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Summary

Imprinted genes with parental-biased allelic expression are frequently co-regulated and enriched in
common biological pathways. Here, we functionally characterize a large cluster of microRNAs
(miRNAs) expressed from the maternally-inherited allele (‘maternally-expressed’) to explore the
molecular and cellular consequences of imprinted miRNA activity. Using an induced neuron (iN)
culture system, we show that maternally-expressed miRNAs from the miR-379/410 cluster direct
the RNA induced silencing complex (RISC) to transcriptional and developmental regulators,
including paternally-expressed transcripts like Plag/l. Maternal deletion of this imprinted miRNA
cluster resulted in increased protein levels of several targets and up-regulation of a broader
transcriptional program regulating synaptic transmission and neuronal function. A subset of the
transcriptional changes resulting from miR-379/410 deletion can be attributed to de-repression of
Plagll. These data suggest maternally-expressed miRNAs antagonize paternally-driven gene
programs in neurons.

eTOC Blurb

Some miRNAs are regulated by genomic imprinting, but the evolutionary benefits and
consequences of parental-biased miRNA expression are unknown. Whipple et al. show that
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maternally-expressed miRNAs target transcriptional and developmental regulators, including
paternally-expressed transcripts, suggesting these miRNAs may increase matrilineal inclusive
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fitness by antagonizing paternally-driven gene programs.
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Introduction

Genomic imprinting is an epigenetic phenomenon that results in preferential gene expression
from the maternally- or paternally-inherited allele (hereafter ‘maternally-expressed’ or
‘paternally-expressed’). Imprinting impacts disease predisposition by negating the ability of
diploid organisms to buffer against recessive mutations, and the evolutionary pressures
driving imprinting are openly debated (Haig, 2014; Patten et al., 2014; Spencer and Clark,
2014). Nevertheless, interaction amongst imprinted genes is predicted by evolutionary
theories and supported by experimental findings. Many imprinted genes are functionally
related and found in common biological pathways, such as those regulating nutrient control
and growth (Peters, 2014). Studies in mice have shown that opposing parental alleles
differentially affect growth pathways, whereby paternally-expressed genes enhance growth
and maternally-expressed genes repress growth. Imprinted genes are frequently co-regulated
and may be members of a common gene network coordinated by cis-acting and trans-acting
factors (Adhami et al., 2015; Patten et al., 2016; Varrault et al., 2006). The mechanisms by
which such an imprinted gene network may be coordinately regulated is not apparent.

Many microRNAs (miRNAs) have evolved imprinted expression, but the potential
evolutionary benefits and consequences of parental-biased miRNA expression remain to be
determined. miRNAs direct post-transcriptional repression of mRNA targets through the
RNA induced silencing complex (RISC). There are three recently evolved, imprinted
miRNA clusters. miRNA clusters in the rodent-specific Sfmbt2and primate-specific CI9MC
genes are paternally-expressed in the placenta (Noguer-Dance et al., 2010; Wang et al.,
2011), whereas the eutherian-specific Maternally-expressed gene 3 (Meg3) miRNA clusters
are maternally-expressed in multiple tissues including the brain (Seitz et al., 2003). While
miRNAs typically exert modest effects on gene expression, the physiological effects of
miRNA clusters may be amplified by coordinated co-expression of multiple miRNAs and
co-targeting of multiple mRNAs in a biological pathway. Interestingly, a key RISC
component, Argonaute2 (Ago2), also exhibits maternally-biased expression in the brain
(Andergassen et al., 2017; Bonthuis et al., 2015; Perez et al., 2015), suggesting the maternal
genome may benefit from miRNA activity in the brain. Therefore, we sought to characterize
the potential impact of maternally-expressed miRNASs in neurons.

A dense cluster of 39 miRNAs, miR-379/410, is located in the terminal region of Meg3
known as Mirg (Figure 1A). The miR-379/410 cluster is expressed during early development
and in postnatal brain (Labialle et al., 2014). Maternal inheritance of miR-379/410 deletion
in mice resulted in hypoglycemia immediately after birth (Labialle et al., 2014), suggesting
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these miRNAs control metabolic physiology during early development. Adult mice with
maternal miR-379/410 deletion display anxiety-related behaviors and increased sociability,
perhaps due to alterations in synaptic signaling (Lackinger et al., 2018; Marty et al., 2016).
One miRNA from the cluster, miR-134-5p, localizes to the synapse and regulates dendritic
spine size through translational repression of L/mklI and PumZ2 (Fiore et al., 2009; Shratt et
al., 2006). However, relatively few targets of this large miRNA cluster have been identified,
and molecular understanding of how these miRNAs may coordinately regulate biological
processes is lacking.

In this study, we sought to understand the molecular and cellular consequences of imprinted
miRNA activity by performing a comprehensive characterization of miR-379/410 targets in
neurons. We generated a powerful discovery model for imprinted miRNA activity using
Neurogenin2-induced differentiation of hybrid mouse embryonic stem cells (ESCs) to
induced neurons (iNs). Using this system, we identified 33 active miRNAs from the
imprinted miR-379/410 cluster. We found that these maternally-expressed miRNAs direct
the RISC machinery to paternally-expressed transcripts, including Plag/Z and Peg3, resulting
in increased protein levels upon maternal miR-379/410 deletion. We also identified
additional miR-379/410 targets that function in transcriptional and developmental

regulation, like Neurodl. Moreover, we determined that neurons with maternal miR-379/410
deletion have aberrant up-regulation of genes associated with synaptic processes, including
downstream transcriptional targets of Plagll and NeuroD1. These data suggest the maternal
genome utilizes the miRNA pathway to antagonistically regulate paternally-driven gene
programs in neurons.

miR-379/410 expression is induced upon neuron differentiation

To determine the relative levels of mature miRNAs produced from the miR-379/410 cluster
during development, we analyzed small RNA-seq data from mouse peripheral tissues and
brain regions at embryonic, early postnatal, and adult developmental stages (Figure 1B). A
distinct subgroup of 24 mature miRNAs located throughout the cluster are highly expressed
across all embryonic and early postnatal tissues. These miRNAs are down-regulated during
postnatal development resulting in little to no expression of miR-379/410 in adult tissues
except brain, which maintains high expression in adulthood. Expression of the Meg3/Mirg
host gene is also abundant in the brain (Figure S1A) and shows higher levels in neurons
compared to astrocytes, microglia, or other brain-derived cell types (Figure S1B).

We established an /n vitro neuron differentiation system to study the maternally-expressed
miR-379/410 cluster. Doxycycline-inducible Neurogenin2 (Ngn2) was stably integrated into
F1 hybrid mouse ESCs from a Mus. musculus x Mus. castaneous cross (Eggan et al., 2001)
that allows maternal and paternal alleles to be distinguished by single nucleotide
polymorphisms (SNPs) (Figure S1C). Upon differentiation by doxycycline treatment, iNs
expressed markers of glutamatergic neurons and displayed spontaneous electrophysiological
activity (Figure S1D-G). We performed small RNA-seq to determine the dynamics of
miRNA expression upon neuron differentiation. We found that miR-379/410 expression in
iNs mimics /n vivo expression (Figure 1B). Many miRNAs from the cluster are amongst the
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most highly expressed miRNAs upon differentiation (Figure 1C). In fact, we found that 14%
of all mMiRNAs detected in iNs were from the miR-379/410 cluster (Figure 1D). We
confirmed up-regulation of miR-379/410 in iNs by qRT-PCR and Northern blot (Figure 1E,
Figure S1H). We conclude that a subset of the miR-379/410 cluster is highly expressed and
dynamically regulated during development and differentiation.

We then asked if miR-379/410 showed repressive activity in iNs. Perfect target sites for
individual miRNAs from the cluster were inserted into the 3° UTR of a luciferase reporter,
and luciferase activity was measured in iNs. We found sixteen miRNAs from the cluster
significantly repressed luciferase activity by 10-60% (p < 0.05) (Figure 1F). The perfect
target site for miR-182-5p, an abundant miRNA in iNs, was used as a positive control and
resulted in 50% repression of luciferase activity. These data indicate that Ngn2-induced
neurons are a great system for identifying miR-379/410 targets.

Identification of RISC-associated miRNAs in induced neurons

In order to determine which miRNAs and mRNA target sites are bound by the RISC
complex in iNs, we performed Ago2 single-end enhanced crosslinking and
immunoprecipitation (seCLIP-seq). We stably integrated a transgene expressing untagged-
Ago2 or HA-Ago?2 into ESCs, differentiated cells to iNs, and performed seCLIP-seq using
HA antibody (Figure S2A). We identified 211 Ago2-bound miRNAs, including 27 miRNAs
from the miR-379/410 cluster (p < 0.01, fold change = 2) (Figure 2A, Figure S2B). The
miRNAs most highly bound by Ago2 were miR-300-3p, miR-541-5p, miR-485-3p, and
miR-758-3p, which was independently confirmed by RNA immunoprecipitation followed by
gRT-PCR (Figure S2C). The expression, reporter activity, and Ago2 association of all
mature miRNAs from the miR-379/410 cluster are summarized in Figure S2D. Based on
these data, we sought to identify targets of active miR-379/410 miRNAs, which we defined
as the 33 miRNAs with significant Ago2 binding or repressive reporter activity.

