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We are only just beginning to catalog the vast diversity of cell
types in the cerebral cortex. Such categorization is a first step
toward understanding how diversification relates to function. All
cortical projection neurons arise from a uniform pool of progenitor
cells that lines the ventricles of the forebrain. It is still unclear how
these progenitor cells generate the more than 50 unique types of
mature cortical projection neurons defined by their distinct gene-
expression profiles. Moreover, exactly how and when neurons di-
versify their function during development is unknown. Here we
relate gene expression and chromatin accessibility of two sub-
classes of projection neurons with divergent morphological and
functional features as they develop in the mouse brain between
embryonic day 13 and postnatal day 5 in order to identify tran-
scriptional networks that diversify neuron cell fate. We compare
these gene-expression profiles with published profiles of single
cells isolated from similar populations and establish that layer-
defined cell classes encompass cell subtypes and developmental
trajectories identified using single-cell sequencing. Given the
depth of our sequencing, we identify groups of transcription fac-
tors with particularly dense subclass-specific regulation and
subclass-enriched transcription factor binding motifs. We also de-
scribe transcription factor-adjacent long noncoding RNAs that de-
fine each subclass and validate the function of Myt1l in balancing
the ratio of the two subclasses in vitro. Our multidimensional ap-
proach supports an evolving model of progressive restriction of
cell fate competence through inherited transcriptional identities.

transcription | gene regulation | cortical development |
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The cerebral cortex is the region of the human brain respon-
sible for perception, language, complex thinking, and motor

control. Neurons in the cortex can be subdivided into two broad
classes: Excitatory glutamatergic projection neurons and inhibi-
tory GABAergic interneurons. Subclasses of cells exist within
each of these broad classes. Recent efforts have sought to
identify the complete catalog of cell types in the cortex using
transcriptional profiling (1–4). At least 13 unique types of ex-
citatory neurons have been identified in the developing mouse
cortex (2), while the adult mouse cortex contains at least 52, a
number that may rise with increased computational power to
delineate cell types among single cells (1, 3).
While our ability to identify neuron subtypes contributes to

our understanding of functional divisions within cortical circuits
(5), how these circuits are specified during development remains
unclear. Several recent studies have used single-cell RNA se-
quencing (scRNA-seq) to identify how differential gene expres-
sion over time establishes all of the identifiable cell subtypes in
the developing brain (2, 6, 7). Delineating cell types using
scRNA-seq profiles relies on dimensionality reduction with

clustering and visualization tools, such as t-distributed stochastic
neighbor embedding (t-SNE) (8) and uniform manifold ap-
proximation and projection (UMAP) (9). Default t-SNE, how-
ever, does not preserve global structure and therefore may miss
biologically meaningful hierarchies in single-cell data (10).
UMAP, on the other hand, was shown to preserve more local
structure and continuity between cell subtypes than t-SNE, sug-
gesting that UMAP improves on the utility of t-SNE for yielding
insights into cell fate trajectories (9). A single cortical progenitor
cell, for example, generates many daughter cells, each of which
follows a specific trajectory to become a highly specialized cell
type among a larger population with similar features. The cere-
bral cortex can be divided into two such large populations:
Projection neurons of the deep layers (DL), layer 6 (L6) and L5,
which are populated first, followed in order by projection neu-
rons of the upper layers (UL), L4, then L2/3 (11). Although DL
and UL subclasses are heterogeneous, cells within each subclass
share common morphological and electrophysiological proper-
ties. The majority of DL neurons, for example, are corticofugal
projection neurons (CFPNs), which send their axons to areas
outside the cortex, including the thalamus and the spinal cord.
The majority of UL neurons are cortico–cortical projection
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neurons (CPNs), many of which send their axons across the
midline along the corpus callosum. While CPNs overwhelmingly
occupy the ULs, they can also be found in the DLs.
A network of key transcription factors (TFs) expressed in early

projection neurons determines whether a cell will acquire CFPN
or CPN fate (12–14). Previous studies in the mouse revealed that
TBR1 and FEZF2 regulate L6 and L5 CFPN development, re-
spectively (15–22), while SATB2 is required for CPN fate
(23–25). The upstream and downstream transcription cascade
governing layer-specific maturation over time, however, is still
unknown. No single study has directly assessed chromatin
accessibility—an important indicator of gene regulation—and
gene expression in CPNs or CFPNs during a specific stage of
embryonic or early postnatal development. Moreover, it is still
unknown how such transcriptional profiles differ between CPNs
and CFPNs at comparable stages of development. One previous
screen used bulk RNA-seq to identify genes that are differen-
tially expressed between projection neuron subtypes on the
same day of development in the mouse, when DL neurons are
more developmentally mature than UL neurons (26).
Here, in order to identify transcriptional states that determine

