5 4 3 2 1
£
092 | 059 | 0.06 | 037 | 0.02 | 0.04
088 | 057 | 0.08 | 040 | 003 | 0.02 NP *"*plap-OE cell n = 816 PNeSFoxg1-OE cell n = 3955
Plap- |Foxgl-| Plap- |Foxgl-| Plap- |Foxgl- IS
_ 5| eespap. 000 | 0.00 | 000 | 0.00 | 000 | 0.03 | 009 | 0.14 | 025 | 0.49
o | of | o | o | o | oe 3% Plap-OF
8
NSC NP N <= | ™foxg1-0E | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.02 | 005 | 0.09 | 0.83
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3
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Figure 10
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Fig. S1. Sanger sequences of amplicons employed to generate experimental, SEQ.A.x, SEQ.Gf.x,
SEQ.Tf.x and SEQ.3'UTR.x consensuses

Eii’?AéTéT GCCCACTGAAACTAAGGAGAGT GCTACCCT CCAGGT CTGCT CATAGAGGCTAACAGAGT CACCGGAAGAACAAGCTCTTAAC
Eii’?AéTéTGCCCACT GAAACTAAGGAGAGT GCTACCCTCCAGATCTGCT TATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAACT
Eii’?AéT%TGCCCACT GAAACTAAGGAGAGT GCTACCCT CCAGGT CTGCT CATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC
Eii’?AéT‘lCTGCCCACT GAAACTAAGGAGAGT GCTACCCT CCAGGT CTGCT CATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC
gii’?AéTgTGCCCACT GAAACTAAGGAGAGT GCTACCCT CCAGGT CTGCT CATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC
gii’?AéTgTGCCCACT GAAACTAAGGAGAAT GCTACCCT CCAGGT CTGCT CATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC
gii’?AéTéTGCCCACT GAAACTAAGGAGAGT GCTACCCT CCAGGT CTGCT TATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC
Eii’?AéTSCTGCCCACT GAAACTAAGGAGAGT GCTACCCT CCAGGT CTGCT TATAGAGGCTAACAGAGT CACCTGAAGAACAAGCTCTTAAC

>SEQ &F. 1

GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTTGTCT
CCCACGCCTGCT

>SEQ &F. 2

GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTTGTCT
CCCACGCCTGCT

>SEQ &F. 3

GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTTGTCT
CCCACGCCTGCT

>SEQ . 4

GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTTGTCT
CCCACGCCTGCT

>SEQ &F. 5

GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTTGTCT
CCCACGCCTGCT

>SEQ &F. 6

GGAGGT CCAAACACCAGATAACT GTACACCT TCCCT GAGAGAGGAGAGCT TGCCTACAGAGACT GCTCTGACCACT GAAACT CAGAGAAGAGAGCTTGTCT
CCCACGCCTGCT

Z‘iggc; fCTéT ACCACCT GGGAACT GCCAAAGCAACACAGT GTCTGAGAAAGGTCCTGT TTTGGECCTTCTTCTTCGG
Zigg& fCTéTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG
Z‘ig‘:g& fCTéTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG
Z—“ig‘:g& fCI'4GTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG
Z—]igg& fCI'ZTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG
Z—“igg& fCI'GGTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG
Z—“igg& fCI'éTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG
Zigg& fCI'gTACCACCT GGGAACT GCCAAAGCAACACAGT GT CTGAGAAAGGTCCTGT TTTGGGCCTTCTTCTTCGG

>SEQ 3' UTR. 1

GGTGGAACAACAT TATGAACT AACCAGT ACCCAGGAGGT CTTGACT CTAGCT GCATATGTATCAAAAGAT GGCCT AAT CGGOCAT CACT GGAAAGAGAGGC
CCATTGG

>SEQ 3' UTR. 2

GGTGGAACAACAT TATGAACT AACCAGT ACCCCGGAGCT CTTGACT CTAGCT GCATAT GTATCAAAAGAT GGCCT AGT CGGOCAT CACT GGAAAGAGAGGC
CCATTGG

>SEQ 3' UTR. 3

GGTGGAACAACAT TATGAACTAACCAGT ACCCCT GAGCT CTTGACT CTAGCT GCATAT GTATCAAAAGAT GGCCT AGT CGGOCAT CACT GGAAAGAGAGGC
CCATTGG

>SEQ 3' UTR. 4

GGTGGAACAACAT TATGAACTAACCAGT ACCCCAGAGCT CTTGACT CTAGCT GCATAT GTATCAAAAGAT GACCT AGT CGGCCAT CACT GGAAAGAGAGGC
CCATTGG

>SEQ 3' UTR. 5
GGTGGAACAACATTATGAACTAACCAGT ACCCCT GAGCT CTTGACT CTAGCT GCATAT GTATCAAAAGAT GGCCT AGT CGGOCAT CACT GGAAAGAGAGGC
CCATTGG

>SEQ 3' UTR. 6

GGTGGAACAACAT TATGAACT AACCAGT ACCCCGGAGCT CTTGACT CTAGCT GCATAT GTATCAAAAGAT GGCCT AGT CGGOCAT CACT GGAAAGAGAGGC
CCATTGG

>SEQ 3' UTR. 7
GGTGGAACAACATTATGAACTAACCAGT ACCCCCCAGAGT TCGT GTCTCTAGCT GCATAT GCAT CAGAAGAT GAACT AGT AGGT CATCACT GGAAAGAGAG
GCCCATTGG

>SEQ 3' UTR. 8
GGTGGAACAACATTATGAACTAACCAGT ACCCCGGAGCT CTTGACT CTTGCTGCATGT GTATCAAAAGAT GGCCT AGT TGGOCAT CACT GGAAAGAGAGGC
CCATTGG
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Figure 52
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