We called peaks in mapped seCLIP-seq reads that were significantly enriched in HA-Ago2
IP samples relative to untagged-Ago2 IP or input samples (p < 0.01, fold change = 2).
Seventy-five percent of the significantly enriched Ago2 peaks were located in mMRNA 3’
UTRs (Figure 2B, Figure S2E), consistent with known miRNA activity (Bartel, 2018). A
subset of 3° UTR peaks overlapped seed sites for active miRNAs from the miR-379/410
cluster. Before investigating miR-379/410 targets, we first analyzed the seed families
represented in the cluster. The targeting properties of mature miRNAs are dictated by their
seed sequence, a 7-nucleotide sequence that directs RISC to mRNA targets (Bartel, 2018).
miRNAs with identical seed sequence are members of a seed family and potentially share
MRNA target sites. We grouped the 78 mature miRNAs from the cluster into 70 distinct
families based on their 7-mer seed sequences (Figure S2F). We found 60 seed families
unigue to miR-379/410, and 10 families that share a seed sequence with a miRNA outside
the cluster. In the latter category, seed families with multiple expressed family members
were excluded from subsequent analysis since repressive activity cannot be conclusively
attributed to miR-379/410.

We independently analyzed evolutionarily conserved and nonconserved seed sites with
significantly enriched Ago2 peaks, and found that four miRNAs (miR-543-3p, miR-369-3p,

Mol Cell. Author manuscript; available in PMC 2021 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Whipple et al.

Page 5

miR-154-5p, and miR-495-3p) had the highest number of Ago2-bound conserved seed sites
(Figure S2G). Similarly, in a metagene analysis for Ago2 abundance at miRNA seed sites,
we observed an enrichment for Ago2 at conserved seed sites for these four miRNAs, but not
at nonconserved seed sites (Figure 2C). A similar result was observed in metagene profiles
for all active miR-379/410 miRNAs combined (Figure S2H). Using Ago2 seCLIP-seq, we
identified miRNAs from the maternally-expressed miR-379/410 cluster that are active in iNs
and guide Ago2 to target sites on mRNAs.

miR-379/410 directs Ago2 to transcriptional and developmental regulators, including
paternally-expressed transcripts

Next, we examined the identity and functional classification of the 226 targets with
significant Ago2 binding at miR-379/410 seed sites (Table S1). Ontology analysis of these
miRNA targets indicated they are enriched for functions in transcription, development, and
diverse metabolic processes (Figure 2D). The miR-379/410 targets include Neurod? and
Cuxl, transcription factors involved in neuron differentiation and development, as well as
the synaptic vesicle glutamate transporter S/c17a6. We also observed miR-379/410 targets
associated with central control of nutrient regulation, such as 7xnipand 7b6x3, which are
expressed in energy-sensing neurons and regulate feeding response (Blouet and Schwartz,
2011; Quarta et al., 2019).

Given the precedent for co-regulated expression of imprinted genes, we hypothesized that
maternally-expressed miRNAs may direct the RISC complex to imprinted transcripts. We
analyzed metagene profiles of Ago2 abundance at miR-379/410 seed sites on transcripts
known to be imprinted from previous /n vivo studies. Ago2 was highly bound at
miR-379/410 seed sites on paternally-expressed transcripts, but not on maternally-expressed
transcripts (Figure 2E). In fact, the mean coverage of Ago2 binding at seed sites in
paternally-expressed transcripts was more than twice the coverage at seed sites in non-
imprinted transcripts (Figure S2H). miR-379/410 targets were enriched for paternally-
expressed transcripts more than expected by chance (p = 7 x 1073, hypergeometric test), and
some of the paternally-expressed transcripts were co-targeted by multiple miRNAs from the
cluster (Figure 2F). Plagl/1 and Peg3are transcriptional drivers of paternal programs in the
brain, impacting feeding behavior, energy homeostasis, growth, and neurogenesis (Abreu et
al., 2013; Curley et al., 2005; Rraklli et al., 2016; Tanaka et al., 2019; Varrault et al., 2006).
1972 is a paternally-expressed gene that controls embryonic growth (DeChiara et al., 1991;
Ferguson-Smith et al., 1991), but whose function in the postnatal brain remains poorly
defined. In fact, several reports indicate /g72 switches to maternal-biased expression in the
brain (Andergassen et al., 2017; Bonthuis et al., 2015; Perez et al., 2015). Thus, it is possible
miR-379/410 targeting of /g72may have arisen from regulation in peripheral tissues during
early development. Overall, these data suggest maternally-expressed miR-379/410 acts to
modulate transcriptional and developmental processes in iNs, partly by recruiting the RISC
complex to paternally-expressed transcripts.

miR-379/410 targets are de-repressed upon maternal miR-379/410 deletion

To determine the effect of miR-379/410 regulation on its targets, we generated cells with
maternal-specific deletion of the entire 50 kb miRNA cluster. We co-transfected hybrid
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ESCs with dual single guide RNAs complementary to sites flanking the miR-379/410 host
gene ( “Mirg™ and loxP-containing donor oligonucleotides. We identified a Mirg™/* clonal
cell line with dual loxP insertion on the maternal allele by Sanger sequencing across allele-
specific SNPs, and subsequently deleted the intervening miRNA cluster by transient
transfection of Cre recombinase (Figure 3A and Figure S3A). Expression of Mirgwas
completely lost in Mirg’* cells, and no mature miRNAs from the miR-379/410 cluster were
produced (Figure 3B, Figure S3B-C). Mirg/* ESCs exhibited no significant change in their
rate of proliferation or differentiation (Figure S3D-E) and iN morphology appeared normal
(Figure S3F). In Mirg®'* iNs, we observed loss of miR-379/410 activity indicated by
significant de-repression of luciferase reporters containing perfect miRNA target sites
(Figure 3C).

We next analyzed the protein level of miR-379/410 targets in Mirg™* and Mirg'* cells.
Mirg®* iNs had increased protein levels of NeuroD1 and Txnip. We also observed increased
protein levels of the imprinted targets, Plagll, Peg3, Jadel, and Igf2, upon maternal
miR-379/410 deletion in iNs (Figure 3D). We confirmed a similar effect in a second
subclonal cell line (Figure S4). In ESCs, the protein levels were unaffected or weakly
increased, consistent with the induction of miR-379/410 upon differentiation. The mRNA
levels of imprinted transcripts were unaffected by miR-379/410 deletion, suggesting the
miRNA effect is not through mRNA destabilization (Figure S3G-H).

To test if Plag/1is directly targeted by individual miRNAs from the miR-379/410 cluster, we
cloned a segment of the Plag/Z 3’ UTR that contained an Ago2 CLIP peak overlapping seed
sites for miR-369-3p, miR-376¢-3p, and miR-381-3p into a luciferase reporter plasmid. We
observed significant repression of luciferase activity upon overexpression of miR-369 (p =
0.001) but not upon overexpression of miR-376¢ or miR-381 (Figure 3E, Figure S3I). This
effect was diminished when the 7-mer seed site for miR-369-3p was deleted (Figure 3F)
indicating direct regulation of Plag/1 by this maternally-expressed miRNA.

Because imprinted genes are dysregulated in Mirg’* cells, we asked if imprinting at the
Meg3/DIk1 locus is altered by maternal miR-379/410 deletion. The Meg3/D/k1 intergenic
differentially methylated region (IG-DMR) is typically methylated on the paternal allele, and
a strong paternal bias in methylation was observed in both Mirgf/* and Mirg®* cells (Figure
S3J). Accordingly, proper imprinted expression of Meg3and D/kZ was maintained upon
miR-379/410 deletion (Figure S3K-L), suggesting these miRNAs do not have a cis-
regulatory role in Meg3/Dlk1 imprinting.

miR-379/410 regulates genes involved in synaptic transmission and neuronal function

Since miR-379/410 targets are de-repressed in Mirg®'* iNs, including transcriptional
regulators like Plagll and NeuroD1, we analyzed the global transcriptome upon maternal
miR-379/410 deletion by rRNA-depleted RNA-seq. We observed few transcriptional
changes in ESCs where miR-379/410 activity is relatively low, but upon differentiation 332
genes were differentially expressed in Mirg&* iNs (padj < 0.05, fold change > 2) (Figure
4A, Table S2). We performed gene set enrichment analysis to identify gene ontology terms
associated with up- or down-regulated genes. Gene sets associated with synaptic
transmission, such as action potential and membrane depolarization, were enriched in up-
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regulated genes (Figure 4B). Leading edge analysis highlighted a group of transcripts
encoding neurotransmitter receptors and synaptic proteins up-regulated upon maternal
miR-379/410 deletion (Figure 4C, left). Amongst these transcripts are components of the
glutamatergic signaling pathway, including pre-synaptic vesicular glutamate transporters
(Slc17a6 and Slc17a7) and post-synaptic ionotropic glutamate receptors (Griad, Gridz,
Grikl1, and Grinl) and metabotropic glutamate receptors (Grm5, Grm7, and Grm&). The
transcripts encoding Syn2and Syn3, synaptic vesicular proteins that regulate
neurotransmitter release, were also up-regulated in Mirg/* iNs.

Gene set enrichment analysis also highlighted a group of up-regulated transcripts implicated
in feeding behavior (Figure 4C, right). Mirg®* iNs expressed higher levels of Mrap2, Mchr,
Glplr, NpyZ2r, and GalrZ, neuronal genes that facilitate the effects of nutrient signals on
appetite control (Baggio and Drucker, 2014; Georgescu et al., 2005; Naveilhan et al., 1999;
Srisai et al., 2017). These data indicate a nutrient responsive pathway may be negatively
regulated by maternally-expressed miRNAs.

No gene sets associated with neurological processes were enriched in down-regulated genes.
Gene sets enriched for down-regulated genes were driven by a large set of ribosomal
protein-coding genes that are subtly down-regulated (fold change = 1.1-1.4) in Mirg®* iNs.