DL versus UL fate, we chose sequencing depth over sequencing
breadth and analyzed cell type-specific gene expression plus
differential chromatin accessibility over three defined stages of
development in two sets of genetically defined neurons. We
compared subclass- and stage-defining gene sets with subtype-
defining gene sets identified using scRNA-seq and found broad
agreement between our bulk-sequenced neuron populations and
populations identified by scRNA-seq. Given the robustness of
bulk sequencing, we also joined open chromatin with gene ex-
pression within these subclasses and identified densely regulated
TFs with previously uncharacterized roles in specifying UL ver-
sus DL fate. In addition, we identified long-noncoding RNAs
adjacent to important TF genes (TF-lncRNAs) with highly spe-
cific spatial and temporal expression patterns. Finally, we tested
the ability of select candidate genes to modulate the ratio of
CPN to CFPN neurons in vitro.

Results
Cell Subclass Is the Greatest Source of Variability in Gene Expression.
DL projection neurons (DL subclass, layers 5 and 6) are gen-
erated first and mature more quickly than UL projection neu-
rons (UL subclass, layers 2 to 4) (Fig. 1A). Here, we focus on
three stages of maturation common to DL and UL subclasses
during the initial period after cell cycle exit: 1) “early,” when
newly postmitotic cells are entering the cortical plate (CP); 2)
“mid,” during primary axon extension; and 3) “late,” during axon
collateral formation (27–29). We established a protocol for iso-
lating DL and UL neurons at these three stages (Fig. 1B). For
DL neurons, we used FACS of microdissected and dissociated
mouse neocortex expressing the transgene golli-τ-EGFP (golli-
EGFP), in which the 1.3-kb golli promoter of the myelin basic
protein drives expression of EGFP in the subplate and in corti-
cothalamic, corticospinal, corticocallosal, and corticocollicular
neurons of layers 5 and 6 (30). FACS purification of GFP+ cells
was performed on embryonic day (E) 13.5 (Theiler Stage [TS]
21; DL early), E16.5 (TS24; DL mid), and E18.5 (TS26; DL
late). For UL neurons, we introduced a birth-dating plasmid
containing the cyclin-dependent kinase 5 regulatory subunit p35
(Cdk5r) promoter driving GFP by in utero electroporation at
E15.5, during the peak of UL neurogenesis. The Cdk5r promoter
is expressed in neurons after cell cycle exit (31). We were
therefore able to use GFP expression to FACS-purify UL (pri-
marily L2/3) CPNs at E17.5 (TS25; UL early), postnatal day (P) 1
(UL mid), and P5 (UL late).
We used RNA-seq to quantify gene expression at early, mid,

and late stages of DL and UL development for two biological
replicates per stage per subclass and generated an average of

2.35 × 107 reads per replicate (range, 1.65 × 107 to 2.86 × 107)
(SI Appendix, Fig. S1A). We have reported previously that two
biological replicates per condition is sufficient to identify statis-
tically significant differences at the genome-wide level (32, 33).
These data have been deposited in the Gene Expression Om-
nibus (GEO) and can be accessed under accession no.
GSE116147. Previous reports have suggested that in the devel-
oping neocortex, cell subclass does not contribute as much var-
iability to gene expression as does developmental time (26).
Recent scRNA-seq data, however, have demonstrated that gene
expression can distinguish both subclass and developmental
stage (1–3, 6, 34). To test whether subclass is the greatest source
of variability in gene expression, we used hierarchical clustering
on principal components (HCPC) (35), t-SNE, UMAP, and
unsupervised hierarchical clustering on highly variable tran-
scripts. HCPC of all samples (n = 12), using Ensembl mm9
transcripts with average transcripts per million (TPM) > 10
(12,026 transcripts), showed that biological replicates clustered
together, with the exception of DL late replicate 1, which formed
its own cluster (Fig. 2 A and B). Moreover, all DL and UL
samples segregated along principal component (PC) 1, while all
stages (early, mid, and late), segregated along PC2 (Fig. 2B). As
alternatives to PC analysis, t-SNE showed even clearer clustering