We next asked if any transcriptional changes in Mirg/* iNs can be attributed to the de-
repression of the direct miR-379/410 targets Plagll and NeuroD1. Transcriptional targets of
Plagll were previously identified by Plagll overexpression in Neuro-2a cells /n vitro
(Varrault et al., 2017) and in mouse cortical neurons /n vivo (Rraklli et al., 2016; Varrault et
al., 2017). We found a significant up-regulation of Plagl1-induced transcripts in Mirg®'* iNs
(p < 1078) as well as brain tissue from Mirg knockout mice (p < 10716) (Figure 4D),
consistent with the increased level of Plagl 1 protein in Mirg®* iNs. Plagl1-induced
transcripts that are up-regulated upon maternal miR-379/410 deletion include Synpo,
Shank1, and Sncbh, which function at the synapse. Lastly, the targets of NeuroD1
transcriptional activation (Pataskar et al., 2016) are also significantly up-regulated in Mirg®/*
iNs (p < 10716) (Figure 4E). Together, these data show that maternally-expressed miRNAs
have both primary and secondary effects on pathways involved in synaptic activity and
neuronal function.

Increased frequency and amplitude of synaptic events upon maternal miR-379/410 deletion

Transcripts involved in synaptic transmission are up-regulated in Mirg®* iNs, so we asked if
maternal miR-379/410 deletion affects synaptic activity. Mirg/* and Mirg’* iNs were
cocultured with astrocytes under physiological glucose levels and electrophysiology was
assessed using two independent techniques, multielectrode array (MEA) and patch clamp.
First, electrical activity was measured in Mirg™/* and Mirg®'* iNs by changes in the
extracellular field potential on MEA plates (Figure S5A). Mature Mirg* iNs (day 19 to 25)
showed increased electrical activity as indicated by the significant increase in mean firing
rate and electrode bursts (Figure 5B—C). A similar trend toward increased mean firing rate
was observed in a second subclonal cell line (Figure S5A). Second, we performed whole-
cell patch clamp recordings on Mirg™/* and Mirg®'* iNs (day 19 to 22). We recorded
miniature excitatory post-synaptic activity (mEPSC) by performing voltage-clamp
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recordings in the presence of tetrodotoxin and bicuculline to block Na* currents and
GABA, transmission, respectively (Figure 5D-E). In Mirg2'* iNs, we observed a decrease
in the inter-event interval of mMEPSCs, and consequently, an increase in mEPSC frequency
(Figure 5F, Figure 5SB). We also observed increased mEPSC amplitude in Mirg®'* iNs
(Figure 5G, Figure 5SB). Maternal miR-379/410 deletion does not disturb the membrane
properties of iNs, as assessed by unaltered Na* and K* conductance, spiking activity, and
resting membrane potential (Figure S5C—-F). According to both the MEA and patch clamp
recordings, these results collectively demonstrated increased excitatory synaptic
transmission upon maternal miR-379/410 deletion.

Discussion

In this study, we generated a robust model system for studying imprinted miRNA activity in
neurons by Ngn2-induced differentiation of hybrid ESCs. We performed a comprehensive
characterization of maternally-expressed miRNAs and discovered that the miR-379/410
cluster directs the RISC complex to transcriptional and developmental regulators, including
paternally-expressed transcripts. Maternal deletion of miR-379/410 resulted in de-repression
of these targets, transcriptional up-regulation of gene programs associated with synaptic
transmission, and increased synaptic activity. We found that a subset of the transcriptional
changes observed in Mirg* iNs, including several transcripts encoding synaptic proteins,
can be attributed to increased levels of the paternally-expressed transcriptional regulator
Plagll. Interestingly, Plag/1 belongs to a network of co-varying imprinted genes which
includes Meg3, Peg3, and /g2 (Varrault et al., 2006, 2017). Our data shows that miRNASs
co-transcribed from the maternal Meg3locus repress Plagll, Peg3, and /gf2, suggesting
miR-379/410 may function as a master coordinator of this imprinted network.

One widely-cited evolutionary theory of genomic imprinting, known as the parental conflict
or kinship theory, posits that the two parental genomes within offspring have opposing
interests in the distribution of maternal resources (Haig and Westoby, 1989; Moore and
Haig, 1991). Paternally-expressed genes, such as /g72, tend to stimulate nutrient uptake and
drive embryonic growth (DeChiara et al., 1991; Ferguson-Smith et al., 1991), whereas
maternally-expressed genes negatively regulate growth, thereby conserving maternal
resources. An example is the maternally-expressed /g2 receptor, which is a direct functional
antagonist of /gfZsignaling in the placenta (Barlow et al., 1991). The results from our study
suggest non-coding RNAs may also actively engage in parental genomic conflict, whereby
maternally-expressed miRNAs may increase matrilineal inclusive fitness by antagonizing
paternally-driven gene programs in neurons.

It was previously shown that miR-379/410 knockout mice had an impaired response to
changes in nutrient availability during the fetal-neonatal transition and newborn knockout
mice had reduced stomach milk content (Labialle et al., 2014). Defective hepatic gene
expression likely accounts, at least in part, for the knockout phenotype, but our data suggests
that loss of miRNA activity in the brain could also contribute to the observed impairment in
energy homeostasis. Changes in nutrient environment have been shown to increase the
frequency of action potentials in hypothalamic neurons through an AMPAR-dependent
mechanism (Yang et al., 2011). In our patch clamp studies, we recorded mostly AMPARg-
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mediated mMEPSCs by blocking NMDAR activity via the addition of 1 mM Mg?2* to the bath
solution and holding the cells at a negative potential (=70 mV). We observed increased
frequency and amplitude of synaptic events in miR-379/410 deletion iNs. While
hypothalamic synaptic activity has not been reported in miR-379/410 knockout mice, /n
vitro recordings of hippocampal neurons also showed increased excitatory synaptic
transmission (Lackinger et al., 2018). In the future, conditional deletion of maternal
miR-379/410 in a stage-specific or neuron subtype-specific manner may help reveal the
relative contributions of miRNA dysregulation to metabolic and synaptic phenotypes, and
may help delineate how potential antagonism between parental genomes shapes organismal
development.

There are additional single copy and clustered miRNAs transcribed from imprinted domains,
but further study is needed to determine the selective forces by which they arose. It also
remains to be determined what role, if any, maternal-biased Ago2 expression plays in
imprinted miRNA activity in the brain. A small group of miRNAs from the upstream region
of Meg3 (miR-127, miR-136, miR-431, miR-433, and miR-434) are transcribed antisense to,
and therefore are fully complementary to, the paternally-expressed gene Rt/1. There is
evidence these miRNAs repress Rt/1 through the RISC pathway (Davis et al., 2005). Our
findings demonstrate that a large miRNA cluster from the downstream region of Meg3
represses paternally-expressed transcripts transcribed from distant imprinted loci. The extent
to which other imprinted miRNAs regulate imprinted transcripts “in trans’ will be of great
interest.

STAR Methods

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Amanda J. Whipple (amanda_whipple@fas.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Cell line maintenance: The ESC line used in this study was derived from an F1 Mus.
musculus x Mus. castaneous cross (F1 2.3, (Eggan et al., 2001)). ESCs were adapted to
feeder-free conditions by 10 passages on tissue culture plates pre-coated with 0.2% gelatin
in phosphate-buffered saline (PBS). For routine passaging, cells were washed in HEPES
buffered saline (HBS), dissociated using 0.25% trypsin-EDTA, and then plated on gelatin-
coated plates in ESC medium [Dulbecco’s Modified Essential Media (Thermo) containing
10 mM HEPES (Thermo), 15% HyClone fetal bovine serum (Thermo), 1000 U/mL
leukemia inhibitory factor (Millipore Sigma), 0.11 mM R-mercaptoethanol (Sigma), 1X non-
essential amino acids (Thermo), 2 mM L-glutamine (Thermo), 1X penicillin streptomycin
solution (Corning)]. Cells were maintained in a humidified 5% CO, incubator at 37°C.

Neuron differentiation: ESC lines stably expressing rtTA and TetO-Ngn2 (see below) were
cultured for 24 hours on gelatin-coated tissue culture plates in N2B27 medium [1:1 ratio of
DMEM/F12 + Glutamax (Thermo) and Neurobasal Medium (Thermo), supplemented with
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1X N2 supplement (Thermo), 1X B27 supplement minus Vitamin A (Thermo), 0.5X non-
essential amino acids (Thermo), 1 mM L-glutamine (Thermo), 1X penicillin streptomycin
solution (Corning), 0.05 mM R-mercaptoethanol (Sigma), 0.5 mM sodium pyruvate
(Thermo), 0.02% BSA Fraction V (Thermo), 0.25 ug/mL laminin (Thermo), 10 ng/mL
BDNF (Sigma), 10 ng/mL NT3 (R&D Systems), 1 ug/mL doxycycline (Sigma)]. Then, cells
were dissociated using accutase (STEMCELL Technologies) and 6 x 10° cells were plated
on PEI-coated six-well plates (0.1% PEI in borate buffer). Borate buffer contains 50 mM
boric acid (Sigma) and 24 mM sodium tetraborate (Sigma) at pH 8.4. One half of the
medium was replaced every two days. iNs were harvested at day 10 unless otherwise noted.

Generation of rtTA;TetO-Ngn2-mCherry;Tubb3-GFP cell line—First, GFP was
knocked in to the endogenous Tubb3 locus to serve as a marker of differentiation. A single
guide RNA (sgRNA) targeted to the Tubb3 3’ UTR (Tubb3sg Fwd/Rev, Table S3) was
cloned into pX458 (Addgene), then co-transfected with a homology-directed repair (HDR)
template, P2A-eGFP-T2A-Puro flanked by 450 bp homology arms, into F1 ».3 ESCs using
Lipofectamine 2000 (Thermo). Transfected cells were re-plated at a low density and single
cell clones were manually isolated. Genomic DNA was prepared using Quick Extract
(Epicentre) and a single cell clone with successful insertion of Tubb3-P2A-GFP-T2A-Puro
was confirmed by PCR. Second, the PiggyBac pAC4 vector (co-expressing EFla-M2rtTA
and CMV-Hygro, gifted from A.W. Cheng) was co-transfected with mPBase plasmid
(expressing the PiggyBac transposase, A.W. Cheng) into Tubb3-GFP ESCs. Cells with
stable integration of rtTA were selected in the presence of 150 ug/mL Hygromycin B for 10
days. Third, the lentiviral pTetO-Ngn2-Puro plasmid (Addgene) was modified to pTetO-
Ngn2-mCherry using Gibson Assembly (NEB). Lentivirus was produced in HEK293 cells
by co-transfection of pTetO-Ngn2-mCherry, pPCMV-dR8.2 (Addgene), and pCMV-VSV-G
(Addgene) using TransIT-LT1 Transfection Reagent (Mirus). Viral-containing supernatant
was applied to rtTA; Tubb3-GFP ESCs in the presence of 5 ug/mL polybrene (Sigma). An
infected single cell clone (rtTA; TetO-Ngn2-mCherry; Tubb3-GFP) was identified and
confirmed by mCherry/GFP fluorescence following doxycycline treatment.

Generation of Mirg™* and Mirg* cell lines—sgRNAs (Mirg.up sgFwd/Rev and
Mirg.dn sgFwd/Rev, Table S3) were designed to sites flanking the miR-379/410 cluster and
were cloned into the pX458 plasmid (Addgene). HDR templates containing a loxP site
flanked by 60 bp homology arms were designed to each sgRNA site and were synthesized as
single-stranded oligonucleotides (IDT) (Mirg.up HDR template and Mirg.dn HDR template,
Table S3). sgRNAs and HDR templates were co-transfected into rtTA; TetO-Ngn2-
mCherry; Tubb3-GFP ESCs using Lipofectamine2000 (Thermo). Single cells were isolated
by FACS into individual wells of a 96-well plate and screened for loxP insertion by PCR at
the upstream and downstream insertion sites. A single cell clone with dual loxP insertion
was confirmed to be maternal-specific by Sanger sequencing of allelic SNPs within loxP-
containing PCR products. Next, the miR-379/410 cluster was deleted by transient
transfection of pCAG-Cre:GFP (Addgene). Since cell clones were isolated by FACS for
GFP-negative (Mirgf/*) and GFP-positive (Mirg'*) cells, and Cre-mediated deletion of
miR-379/410 was confirmed by PCR.
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Generation of untagged-Ago2 and HA-Ago2 cell lines—Untagged-Ago2 and HA-
Ago2 was amplified by PCR from pcDNA3.1 FH-NLS-hAgo2 plasmid (gifted from T.
Kelly) with primers Ago2 Fwd/Rev and HA-Ago2 Fwd/Rev (Table S3), respectively. The
PCR products were cloned into the multiple cloning site of the PiggyBac expression vector
PB-EF1a-MCS-IRES-Neo (System Biosciences, PB533A-2) by restriction enzyme ligation.
Sequence-verified plasmids were co-transfected with mPBase plasmid (expressing the
PiggyBac transposase) into Mirgf* ESCs using Lipofectamine2000 (Thermo). Cells with
stable Ago2 integration were selected in ESC medium containing 300 ug/mL G418 (Sigma)
for 10 days.

Generation of miRNA overexpression cell lines—The pri-miRNA sequence for
miR-369 was amplified from genomic DNA using the miR369 Fwd/Rev primers (Table S3).
It was then cloned into the multiple cloning site of the PiggyBac expression vector PB-
EF1la-MCS-IRES-Neo (System Biosciences, PB533A-2) using Gibson Assembly (NEB).
Sequence-verified plasmids were co-transfected with mPBase plasmid (expressing the
PiggyBac transposase) into Mirgf/* ESCs using Lipofectamine2000 (Thermo). Cells with
stable integration of EF1a-MCS-IRES-Neo (“no miR” control) or EF1la-miRNA-IRES-Neo
were selected in ESC medium containing 300 ug/mL G418 (Sigma) for 10 days.

Flow cytometry and fluorescence activated cell sorting (FACS)—Single cells
were sorted using the FACSAria cell sorter (Becton Dickinson) into individual wells of a
gelatin-coated 96-well plate containing ESC medium. To analyze the efficiency of neuron
differentiation, cells were analyzed on the FACSCelesta (Becton Dickinson) flow cytometry
instrument with FACSDiva v8.0 software. FCS files were exported and analyzed with
FlowJo v9.

Fluorescence Imaging—Cells were imaged on the Incucyte (Sartorius) live cell imager
or ApoTome.2 (Zeiss) fluorescence microscope using the brightfield and mCherry channels.

Cell confluency measurement—Mirg™/* and Mirg®’* ESCs were plated on a gelatin-
coated 12-well plate (40,000 cells/well) in ESC medium (n = 3 wells for each cell line) and
maintained inside the Incucyte (Sartorius) live cell imager at 37°C and 5% CO». Four
brightfield images per well were acquired on the Incucyte every 4 hours for a total of 40
hours. Confluency measurements were automatically calculated by the Incucyte software.

Luciferase assay on perfect miRNA targets sites—Single strand oligonucleotides
containing perfect target sites fully complementary to mature miRNAs (GLO.miR Fwd/Rev,
Table S3) were annealed and cloned into the multiple cloning site of the pmirGLO dual
luciferase expression vector (Promega) using restriction enzyme ligation. Plasmid insertions
were verified by Sanger sequencing. Mirgf* and Mirg’* ESCs were plated on gelatin-
coated, white-walled 96-well plates at a density of 8,000 cells per well. After 24 hours, cells
were transfected with 200 ng pmirGLO plasmid using Lipofectamine2000. Transfection
medium was replaced after six hours with N2B27 medium containing 1 ug/mL doxycycline
to induce differentiation. After 48 hours of differentiation, the luciferase assay was
performed using the reagents and protocol from the Dual-Glo Luciferase Assay System
(Promega) according to the manufacturer’s instructions. Luminescence was measured on the
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Infinite 200 (Tecan Life Sciences). For each sample, Firefly luminescence was normalized to
Renilla luminescence as an internal expression control. The Firefly/Renilla ratios for each
sample were then normalized to pmirGLO containing no miRNA binding site. Six biological
replicates were included for each condition.

Luciferase assay on wild-type and seed mutant 3° UTR reporters—Primers were
used to amplify from genomic DNA the 250 bp region surrounding an Ago2 CLIP peak in
the Plagl1 3° UTR that overlapped several miR-379/410 seed sites (Plagl1.3’UTR Fwd/Rev,
Table S3). These 3’ UTR sequences were then inserted into the multiple cloning site of the
pmirGLO dual luciferase expression vector (Promega) using restriction enzyme ligation. To
generate the seed deleted 3” UTR reporter, the Q5 site directed mutagenesis assay (NEB)
was used to delete the miR-369 seed site. Primers for site directed mutagenesis were
designed flanking the miR-369 seed site using NEBaseChanger (v1.2.9, NEB)
(Plagl1.3’UTRDel Fwd/Rev, Table S3). Sequence-verified luciferase plasmids containing
wild-type or seed mutant 3’ UTR sequence were subsequently transfected into Mirg™/* or
Mirgfl/*:miR-369 overexpression ESCs according to the luciferase assay conditions
described above.

miRNA qRT-PCR—Total RNA was harvested Mirgf/* and Mirg®'* cells using TRIzol
(Thermo) according to the manufacturer’s instructions. Reverse transcription was performed
using the miScript Il RT Kit (Qiagen) with 500 ng RNA and the miScript HiSpec Buffer,
followed by PCR using the miScript SYBR Green PCR Kit (Qiagen). miRNA-specific
forward primers are listed in Table S3. miRNAs were normalized to U6 and relative
expression was calculated using the delta-delta Ct method. The mean and standard error was
calculated from biological triplicates.

Tagman gRT-PCR—One-step gRT-PCR was performed using 25 ng DNase-digested RNA
from Mirg™* and Mirg'* cells with EXPRESS One-Step SuperScript qRT-PCR Kit
(Thermo) on the StepOne gPCR machine (Applied Biosystems). PrimeTime qPCR Probe
Assays (IDT, Table S3) were generated to the target of interest normalized to Gapdh. The
relative expression was calculated using the delta-delta Ct method. The mean and standard
error was calculated from biological triplicates.

Allele-specific qRT-PCR—Tagman SNP genotyping assays (Thermo) were designed to
allele-specific SNPs in Meg3and D/k1 (Meg3.SNP.qPCR and DIk1.SNP.qPCR, Table S3).
One-step qRT-PCR was performed using 100 ng DNase-digested RNA from Mirgf/* and
Mirg®* cells with EXPRESS One-Step SuperScript qRT-PCR Kit (Thermo) on the StepOne
gPCR machine (Applied Biosystems). The Ct values for maternal and paternal amplification
were normalized to a standard curve that was generated using known ratio mixtures of
maternal-specific and paternal-specific synthetic amplicons (Table S3).

RIP-gRT-PCR—Mirg™/*;untag-Ago2 and Mirg™/*;HA-Ago2 cells were plated on PEI-
coated plates (3 x 10° cells per 10 cm plate) and differentiated for six days (see neuron
differentiation protocol). Cells were washed in ice cold 1X PBS and lysed for 10 minutes in
ice cold lysis buffer [50 mM Tris-HCI pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5%
sodium deoxycholate, 0.4 U/uL murine RNase inhibitor (NEB), 1:200 Protease Inhibitor
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Cocktail (Millipore)]. Cellular debris was pelleted by centrifugation at 14,000 rpm for 10
minutes at 4°C. 50 uL of anti-HA magnetic beads (Thermo) were blocked in 3% BSA and
then incubated with cell lysate at 4°C overnight. Beads were separated with a magnet,
washed three times in 500 uL cold lysis buffer, and then resuspended in TRIzol. Following
RNA isolation, miRNA immunoprecipitation was measured by gRT-PCR (see miRNA gRT-
PCR protocol). Fold enrichment in HA-Ago2 iNs was calculated relative to untag-Ago2 iNs.