Fig. 1. Excitatory projection neurons of the mouse neocortex can be sub-
divided into two broad classes, here called upper layer (UL) and deep layer
(DL), each identified by a specific combination of TFs and labeled by an
exclusive fluorescent reporter. (A) Schematic representation of neocortical
development illustrating the stereotypical “inside-first, outside-last” se-
quence of cell fate specification and differentiation: DL neurons are gen-
erated first and reach milestones of development prior to UL neurons. (B)
Experimental pipeline showing in vivo expression of subclass-specific re-
porters, FACS purification, and computational analysis. (Lower Left) Mouse
cortex at P25 expressing Golli-GFP in DL neurons, L6 apical dendrites ter-
minating in L4. (Upper Left) mouse cortex at P9 expressing Cdk5r-GFP in UL
neurons occupying L2/3. (Scale bars, 100 μm for in vivo expression and 20 μm
for dissociated cells.)
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of each subclass, while UMAPmaintained some of the local structure
visualized by PC analysis, placing one DL early replicate and one DL
late replicate closer to the UL cluster (SI Appendix, Fig. S1B).
Due to our interest in transcription cascades, we asked whether

limiting the HCPC analysis to transcripts encoding TFs would
result in different clustering. HCPC of transcripts encoding TFs
with an average TPM > 10 (482 transcripts), improved clustering
such that all replicates clustered together (Fig. 2C). Interestingly,
HCPC identified four broad clusters—DL early, DL mid/late, UL
early, and UL mid/late—suggesting that TF gene expression
within a subclass is more similar between middle and late stages
of differentiation than between early and mid/late stages. Sub-
class contributed the most variability: All samples segregated by
subclass along PC1 and by stage along PC2 (Fig. 2D). More-
over, hierarchical clustering on all TF transcripts clearly seg-
regated DL and UL subclasses (SI Appendix, Fig. S1C), further
suggesting that TF gene expression is a strong predictor of cell
identity.
To determine which transcripts contributed the most vari-

ability between subclasses, we performed unsupervised hierar-
chical clustering on the 500 most variable transcripts in the
dataset. Hierarchical clustering revealed that two of the six DL
replicates (one early and one late) clustered more closely with
the UL replicates than with the other four DL replicates
(Fig. 2E). Given that DL neurons consist of both CPNs and
CFPNs, while UL neurons primarily consist of CPNs alone, one
explanation for this uneven clustering is that a subcluster of
highly variable transcripts defines a population of “UL-like”
CPNs that populates the DLs. An alternative explanation is
that these transcripts represent biological or technical noise. To
distinguish between these two hypotheses, we identified clusters
of highly variable transcripts that differentiated UL, DL, UL-
like, and DL subset populations. Each cluster contained bona
fide lamination markers (SI Appendix, Table S1), including the
UL TFs Nfix and Cux1 in the UL cluster, the DL TFs Sox5 and
Tle4 in the DL cluster, the DL CPN marker Ptn in the UL-like
cluster (36), and the DL-enriched Lmo3 in the DL-subset cluster
(37). The three genes that encode subunits of the platelet-
activating factor acetylhydrolase 1B complex (PAFAH1B2), an

enzyme involved in neuron migration and synaptic function, were
also differentially expressed: Pafah1b1 (Lis1) and Pafah1b2
clustered with DL transcripts, and Pafah1b3 clustered with UL
transcripts, consistent with a previous report (38).
We next compared these four clusters with clusters of tran-

scripts found to define cortical cell types identified using scRNA-
seq of brain cells from P2 and P11 mouse (SPLiT-seq cells) (2)
(Fig. 2F). DL and UL clusters shared expression exclusively with
SPLiT-seq DL and UL cell types, respectively. The UL-like
cluster contained Mpped1, a gene expressed across many
SPLiT-seq cell types, while the DL-subset cluster contained
Lmo3 and Dlg2, similar to the SPLiT-seq L5/6 Npr3 cell type.
Together, these data suggest that the UL subclass contained L2/3
and L4 cells, while the DL subclass contained L5 and L6 cells.
UL-like transcripts may represent a common Ptn+ CPN pop-
ulation, given that Mpped1 is expressed in 6 of 10 SPLiT-seq
types, while DL-subset transcripts may represent L5/6 Sox5−,
Tle4−, Npr3+ cells (Fig. 2H). Moreover, when we compared these
clusters with genes expressed during different stages, or “waves,”
of UL L4 differentiation, as defined in Telley et al. (39), UL and
UL-like transcripts significantly overlapped L4 genes (wave 2
and wave 5) (Fig. 2G). DL transcripts less significantly over-
lapped L4 genes, but only during wave 2. Together, these data
demonstrate that bulk-sequenced UL and DL populations rep-
resent distinct projection neuron subclasses transcriptionally
similar to scRNA-seq–identified subclasses.