Northern blot—Total RNA was harvested using TRIzol (Thermo) according to the
manufacturer’s instructions. Four micrograms total RNA was diluted in Gel Loading Buffer
I (Thermo), heat denatured at 95°C for 5 minutes, separated on an 8% urea gel (National
Diagnostics), and then transferred by semi-dry transfer (300 mA, 60 min) to Amersham
Hybond N+ membrane (GE Healthcare). The Northern probes (Table S3) were 5’-end
labelled with ATP Gamma 32P (Perkin Elmer) using T4 polynucleotide kinase (NEB), and
then hybridized to the membrane overnight in ULTRAhyb-Oligo buffer (Thermo) in a 42°C
rotating hybridizat ion oven. The membrane was washed in 2X SSC containing 0.1% SDS
three times and then exposed on a Phosphorimager.

Western blot—Whole cell extract was prepared by washing Mirgf/* and Mirg®* cells in
ice cold 1X phosphate buffered saline (PBS), then lysing in pre-chilled RIPA buffer
containing 10 mM Tris-HCI pH 7.4, 100 mM NacCl, 1% Trixon X-100, 0.1% SDS, 1 mM
EDTA, and complete, EDTA-free protease inhibitor cocktail (Roche). Cell lysates were
rotated for 30 minutes at 4°C, then cell debris was pelleted at 4°C for 30 minutes at 12,000
rpm. Prote in concentration was determined using the BCA assay (Pierce). 30 ug protein
lysates were diluted in 1X NuPAGE LDS Sample Buffer (Thermo) and 1X NuPAGE
Reducing Reagent (Thermo), heat denatured at 70°C for 10 minutes, and separated on
NUPAGE 4-12% Bis-Tris gels in 1X NUPAGE MOPS SDS Running Buffer (Thermo).
Following transfer to PVDF membrane in 1X NuPAGE Transfer Buffer (Thermo),
membranes were blocked in 5% milk in PBST, and incubated overnight at 4°C in primary
antibody [anti-HA high affinity antibody (Roche, 11867423001), Enolase | (Cell Signaling
Technologies, 3810S), Vinculin (Sigma, V9131), anti-Plagll (Abcam, ab90472), anti-Peg3
(Abcam, abh99252), anti-Jadel (Novus, NBP1-83085), anti-Igf2 (Thermo, PA5-71494), anti-
Txnip (Cell Signaling Technology, 14715S), anti-Ago2 (Cell Signaling Technology, 2897S),
anti-NeuroD1 (Cell Signaling Technologies, 4373)]. Membranes were washed in 1X PBST,
then incubated at room temperature for 1 hour in HRP-conjugated secondary antibody [anti-
mouse IgG (GE Healthcare NA931V), anti-rabbit 1gG (GE Healthcare NA934V)]. Blots
were exposed with Western Lightning Plus-ECL (Perkin Elmer) or SuperSignal West Dura
Extended Duration Substrate (Thermo).

Allele-specific DNA methylation—Genomic DNA was isolated from Mirg™/* and
Mirg®* cells using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma)
according to the manufacturer’s instructions. Bisulfite conversion was performed on 500 ng
genomic DNA using the EpiTect Bisulfite Kit (Qiagen). M.Sssl-treated DNA was used as a
positive control for complete bisulfite conversion. PCR was performed on 20 ng bisulfite
converted DNA with primers in the IG-DMR that amplify seven bi-allelic CpG sites and one
paternal-specific CpG site (CpG Fwd/Bio-Rev, Table S3) using the PyroMark PCR Kit
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(Qiagen). Sequencing assays were run on the PyroMark Q48 pyrosequencer (Qiagen) using
the CpG sequencing primer (Table S3). The percent methylation at the paternal-specific CpG
site was subtracted from the average percent methylation at non-allelic CpG sites to yield the
percent methylation on the maternal allele.

Multielectrode array (MEA)—Primary mouse astrocytes (ScienCell) were expanded on
tissue culture flasks pre-coated with 50 ug/mL poly-L-lysine for 3-4 passages in Astrocyte
Medium-animal (ScienCell). Classic MEA 48 plates (Axion Biosystems) were pre-coated
with 0.1% PEI, then 7 x 10° astrocytes and 7 x 10° Mirgf/* or Mirg'* day 1 iNs were mixed
and plated in each well by drop placement. For electrophysiology experiments, iNs were
cultured in BrainPhys Neuronal medium (StemCell Technologies) containing 10 ng/mL
BDNF (Sigma), 1X N2 supplement (Thermo), SM1 Neuronal Supplement (StemCell
Technologies), and 1 ug/mL doxycycline (Sigma). Twelve wells were plated per condition.
Recordings of spontaneous activity were performed for 10 minutes at 37°C every 3 days
from day 10 to 25 on the MEA Maestro system (Axion Biosystems). Electrode bursts were
calculated using the ISl threshold algorithm with minimum number of spikes = 5 and
maximum ISl = 100 ms.

Patch clamp electrophysiology—1 x 10° primary mouse astrocytes and 2 x 10°
Mirgf/* or Mirg’* day 1 iNs were mixed and plated on PEl-coated 15 mm circular
coverslips in a 12-well plate. For electrophysiology experiments, iNs were cultured in
BrainPhys Neuronal medium (StemCell Technologies) containing 10 ng/mL BDNF (Sigma),
1X N2 supplement (Thermo), SM1 Neuronal Supplement (StemCell Technologies), and 1
ug/mL doxycycline (Sigma). At day 19 to 22, coverslips were placed in a recording chamber
(Series 20, Warner Instruments) and perfused at a rate of 1-2 mL/min with room-temperature
ACSF containing the following: 140 mM NaCl, 5 mM KCI, 10 mM HEPES, 1 mM MgSOy,
2 mM CaCl, and 10 mM D-Glucose; pH 7.3-7.4 and osmolarity 300. We used 3-6 MQ glass
pipettes filled with K-Glu-based intracellular solution containing 140 mM K-gluconate, 10
mM KCI, 10 mM HEPES, 1 mM EGTA, 0.1 mM CaCl,, 1 mM Mg-ATP, 1 mM Na,-GTP,
and 4 mM D-Glucose; pH 7.4 and osmolarity 290. iNs were visualized with differential
interference contrast (DIC) or fluorescence using a charge-coupled device (CCD) camera
(ORCA-R2 C10600, Hamamatsu). Recordings were performed with a Multiclamp 700b
(Molecular Devices) amplifier, digitized at 10 kHz, and low-pass filtered at 1 kHz with a
Digidata 1440 and pCLAMP10 software (Molecular Devices). To isolate mEPSCs, we
added 1 pM TTX (Abcam, ab120055) and 20 uM bicuculline (Tocris, 0131) to the bath
solution to block Na* and GABA currents respectively and cells were voltage-clamped at a
membrane potential of =70 mV. Access resistance was 17.6+0.7 and 17.4+0.9 MQ in
Mirgf/+ and Mirg®* iNs, respectively. mEPSCs, membrane properties, and spiking
properties were analyzed using Clampfit software (v10.7, Molecular Devices) and custom
MATLAB scripts (vR2018b, MathWorks). mEPSCs properties were calculated over 3-
minute-long recordings. Spontaneous spiking rate and resting membrane potential were
calculated over 1-minute-long current-clamp recordings. Evoked spike rate activity was
calculated by counting the number of spikes elicited by injecting +50 pA currents during 1 s.
Sodium and potassium currents were measured as the peak negative current and the average
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positive current following the injection of voltage steps (ranging from -90 to 50 mV; 10 mV
increments).

Neuron differentiation for sequencing libraries—Mirg//* or Mirg®'* ESCs were
differentiated according to the neuron differentiation protocol above and total RNA was
prepared from three biological replicates of day 10 iNs from each cell line using TRIzol.
RNA was treated with DNase | (Thermo) under standard reaction conditions. DNase-treated
RNA was used for preparation of small RNA-seq and rRNA-depleted RNA-sequencing
libraries.

Small RNA-seq, library preparation—Small RNA-seq libraries were prepared from
100 ng DNase-treated RNA using QIAseq miRNA library kit (Qiagen) with 16 cycles of
PCR amplification. Quality control of final libraries was assessed with a fragment analyzer
and gPCR for colony forming units prior to pooling and loading on an Illumina FlowCell
(HiSeq2000, 40 bp SE reads). Each sample library was sequenced to a depth of 9-12 M
reads.

Small RNA-seq, data analysis pipeline—Adapter sequences were first trimmed from
small RNA-sequencing reads using cutadapt (v1.4.2) with the following command:

cutadapt -a AACTGTAGGCACCATCAAT--minimum length 14 $input/I1D_sequence.fastq >
$input/I1D_sequence_trim.fastqg 2> $input/TrimReport-ID.txt

Before mapping small RNA-seq reads to the transcriptome, we added all mature miRNA
annotations from miRBase (v21) into the mm10 Gencode M15 gtf file. Mature miRNAs
were inserted as distinct transcripts of the appropriate parent pri-miRNA gene annotation,
allowing STAR alignment and RSEM counting of gene-level and mature miRNA-level
counts. STAR (v2.4.1d) was used to map small RNA-sequencing reads to mm10 genome
and transcriptome (Gencode M15 assembly containing miRBase annotations) with the
following command:

STAR --runThreadN 8 --runMode alignReads --genomeDir $genome/ --readFilesin

$input/ID_sequence_trim.fastq --outFileNamePrefix $input/ID --

outReadsUnmapped Fastx --
outSAMtype BAM SortedByCoordinate --outFilterMismatchNoverLmax 0.05 --

outFilterMatchNmin 16 --outFilterScoreMinOverLread 0 --

outFilterMatchNminOverLread 0 --

alignintronMax 1 --sjdbGTFfile $gtf/gencode.vM15.miRBase.gtf --sjdbOverhang
74 --quantMode

TranscriptomeSAM
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RSEM (v1.2.30) was used to count transcriptome mapped reads with the following
command:

rsem-calculate-expression --bam --forward-prob 0.5 -p 8 --no-bam-output --

calc-pme --seed-
length 16 $input/IDAligned.toTranscriptome.out.bam
$genome/GRCm38_GencodeM15 _miRBase $input/ID

Quantification of RSEM counts was performed on ID.isoforms.results files using DESeqz2.
Only mature miRNAs with mean normalized counts = 5 were included in the analysis.
Differentially expressed miRNAs between Mirg//* and Mirg®’* iNs were determined as padj
< 0.05 and fold change = 2. Heatmap of Log2[Normalized counts] were generated using
ComplexHeatmap (v1.20.0) package in R. The proportion of total miRNA reads mapping to
miR-379/410 miRNAs was calculated in R using the posterior mean counts from RSEM for
all mature miRNAs.

rRNA-depleted RNA-seq, library preparation—rRNA-depleted RNA-sequencing
libraries were prepared from 400 ng DNase-treated RNA using KAPA RNA HyperPrep Kit
with RiboErase (HMR) (Kapa Biosystems) using 9 cycles of PCR amplification. Quality
control on final libraries was assessed with a fragment analyzer and gPCR for colony
forming units prior to pooling and loading on an Illumina FlowCell (NextSeq 500, 75 bp PE
reads). Each sample library was sequenced to a depth of 38-50 M reads.

rRNA-depleted RNA-seq, data analysis pipeline—STAR (v2.4.1d) was used to map
RNA-sequencing reads to mm210 genome and transcriptome (Gencode M15 assembly) with
the following command:

STAR --runThreadN 8 --runMode alignReads --genomeDir $genome/ --readFilesln

$input/ID_1.fastg $input/ID_2.fastq --outFileNamePrefix $input/ID --
outFilterType BySJout --

outReadsUnmapped Fastx --outSAMtype BAM SortedByCoordinate --
outFilterMul timapNMax

20 --outFilterMismatchNmax 999 --outFilterMismatchNoverLmax 0.04 --

alignintronMin 70 --
alignintronMax 1000000 --alignMatesGapMax 1000000 --alignSJoverhangMin 8 --
alignSJBoverhangMin 1 —sjdbGTFfile

genome/gencode.vM15.primary_assembly.annotation.gtf --sjdbOverhang 74 --

twopassMode
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Basic --quantMode TranscriptomeSAM

RSEM (v1.2.30) was used to count transcriptome mapped reads with the following
command:

rsem-calculate-expression --bam --paired-end --forward-prob 0 -p 8 --no-bam-

output --calc-pme
$input/IDAligned.toTranscriptome.out.bam $genome/ $input/rsem/ID

Gene level quantification was performed on RSEM ID.genes.results files using DESeq?2.
Only genes with mean normalized counts = 5 were included in the analysis. Differentially
expressed genes between Mirg™* and Mirg'* iNs were determined as padj < 0.05 and fold
change = 2. Gene set enrichment analysis (GSEA) was performed by ranking all genes from
most up-regulated to most down-regulated and enrichment was calculated for the Molecular
Signatures Database v6.2 C5 GO gene sets. For the heatmap of GSEA core enriched genes,
we first calculated the z-score across samples for each gene based on the transcripts per
million (TPM) output from RSEM using the scale function in R. Then, the heatmap was
generated using ComplexHeatmap (v1.20.0) R package. The cumulative frequency plot
(Figure 4D-E) was generated in R (v3.5.1) using the plot.ecdf function. Plagl1-regulated
genes /in vitro (Varrault et al., 2017) or /n vivo (Rraklli et al., 2016) were defined as all
induced genes from overexpression of Plagl1l with padj < 0.01 and fold change = 2.
NeuroD1-induced genes from (Pataskar et al., 2016) were defined as all genes up-regulated
upon induction of NeuroD1 with padj < 0.01 and fold change = 2.

To quantify allelic expression of Meg3and D/kI from RNA-sequencing, all mapped reads
containing an allelic SNP were counted and the maternal/paternal read ratio was calculated.
SNPs containing less than ten reads were excluded from the analysis. For each sample, the
ratio across all SNPs for a given gene were averaged. Then, the average and standard error
of the mean were calculated for each cell line/condition.

seCLIP-seq, library preparation—15 x 108 Mirgfl/*:untag-Ago2 or Mirgf'*;HA-Ago2
ESCs were plated on PEI-coated 15 cm plates and differentiated in N2B27 medium
containing 1 ug/mL doxycycline for 10 days (2 biological replicates per cell line). Cells
were washed in 1X PBS and then UV crosslinked at 400 mJ/cm2. Immunoprecipitation was
performed with 100 uL anti-HA magnetic beads per sample (Pierce) overnight at 4°C.
seCLIP-seq libraries were prepare d according to (Nostrand et al., 2017) with TruSeq LT
adapters. Input and IP samples were amplified with 9 and 18 cycles of PCR, respectively.
Quality control on final libraries was assessed with a fragment analyzer and qPCR for
colony forming units prior to pooling and loading on an lllumina FlowCell (HiSeq2000, 40
bp SE reads). Each sample library was sequenced to a depth of 20-30 M reads.

seCLIP-seq, data analysis pipeline—Adapter sequences were trimmed from seCLIP-
sequencing reads using fastxtoolkit (v0.0.13), followed by removal of PCR duplicated based
on unique molecular identifier (UMI), and then the UMI was trimmed with the following
commands:

Mol Cell. Author manuscript; available in PMC 2021 April 02.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Whipple et al.

Page 18
fastx_clipper -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -Q33 -1 15 -v -i
$input/ID_sequence.fastq -o $input/ID_sequence_clip.fastq

fastx_collapser -Q33 -v -i $input/ID_sequence_clip.fastq -o $input/

ID_sequence_col lapse.fastq

fastx_trimmer -f 11 -i $input/1D_sequence_collapse.fastq -o $input/

ID_sequence_trim.fastq

To determine which miRNAs were enriched for Ago2 binding, STAR (v2.5.3a) was used to
map seCLIP-sequencing reads to mm10 genome (Gencode M15 assembly) with the
following command (allowing for reads to map up to 5 locations since some miRNAs are
multi-copy in the genome):

STAR --runThreadN 8 --runMode alignReads --genomeDir $genome/ --readFileslin

$input/ID_sequence_trim.fastq --outFileNamePrefix $input/ID_ --

outReadsUnmapped Fastx --
outFilterMultimapNmax 5 --outFilterMultimapScoreRange 1 --outSAMtype BAM

SortedByCoordinate --outFilterType BySJout --outFilterScoreMin 10 --
alignEndsType EndToEnd

--sjdbGTFfile $genome/gencode.vM15._primary_assembly.annotation.gtf

Biological replicates were merged using samtools. Then for each mature miRNA annotated
in miRBase, enrichment for Ago2 binding was calculated in HA-Ago2 IP samples relative to
HA-Ago2 Input using seCLIP perl scrips from the Yeo lab (https://github.com/YeolLab/
eclip).

To determine which mRNA targets were enriched for Ago2 binding, the same command as
above was used but only uniquely mapped reads were considered (by setting --
outFilterMultimapNmax = 1). Biological replicates were merged using samtools. Peaks were
called on HA-Ago2 IP sample using the CLIPper tool with the following command:

clipper -b $path/HAAgo21P_merged.bam -s mm10 -o $path/HAAgo2.peaks.bed

Then, enrichment for Ago2 binding at each peak was calculated in HA-Ago2 IP samples
relative to HA-Ago2 Input and untag-Ago2 IP using seCLIP perl scrips from the Yeo lab
(https://github.com/YeoLab/eclip).

Metagene analysis—Genome (mmZ10) coordinates for target seed sites of miR-379/410
miRNAs were downloaded from TargetScanMouse (release 7.2). Metagene binding plots
were generated from Ago2 seCLIP-seq binding profiles. “.bam” files from merged
biological replicates were loaded into the R package metagene (v2.14.0), and coverage
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(RPM) was calculated at the seed site and the flanking 175-500 nt for all expressed
transcripts (expression cutoff = 100 mean normalized counts from RSEM output of RNA-
seq analysis). The metagene profile for imprinted genes contains all conserved, predicted
seed sites for active miR-379/410 in maternally-expressed or paternally-expressed protein-
coding genes from (Tucci et al., 2019).

Biological network of miR-379/410 targets using Cytoscape—The biological
network of gene ontology terms associated with miR-379/410 targets identified from Ago2
seCLIP-seq were analyzed using the Cytoscape (v3.7.1) app, BINGO. All genes containing
significantly enriched Ago2 peaks overlapping a seed site of an active miR-379/410 miRNA
were used as the input, and overrepresentation of gene ontology terms was calculated using
hypergeometric test and Benjamini & Hochberg FDR correction relative to the reference set
of all gene expressed in iNs.