DL and UL Neuron Subclasses Can Be Defined by Consistently
Significant Differential Expression of TFs over Time. We next asked
which transcripts were significantly different between DL and
UL neurons at all three stages and whether such transcripts were
enriched for known biological functions. We first identified all
transcripts that were significantly higher in DL or UL neurons at
all three stages (Q value ≤ 0.05 for each pairwise comparison)
(SI Appendix, Table S2). The 199 transcripts that were consistently
higher in DL neurons were enriched for genes involved in neuron
commitment in the forebrain (gene ontology GO:0021902) and
mRNA splice site selection (GO:0006376), while the 235 tran-
scripts that were consistently higher in UL neurons were enriched

Fig. 2. HCPC and naive hierarchical clustering show that gene expression is able to distinguish cell subclass. (A–D) HCPC of all transcripts (A and B) and of all TF
transcripts (C and D) shows that variance between subclasses is captured in the first PC and variance between stage is captured in the second PC. (E) Unsupervised
hierarchical clustering of the top 500 most variable Ensembl mm9 transcripts separates UL from DL neurons and identifies a cluster of UL-like or noisy transcripts in DL
neurons. Clusters labeled to the right are listed in SI Appendix, Table S1. (F) Shared expression of subclass-defining genes identified by bulk RNA-seq or scRNA-seq. (G)
Hypergeometric P values of the overlap of subclass-defining genes identified by bulk RNA-seq and stage-defining L4 genes identified by scRNA-seq. Color-filled cells
indicate significance after correcting for multiple comparisons. Darker shades indicate more overlap. (H) Predicted cell types contained within each subclass.
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for genes involved in glucocorticoid receptor signaling (GO:2000324)
and postsynaptic membrane organization (GO:1901628). Within
these two groups of transcripts, we identified 26 TFs that were
consistently higher in DL neurons and 21 TFs that were consis-
tently higher in UL neurons, including known, recently identified
(Rprm for DL and TNC for UL) (40), and novel (Zfp521 for DL
and Bhlhe40 for UL) (41, 42) layer-specific markers (Fig. 3 A–C
and SI Appendix, Fig. S1D and Table S2).
Given our finding that TF gene expression within a subclass

was most distinct at early stages, we asked which TFs were dif-
ferentially expressed between early DL and UL populations. We
strictly defined an “early” transcript as significantly higher in the
early stage compared with both the middle and late stages. TFs
that were early in only one subclass were highly restricted to the
early stage in that subclass and thus highly class- and stage-
specific (Fig. 3D). Of the 10 early DL TFs, St18, a member of
the myelin transcription factor (MYT) family of TFs, was the most
differentially expressed between early and middle stages and be-
tween DL and UL subclasses. We confirmed early DL expression of
St18 using FISH and observed that St18 was highly expressed in L6
at E13.5 and reduced dramatically by E16.5 (Fig. 3E).
St18 was also enriched in embryonic (12 postconception

weeks) human motor cortex compared with adult motor cortex
(36 to 40 y) according to the BrainSpan atlas (43) (Fig. 3F).
Unsupervised hierarchical clustering of the top 500 most variable
BrainSpan transcripts between the embryonic and adult motor
cortex showed clear segregation of embryonic and adult gene
expression and embryonic enrichment of five additional mouse
subclass-specific TFs (Sox5, Neurog2, Bcl11b, Nfib, and Fezf2).
Surprisingly, two mouse UL TFs, Hopx and Bhlhe40, were
enriched in the adult human motor cortex. Given its UL-specificity

and enriched expression in the adult human motor cortex, we
searched for potential protein binding partners of BHLHE40 us-
ing the STRING database (44). A regulator of circadian rhythm,
BHLHE40 is known to interact with several clock proteins
(SI Appendix, Fig. S2A), including the UL-enriched Arntl
(SI Appendix, Fig. S2B and Table S8), and the UL-enriched TF
Epas1 (SI Appendix, Table S2), both of which were found to be
UL-expressed postnatally in the mouse, similar to the expression
pattern of Bhlhe40 (SI Appendix, Fig. S2 C and D).