Analysis of in vivo Mirg and miR-379/410 expression—microRNA-seq and polyA
RNA-seq data from embryonic day 14.5 and postnatal day 0 mouse tissues were downloaded
from the ENCODE project (see GSE82864, GSE82558, and GSE78374 for forebrain
samples, and related GSE entries for other tissues). Small RNA-seq data from adult mouse
tissues were downloaded from GSE21630 (Kuchen et al., 2010). polyA RNA-seq from
isolated cortical cell types were downloaded from GSE52564 (Zhang et al., 2014). Raw
fastq files from these publicly available datasets were analyzed according to the small RNA-
seq and RNA-seq data analysis pipelines described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all analysis with p values, significance was determined at p < 0.05 and values are shown.
Hypergeometric statistical test for enrichment was used to calculate the enrichment of
miR-379/410 seCLIP targets for paternally-expressed genes (N = 13,825 expressed protein-
coding genes, n = 63 paternally-expressed protein-coding genes, K = 227 miR-379/410
targets from seCLIP-seq, k = 7 miR-379/410 paternally-expressed targets). Box-whisker
plots were generated using R with the box extending from the 25™ to 75! percentile and a
thick bar at the 501 percentile. Dashes lines extend from the min to max data points with
outliers shown. For CDF analysis, significance was measured using two-sided Kolmogorov-
Smirnov (KS) test using the ks.test function in R.

DATA AND CODE AVAILABILITY

Data can be found at GEO with accession GEO: GSE140838. Original gel images were
uploaded to Mendeley Data: http://dx.doi.org/10.17632/hf4xvtz8t4.1.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Neuron differentiation of hybrid ESCs can be used to study imprinted gene
activity

A miRNA cluster is expressed from the maternally-inherited allele in induced
neurons

Maternally-expressed miR-379/410 targets paternally-expressed transcripts

miR-379/410 also regulates genes involved in synaptic activity and neuron
function
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Figure 1. miR-379/410 expression is induced upon neuron differentiation.
A. Schematic of the annotated Meg3long non-coding RNA and small non-coding RNAS

processed from the locus (SnoRNA, small nucleolar RNA; miRNA). The location of the
miR-379/410 cluster is indicated, along with genomic alignment of rRNA-depleted RNA-
seq and small RNA-seq data from iNs. B. Heatmap of normalized counts of mature miRNAs
from the miR-379/410 cluster generated by small RNA-seq of mouse tissues at embryonic
day 14.5 (E14.5), postnatal day 0 (P0), adult tissues, and /n vitro differentiated iNs (n = 3).
Rows are organized by unsupervised hierarchical clustering. C. Expression changes of
miRNAs upon neuron differentiation shown as an MA plot. Gray, all miRNAs; Red,
differentially expressed miRNAs (p < 0.05, fold change = 2); Black outline, miR-379/410.
miRNAs in the 90™ percentile of expression are indicated. D. Pie chart indicating the

Mol Cell. Author manuscript; available in PMC 2021 April 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Whipple et al.

Page 26

proportion of small RNA-seq reads mapping to miR-379/410 miRNAs versus all other
mMiRNAs in iNs. E. gRT-PCR for mature miRNAs from miR-379/410 in iNs relative to
ESCs. Mean + SEM (n = 3). F. Bar graph of Firefly luciferase activity with or without 3’
UTR miRNA target sites relative to Renilla luciferase internal control. Mean £ SEM (n = 6);
*p < 0.05, calculated using unpaired two-tailed Student’s t-test. See also Figure S1.
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Figure 2. miR-379/410 directs Ago2 to transcriptional and developmental regulators, including

paternally-expressed transcripts.

A. Volcano plot of seCLIP-seq reads mapped to miRNASs. Gray, all miRNAs (n = 2,045);
Red, significantly enriched miRNAs (p < 0.01, fold change = 2, n = 211); Black outline,
significantly enriched miR-379/410 (p < 0.01, fold change = 2, n = 27). The identities of the
most highly enriched miR-379/410 miRNAs are labelled. B. Left: Pie chart indicating
distribution of significant Ago2 peaks in 5° UTR, Intron, CDS (coding sequence), and 3’
UTR. Right: Bar graph of the number of significant Ago2 peaks in 3° UTRs that overlap
with a seed site for an active miR-379/410 miRNA. C. Metagene plots of Ago2 seCLIP-seq
coverage (reads per million, RPM) at seed sites for the indicated miRNAs, including
coverage 500 nt upstream and downstream of the seed site. The number of sites included in
each plot is shown. Top, conserved sites; Bottom, nonconserved sites with TargetScan score
= 90; Black, untagged-Ago2 IP; Red, HA-Ago2 IP. D. Biological network of gene ontology
terms associated with miR-379/410 targets identified by Ago2 seCLIP-seq. The node size
corresponds to the number of genes in the node. The node color indicates the adjusted p-
value for the association of the gene ontology term with the miR-379/410 targets relative to
the background of all expressed genes. E. Metagene plot of Ago2 seCLIP-seq coverage
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(reads per million, RPM) at conserved seed sites for active miR-379/410 in paternally-
expressed transcripts (n = 33 seed sites) and maternally-expressed transcripts (n = 25 seed
sites), including coverage 175 nt upstream and downstream of the seed site. F. Volcano plot
of Ago2 peaks in paternally-expressed transcripts. Dashed lines, cutoffs for significant peaks
(p <0.01, fold change = 2). See also Figure S2 and Table S1.

Mol Cell. Author manuscript; available in PMC 2021 April 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Whipple et al.

A

Relative

IG- Meg3 Rian Mirg D
D(T\R —50kb—
| i1 ||||||| HI ) IHH.’_
Mat - L loxP loxP
Pat 1 :
mrRNA | [ [ []] || i {111
miR-379/410
z o
3’ | AR s, & I
s
2 0 | All miRNA
L 1% e @ miR-379/410
z
= (‘? ®
§’ ' © %g@®
I I I
1e+01 1e+03 1e+05
Mean of normalized counts E
> 1.5 4 ®Mirg"* ®Mirg*
0 <
g 53
8 D T
= g
5 3

Page 29
ESC iN
Mirg"+  Mirg** Mirg¥  Mirg¥
- -e—d Plagl1
- o IR

Jadel

Imprinted genes

o —— - —

Igf2

Vinculin

———— ———— - -

Plagl1 3UTR F Plagl1 3' UTR

*

1.0 1.0- [—
0.5 - 0.5 4
0.0 4 0.0-
6.‘ no miR miR-369
€ 4 ® Wild-type = Seed deletion

Figure 3. miR-379/410 targets are de-repressed upon maternal miR-379/410 deletion.
A. Schematic of the Meg3 genomic locus showing location of maternal loxP insertions

flanking the miR-379/410 cluster. IG-DMR, intergenic differentially methylated region. B.
Expression changes of miRNAs upon maternal deletion of miR-379/410 shown as an MA
plot. Gray, all miRNAs; Red, miRNA-379/410. C. Bar graph of Firefly luciferase activity
with or without 3> UTR miRNA target sites relative to Renilla luciferase internal control.
Black, Mirgf/* iNs; Red, Mirg®'* iNs; Mean + SEM (n = 6); *p < 0.05. D. Western blot of
protein lysates from Mirg/* and Mirg®* ESCs and iNs probed with the indicated
antibodies. Vinculin was used as a loading control. Biological triplicates are shown for each
condition. E. Bar graph of relative luciferase activity upon overexpression of the indicated
miRNAs in Mirg™* iNs from a luciferase reporter containing Plag//3’ UTR sequence. Mean
+ SEM (n = 6); *p < 0.05. F. Same as (E) but with a wild-type or deleted miR-369 seed site
in the Plag/1 3° UTR luciferase reporter. Mean £ SEM (n = 6); *p < 0.05. P-values were
calculated using unpaired two-tailed Student’s t-test. See also Figure S3 and Figure S4.
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Figure 4. miR-379/410 regulates genes involved in synaptic transmission and neuronal function.
A. mRNA expression changes in Mirg* iNs relative to Mirgf/* ESCs (left) and iNs (right)

shown as MA plots. Gray, all MRNAs; Red, differentially expressed mRNAs (p < 0.05, fold
change = 2). B. Enrichment profile from gene set enrichment analysis for gene ontology
(GO) term “action potential” (normalized enrichment score = 1.88, FDR g-value = 0.11).
Genes were ranked from most up-regulated to most down-regulated in Mirg®* iNs relative
to Mirg™/* iNs. C. Heatmap of core enriched genes associated with synaptic activity and
feeding behavior. Z-scores were calculated based on expression of each gene in Mirgf/* and
Mirg®* ESCs and iNs (n = 3 for each condition). The fold change in gene expression of
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Mirg'* iNs relative to Mirg"/* iNs is shown in the bottom heatmap. D. Left: Cumulative
distribution function (CDF) plot of gene expression upon miR-379/410 deletion in iNs for
all genes (black, n = 14,325), genes induced by Plag// overexpression in Neuro-2a cells
(Varrault et al., 2017) (red, n = 134, p = 1.8 x 1078), and genes induced by Plagl/
overexpression in mouse cortical neurons (Rraklli et al., 2016) (blue, n = 356, p = 8.1 X
10711), Right: CDF plot of gene expression in Mirg knockout mouse brain tissue (see
(Lackinger et al., 2018)) for all genes (black, n = 15,848), genes induced by Plagll in vitro
(red, n =193, p < 2.2 x 10716), and genes induced by Plagl1 in vivo (blue, n = 446, p < 2.2 x
10716). E. CDF plot of gene expression upon miR-379/410 deletion in iNs for all genes
(black, n = 14,325) and genes induced by NeuroD1 (Pataskar et al., 2016) (red, n = 615, p <
2.2 x 10716), p-values in (D) and (E) were calculated using two-sided Kolmogorov-Smirnov
test. See also Table S2.
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Figure 5. Increased frequency and amplitude of synaptic events upon maternal miR-379/410
deletion.