Subclasses of Projection Neurons Have Common and Specific
Expression Dynamics. Common gene-expression dynamics may
reveal shared biological function. To identify groups of genes
that were common to both subclasses at a specific stage, we
compared gene expression across time and space to arrive at sets
of genes that defined early, mid, and late stages. We defined
early and late as being significantly higher (Q value ≤ 0.05, log2
fold-change [log2FC] ≥ 1.5) in the early or late stage compared
with the middle stage, regardless of expression at the other end.
Similarly, we defined a middle transcript as being significantly
higher in the middle stage compared with the early stage but not
with the late stage. There were more common early TFs than
common middle or late TFs, and many of these early TFs, such
as Tcf12, were highly restricted to the early stage in both sub-
classes, although there was a noticeable difference between DL-
enriched (i.e., Nhlh1) and UL-enriched (i.e., Zfp664) early genes
(SI Appendix, Fig. S3A and Table S3). Moreover, several TFs
with known roles in neural progenitor proliferation—such as
Pax6, Eomes, Gli2, and Gli3—showed early-restricted expression
in both DL and UL cells, suggesting that postmitotic neurons
maintain residual transient expression of progenitor genes shortly
after they exit the cell cycle. In contrast, only two middle TFs

Fig. 3. Specific expression of a set of TFs through-
out development distinguishes UL from DL pop-
ulations. (A and B) Heatmaps of relative expression
of TFs that are significantly higher in DL (A) or UL (B)
neurons at all three stages of development. FL, full
length. Transcripts with a black dot are shown in C.
Underlined gene names are referenced in the human
dataset in F. (C) In situ hybridization of the DL TF
Zfp521 and the UL TF Bhlhe40 on sections through the
embryonic mouse brain. High-magnification images
of the boxed regions show restricted expression in the
deep (Zfp521) or superficial (Bhlhe40) layers of the CP.
(Scale bar, 800 μm for low-magnification images and
100 μm for high-magnification images.) Image credit:
© 2009 and 2012 Allen Institute for Brain Science.
Mouse Brain. Available from: developingmouse.brain-
map.org. (D) Heatmap of relative expression of DL-
and UL-specific early TFs. For all three heatmaps, each
column represents the average TPM of two replicates.
(E) FISH of the DL early TF St18 on sections through
the mouse cortex showing enriched expression in L6
at E13.5 and reduced expression at E16.5. (Scale bar,
50 μm.) (F) Unsupervised hierarchical clustering of the
top 500 most variable transcripts between embryonic
and adult human motor cortex reveals expression of
DL and UL TFs in the embryonic cluster and two UL TFs
in the adult cluster. PCW, postconception weeks.

Heavner et al. PNAS | October 6, 2020 | vol. 117 | no. 40 | 25077

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
11

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://developingmouse.brain-map.org
https://developingmouse.brain-map.org


www.manaraa.com

(Mef2c and Mkx) and one late TF (Thrb) were shared between
subclasses. Similarly, DL and UL neurons shared early expres-
sion of eight axon guidance genes, but late expression of only one
gene axon guidance gene (Cntn4) (SI Appendix, Fig. S3C). We
also identified middle and late TFs specific to each subclass (SI
Appendix, Fig. S3B and Table S4). Of the 16 late UL TFs, six
(37.5%) have known roles in circadian control of gene expression
(Per1, Npas2, Rora, Rorb, Nr1d2, and Arntl). Together with the
above finding that Bhlhe40 is UL-enriched and interacts with
other circadian clock proteins, these data suggest that a network
of cortical circadian genes is expressed specifically in UL excitatory
neurons from P5.
A recent study used scRNA-seq of embryonic mouse brain to

identify cohorts of genes that define stages of neuron develop-
ment and concluded that differentiation programs are conserved
across cortical neuron cell types; early genes are enriched for
nuclear-localized transcriptional and cell cycle regulators, while
later-expressed genes are enriched for axon, dendrite, and synaptic
functions (6). GO analysis (45) of our common stage-specific
transcripts showed a similar shift from early transcriptional regu-
lation by the Smoothened pathway to synaptic signaling and pos-
itive regulation of cell communication (interactions between a
cell and its surroundings) over developmental time (SI Appendix,
Fig. S3 C and D). We therefore asked if there was significant
overlap of our stage-defining gene sets and those identified
among single cells in the above scRNA-seq study (SI Appendix,
Fig. S3E). We found that there was significant overlap, after
correcting for multiple comparisons, of our early genes and genes
enriched in late basal progenitors and 1-d-old neurons. Similarly,
our middle genes most significantly overlapped genes enriched in
1-d-old neurons and 4-d-old neurons but not basal progenitors.
Finally, our late genes overlapped two classes of 4-d-old neuron
gene sets but not any of the younger gene sets. These data suggest
that our early, middle, and late gene sets are consistent with early,
middle, and late genes identified by scRNA-seq.

TF-lncRNAs Have Cell-Specific Expression Dynamics. Highly specific
expression of a transcript at a single stage of development may
indicate a specific developmental function. In order to identify
genes that were highly specific at one stage, we looked for
transcripts that “spiked” at the middle stage of development, or
showed high expression at the middle stage relative to early and
late. We found only a few transcripts that spiked in either DL
neurons or UL neurons using two different methods for differ-
ential expression analysis: 1) kallisto+Sleuth (Q value ≤ 0.05),
consistent with the above analysis, and 2) STAR+Cuffdiff (Q
value ≤ 0.05, log2FC ≥ 1.43), an approach that predated the
development of kallisto+Sleuth. Both approaches yielded fewer
spike transcripts for DL neurons compared with UL neurons,
and while there was no overlap for DL neurons between Cuffdiff
and Sleuth-identified spike transcripts, almost half of the Sleuth-
identified transcripts for UL neurons were identified by the
Cuffdiff (SI Appendix, Table S5).
We took a closer look at the 11 transcripts that spiked in DL

neurons by either analysis and noticed a trend: The reads that
tended to spike at E16 appeared enriched in noncoding regions
(introns and 3′UTRs) or genes sharing an apparent bidirectional
promoter with a TF gene. Three of the 11 transcripts encoded
lncRNAs, each adjacent to a major cortical TF gene. Here, we
name these transcripts after their respective adjacent TF genes:
Satb2-lncRNA (9130024F11Rik), Pou3f3-lncRNA (2900092D14Rik),
and Pou3f2-lncRNA (AK039117). In DL neurons, Satb2-lncRNA and
Pou3f3-lncRNA expression paralleled the expression of their neigh-
boring TF genes over time, supporting previous observations that
lncRNA expression is often correlated with that of a proximal gene
(46–49). Of these three transcripts, only Satb2-lncRNA spiked in both
DL and UL neurons (Fig. 4A, blue dashed line).

Two lncRNAs that flank Pou3f3 have been shown to regulate
cortical progenitor proliferation and fate in mice (50, 51). We
therefore hypothesized that Satb2-lncRNA may play a similar
role in cell fate. We used two-color FISH to analyze the locali-
zation of Satb2-lncRNA relative to Satb2 (Fig. 4 B–D′′). Using a
probe that targeted the first two exons of the lncRNA, and
therefore both isoforms, we found that Satb2-lncRNA expression
paralleled that of Satb2 in the neocortex. Both transcripts were
expressed in the CP and ventricular zone at E13.5, becoming
restricted to the CP and intermediate zone by E16.5 and
enriched in UL cells by P0. Confocal imaging confirmed that
individual cells coexpressed both Satb2 and Satb2-lncRNA;
however, in DL neurons, their expression was restricted to the
nucleus, but in UL neurons their expression was both nuclear
and cytoplasmic (Fig. 4 E and F). While most DL cells expressed
Satb2-lncRNA at P3, almost all UL cells expressed Satb2-lncRNA
at P3, a difference that was statistically significant (Fig. 4I) (P =
0.04, n = 3). Moreover, in cultured mouse cortical neurons, Satb2-
lncRNA was expressed in a significantly greater proportion of
SATB2+ cells (∼95%) than CTIP2+ cells (∼24%) (Fig. 4 G, H, and
J) (P = 3.2 × 10−7, n = 6), consistent with previous reports that ∼20%
of CTIP2+ cells coexpress SATB2 between E16.5 and P4 (25).
These results suggest that Satb2-lncRNA may help regulate the

ratio of SATB2+ CPNs to CTIP2+ CFPNs. To test this hy-
pothesis, we designed two small-interfering RNA (siRNA) con-
structs targeting the 3′ end of the first exon of Satb2-lncRNA,
which is shared by the short and long isoforms and does not
overlap the first exon of Satb2 (SI Appendix, Fig. S4A). We
confirmed diminished cytoplasmic localization and efficient
knockdown (KD) of both isoforms in dissociated cortical neu-
rons cultured for 72 h (SI Appendix, Fig. S4 B and C). Two-color
FISH did not reveal changes to Satb2 transcript localization or
relative levels after KD (SI Appendix, Fig. S4C). To evaluate the
effect of KD on cell fate, we quantified the ratio of SATB2+ to
CTIP2+ cells in control (scrambled siRNA) and KD samples (SI
Appendix, Fig. S4 D and E). The number of cells expressing
SATB2 relative to CTIP2 was reduced modestly but not signifi-
cantly (P = 0.055) in KD cells compared with control cells. To-
gether, these results suggest that Satb2-lncRNAmay be involved in
regulating the balance of CPNs to CFPNs; however, cytoplasmic-
specific reduction of Satb2-lncRNA had a minor but statistically
insignificant effect on cell fate.