A. Overlay of brightfield and Ngn2-mCherry fluorescence image of iNs growing on
multielectrode array (MEA) plate. B. Boxplot of weighted mean firing rate and C. electrode
bursts from MEA recordings at day 10 to 25 of differentiation. Individual data points are the
mean of 16 electrodes in a single well. Black, Mirg™* iNs (n = 12 wells); Red, Mirg/* iNs
(n =12 wells); *p < 0.05, calculated using unpaired two-tailed Student’s t-test. D. Overlay
of differential interference contrast (DIC) image and Tubb3-GFP fluorescence for one
example recorded iN. Scale bar, 10 um. E. Example voltage-clamp recordings of miniature
excitatory post-synaptic events (MEPSCs) in Mirgf/+ and Mirg* iNs. F. CDF plot of
mEPSC inter-event interval (p = 10798) and G. amplitude (p = 10737) for n = 4,459 and
7,752 events in Mirgfl* and Mirg®¥* iNs respectively. P-values were calculated using two-
sided Kolmogorov-Smirnov test. See also Figure S5.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-Ago2

Cell Signaling Technology

Cat#2897; RRID: AB_2096291

Rat monoclonal anti-HA High Affinity

Roche

Cat#11867423001; RRID: AB_390918

Rabbit polyclonal anti-Enolase-I

Cell Signaling Technology

Cat#3810; RRID: AB_2246524

Rabbit polyclonal anti-Plagll Abcam Cat#ab90472; RRID: AB_2050189
Rabbit polyclonal anti-Peg3 Abcam Cat#ab99252; RRID: AB_10864541
Rabbit polyclonal anti-Jade-1 Novus Cat#NBP1-83085; RRID: AB_11024938
Rabbit polyclonal anti-1gf2 Thermo Cat#PA5-71494; RRID: AB_2717348

Rabbit monoclonal anti-Txnip

Cell Signaling Technology

Cat#14715; RRID: AB_2714178

Rabbit monoclonal anti-NeuroD1

Cell Signaling Technology

Cat#4373; RRID:AB_10549071

Mouse monoclonal anti-Vinculin

Sigma

Cat#Vv9131; RRID: AB_477629

Sheep anti-mouse 1gG-HRP

GE Healthcare

Cat#NA931; RRID: AB_772210

Donkey anti-rabbit IgG-HRP

GE Healthcare

Cat#NA934; RRID: AB_772206

Chemicals, Peptides, and Recombinant Proteins

Doxycycline hyclate Sigma Cat#D9891
Critical Commercial Assays

Dual-Glo Luciferase Assay System Promega Cat#E2920
Q5 Site-Directed Mutagenesis Kit NEB Cat#E0554S
GenElute Mammalian Genomic DNA Miniprep Kit | Sigma Cat#G1N10
miScript RT Kit Qiagen Cat#218160
miScript SYBR Green PCR Kit Qiagen Cat#218073
EXPRESS One-Step SuperScript qRT-PCR Kit Thermo Cat#11781200
EpiTect Bisulfit Kit Qiagen Cat#59104
PyroMark PCR Kit Qiagen Cat#978703
QIAseq miRNA Library Kit Qiagen Cat#331502
KAPA RNA HyperPrep Kit with RiboErase (HMR) | Kapa Biosystems Cat#KK8560

Deposited Data

Raw and processed data

This paper

GEO: GSE140838

Unprocessed gel images and additional raw files

This paper

http://dx.doi.org/10.17632/hf4xvtz8t4.1

Mouse reference genome GENCODE release M15
(GRCm38.p5)

The GENCODE Project

https://www.gencodegenes.org/mouse/
release_M15.html

miRbase (v21)

Kozomara et al., 2019

ftp://mirbase.org/pub/mirbase/21/;
RRID:SCR_003152

TargetScanMouse (v7.2)

Agarwal et al., 2015

http://www.targetscan.org/cgi-bin/
targetscan/data_download.cgi?db=mmu_72;
RRID:SCR_010845

ENCODE microRNA-seq, mouse tissue (E14.5, P0)

ENCODE Project Consortium

GEO: GSE82739, GSE82730, GSE82822,
GSEB82532, GSE82490, GSE82478,
GSEB82749, GSE82708, GSE82864,
GSEB82558, GSE82982, GSE82633,
GSEB82873, GSE82585
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ENCODE polyA+ RNA-seq, mouse tissue (P0)

ENCODE Project Consortium

GEO: GSE78316, GSE78437, GSE78374,
GSE78495, GSE78325, GSE78399,
GSE78337

Small RNA-seq, mouse tissue (adult) Kuchen et al., 2010 GSE21630
RNA-seq, mouse brain cell types Zhang et al., 2014 GSE52564

Digital gene expression profiling, Neuro-2a cells Varrault et al., 2017 N/A

transfected with Plagll

RNA-seq, mouse in utero electroporation of Plagll Rraklli et al., 2016 N/A

RNA-seq, ectopic NeuroD1 induction for 48 hours Pataskar et al., 2016 GSE65072

in ESCs

Experimental Models: Cell Lines

Mouse: Fy 5.3 ESC: 129/Sv x M. cast Eggan et al., 2001 N/A

Mouse: ESC: Fy 5.3;M2rtTA; TetO-Ngn2- This paper N/A

mCherry; Tubb3-GFP

Mouse: Mirg*: F; 5 5;M2rtTA; TetO-Ngn2- This paper N/A

mCherry; Tubb3-GFP;Mirgfi*

Mouse: Mirg®*: Fy ,_g;M2rtTA; TetO-Ngn2- This paper N/A

mCherry; Tubb3-GFP;Mirg&*

Mouse: Mirgf*;untag-Ago2: Fy 5.3;M2rtTA; TetO- This paper N/A
Ngn2-mCherry; Tubb3-GFP;Mirgf/*;untag-Ago2

Mouse: Mirgf*;HA-Ago2: Fy 5.3, M2rtTA; TetO- This paper N/A
Ngn2-mCherry; Tubb3-GFP;Mirgf*;HA-Ago2

Mouse: Mirg®*:miR-369: Fy ».3;M2rtTA;TetO- This paper N/A
Ngn2-mCherry; Tubb3-GFP;Mirg®*;miR-369

Mouse: primary astrocytes ScienCell Cat#M1800
Oligonucleotides

See Table S3 This paper N/A

Recombinant DNA

Plasmid: pSpCas9(BB)-2A-GFP (pX458) Ranetal., 2013 Cat#48138 Addgene
Plasmid: PB-EF1a-M2rtTA (pAC4) A.W. Cheng N/A

Plasmid: PB transposase (mPBase) A.W. Cheng N/A

Plasmid: pcDNA3.1 FH-NLS-hAgo2 T. Kelly N/A

Plasmid: pTetO-Ngn2-Puro Zhang et al., 2013 Cat#52047 Addgene
Plasmid: pTetO-Ngn2-mCherry This paper N/A

Plasmid: pPCMV-dR8.2 Stewart et al., 2003 Cat#8455 Addgene
Plasmid: pPCMV-VSV-G Stewart et al., 2003 Cat#8454 Addgene
Plasmid: pCAG-Cre:GFP Matsuda et al., 2007 Cat#13776 Addgene

Plasmid: PB-EF1a-MCS-IRES-Neo

System Biosciences

Cat#PB533A-2

Plasmid: pmirGLO Promega Cat#E1330
Plasmid: pmirGLO-miR.target.site This paper N/A
Plasmid: pmirGLO-Plagl1.3’'UTR This paper N/A
Plasmid: pmirGLO-Plagl1.3’UTR.Del This paper N/A
Plasmid: pmirGLO-Neurod1.3’'UTR This paper N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Plasmid: pmirGLO-Neurod1.3’UTR.Del

This paper

N/A

Software and Algorithms

BD FACSDiva Software (v8.0)

BD Biosciences

RRID:SCR_001456

FlowJo (v9)

FlowJo

RRID:SCR_008520

NEBaseChanger (v1.2.9)

NEB

https://nebasechanger.neb.com/

pCLAMP10 with Clampfit (v10.7) Software

Molecular Devices

RRID:SCR_011323

MATLAB (vR2018b) MathWorks RRID:SCR_001622

R (v3.5.1) R Project https://www.r-project.org/;
RRID:SCR_001905

ComplexHeatmap (v1.20.0) R package Guetal., 2016 https://bioconductor.org/packages/release/

bioc/html/ComplexHeatmap.html;
RRID:SCR_017270

Metagene (v2.14.0) R package

Beauparlant et al., 2019

https://bioconductor.org/packages/release/
bioc/html/metagene.html

STAR (v2.4.1)

Dobin et al., 2013

https://github.com/alexdobin/STAR;
RRID:SCR_015899

RSEM (v1.2.30)

Lietal, 2011

https://github.com/deweylab/RSEM;
RRID:SCR_013027

DESeq2 https://www.bioconductor.org RRID:SCR_015687

Samtools Lietal., 2009 http://samtools.sourceforge.net/;
RRID:SCR_002105

Cutadapt (v1.4.2) Martin M. 2011 https://cutadapt.readthedocs.io/en/stable/;

RRID:SCR_011841

Fastxtoolkit (v0.0.13)

N/A

http://hannonlab.cshl.edu/fastx_toolkit/

CLIPper

Lovci et al., 2013

https://github.com/YeoLab/clipper

GSEA

Subramanian et al., 2005; Mootha et al.,
2003

RRID:SCR_003199

Cytoscape (v3.7.1)

Shannon et al., 2003

RRID:SCR_003032
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