ATAC-seq of Subclasses of Projection Neurons Reveals Few Persistent
Subclass-Specific Regulatory Elements. TFs can bind DNA and
modulate gene expression in regions where chromatin is accessible
to transposase insertion, at putative promoters, enhancers, and
repressors. To identify additional pathways involved in regulating
the balance of CPNs to CFPNs, we used an assay for transposase
accessible chromatin (ATAC-seq) to compare chromatin accessi-
bility between DL and UL neurons at early, middle, and late
stages (Fig. 5) (52). To be consistent with the RNA-seq, we used
two biological replicates per stage per subclass and generated an
average of 7.11 × 107 reads after deduplication per replicate
(range, 1.32 × 107 to 1.56 × 108) (SI Appendix, Fig. S5A). ATAC-
seq datasets are available in the GEO (accession no. GSE116147).
Our complete set of early, middle, and late DL and UL

ATAC-seq peaks was significantly enriched for previously iden-
tified enhancers and repressors in the mouse brain: 93.2% of
cortical enhancers bound by P300 (P < 1 × 10−4), 60.5% of
cortical repressors marked by H3K27me3 (P < 1 × 10−4), and
6.1% of cortical repressors marked by H3K9me3 (P < 2 × 10−2)
overlapped our set of ATAC-seq peaks, confirming that these
peaks represented both activating and repressing chromatin
states (Fig. 5B). After masking for blacklist regions, repeat re-
gions, segmental duplications, and exons, we identified ATAC-
seq peaks that were present in both replicates of each cell sub-
class at each stage (“replicate peaks”). The number of replicate
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peaks decreased between the early and middle/late stages for
both DL and UL neurons (SI Appendix, Table S6). We identified
1,082 peaks that were present in DL neurons and absent in UL
neurons at all three stages, and 185 peaks that were present in
UL neurons and absent from DL neurons at all three stages (SI
Appendix, Table S7). We used GREAT (genomic regions en-
richment of annotations tool) regulatory domains to associate
DL-specific regions with 1,472 nearby genes and UL-specific
regions with 320 nearby genes and found that only 23 genes
occurred in both lists (53) (SI Appendix, Table S7). We plotted by
heatmap the mean TPM of all transcripts of genes with peaks
that were specific to a subclass across all stages and found that
genes with UL-specific peaks were consistently higher in UL cells,
while genes with DL-specific peaks were consistently higher in DL
cells at early and middle stages, but not late stages (SI Appendix, Fig.
S5 B and C). Genes common to these two lists showed no consis-
tently higher expression in one subclass (SI Appendix, Fig. S5D).
Within these subclass-specific sets, 31 DL peaks and 37 UL

peaks overlapped repressors (H3K27me3 chromatin immuno-
precipitation sequencing [ChIP-seq]), and 7 DL peaks and 9 UL
peaks overlapped enhancers (P300 ChIP-seq) previously identi-
fied in mouse embryonic whole brain (32, 54). We hypothesized
that subclass-specific enhancers may represent regions important
for establishing DL versus UL fate. We therefore used the GREAT
regulatory domains to associate these 13 subclass-specific enhancers
with nearby genes (SI Appendix, Table S8) and identified a UL-
specific enhancer just downstream of Khdrbs1/Sam68, which
regulates alternative splicing of Nrxn1 in the mouse brain (55).
These findings suggest that regulatory elements with a role in
establishing cell fate may be more accessible in one subclass
over another; however, such subclass-wide accessibility appears
to be rare.
Despite the lack of sustained subclass-specific enhancer ac-

cessibility over developmental time, we hypothesized that subclass-
specific ATAC-seq peaks may be enriched near subclass-specific
genes at various stages throughout development. An analysis of
fragment length density revealed similar size distributions between
early DL and early UL ATAC-seq sets, both of which had the
highest numbers of replicate peaks (Fig. 5A). TF gene expression
was also the most distinct at early stages (Fig. 2 C and D). We
therefore looked for subclass-specific regulatory elements in early
DL and UL neurons by identifying early DL-specific and UL-
specific ATAC-seq peaks overlapping cortical P300 ChIP-seq

peaks and ranking them by conservation (SI Appendix, SI Mate-
rials and Methods). Of the top five most-conserved peaks for each
class, two were in the regulatory domains of known fate-
determining genes (Sox5 and Tbr1), while four were in the regula-
tory domains of genes with differential expression in the current
study (Sox21, Zfhx4, St18, and Fbn1) (Fig. 5C). These findings
suggest that subclass-specific gene expression may be densely reg-
ulated. To test this hypothesis, we identified genes that were sig-
nificantly differentially expressed between early DL and early UL
neurons (Q value < 0.05), establishing a set of 4,673 subclass-
specific genes (1,967 DL and 2,706 UL). We next identified all
subclass-specific ATAC-seq peaks in the regulatory domains of
these genes, establishing a set of 1,869 DL-specific and 3,919 UL-
specific peaks. Finally, we calculated the likelihood that a subclass-
specific ATAC-seq peak would be found in the regulatory domain
of a gene specific to its same subclass, using a binomial P value,
which accounts for differences in regulatory domain sizes (Fig. 5D).
DL-specific peaks were more likely to be found in the regulatory
domain of a DL-specific gene (binomial P value: 0.11); likewise,
UL-specific peaks were more likely to be found in the regulatory
domain of a UL-specific gene (binomial P value: 5.06 × 10−16).
Together, these data confirm that subclass-enriched genes are densely
regulated in the cells in which they are more highly expressed.

Densely Regulated TFs Include Known and Novel Regulators of Cell
Fate in the Cortex. TFs that are highly differentially expressed and
densely regulated in one subclass may play subclass-specific
roles. We therefore searched for densely regulated TFs
expressed in DL and UL cells. Using the above sets of subclass-
specific genes and subclass-specific ATAC-seq peaks, we calcu-
lated two binomial P values for each gene—a binomial P value
for the number of DL-specific ATAC-seq peaks in the gene’s
regulatory domain, and a binomial P value for the number
of UL-specific ATAC-seq peaks in the gene’s regulatory
domain—and ranked genes by the log fold-change in these two
binomial P values (Fig. 5F). When we limited the ranking to
genes with a log fold-change in gene expression greater than 1 or
less than −1, and looked for densely regulated DL and UL TFs
(differentially expressed TFs with a corresponding difference in
binomial P value), we found that densely regulated DL TFs in-
cluded genes known to be involved in DL cell fate specification
(Fezf2 and Nhlh2) (Fig. 5F and SI Appendix, Table S9). The DL
TF with the greatest log fold-change in ATAC-seq P value was

Fig. 4. Satb2-lncRNA is differentially expressed in
cortical neurons over time and space. (A) TF-lncRNAs
show increased expression (in TPM) during the mid-
dle stage in DL neurons, and Satb2-lncRNA shows a
similar spike in UL neurons. (B–D′′) FISH showing
parallel expression of Satb2-lncRNA (B–D) and Satb2
(B′–D′; merged channels in B′′–D′′) in the mouse
neocortex at E13.5, E16.5, and P0. (Scale bar in D′′ is
200 μm for B–D′′) (E–H) FISH of Satb2-lncRNA cola-
beled with Satb2 RNA at P3 (E and F), SATB2 protein
(G), or CTIP2 protein (H) showing expression in UL
nuclei (arrow) and cell bodies (arrowhead) (E), DL
nuclei (arrow) (F), and most SATB2+ (arrowhead in
G), but few CTIP2+ (arrowhead showing colabeling
versus arrow showing CTIP+/lncRNA− cell in H) in
cultured mouse cortical cells. (Scale bar shown in H is
50 μm and applies to E–H.) (I and J) Fewer DL cells
express Satb2-lncRNA compared with UL cells (I) (n =
3), and only about a quarter of CTIP2+ cells express
Satb2-lncRNA, while almost all SATB2+ cells express
the lncRNA (J) (n = 6). Error bars represent SD. *P <
0.05. ***P < 0.0001.

Heavner et al. PNAS | October 6, 2020 | vol. 117 | no. 40 | 25079

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
11

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008013117/-/DCSupplemental


www.manaraa.com

the imprinted gene Peg3 (56), although its expression in DL
neurons was less than onefold higher than in UL neurons. The
most densely regulated UL TFs included genes known to be
involved in neural progenitor cell cycle regulation [Tcf3 (57),
Tcf4, and Hes5 (58)], neuron differentiation (Nfix and Cux2), and
positioning of UL neurons within the CP [Prdm16 (59)] (Fig. 5F).
We next searched for enriched TF binding motifs in ATAC-

seq peaks in densely regulated DL- or UL-specific genes. We
limited the analysis to genes with a log fold-change in binomial
P value greater than 2 and ran seven different published motif
discovery tools on each set of peaks (32). Near identical motif
predictions from at least two different tools were combined, and
Tomtom (60) was used to match the most frequently occurring
motif with a set of known TF binding motifs. In each subclass,
the top predicted motifs matched TFs found in our set of densely
regulated genes (Fig. 5 E and F): For DL, the consensus motif
for the bHLH TFs NEUROD and NHLH, both of which were
more highly expressed and densely regulated in DL neurons, and
the TGIF consensus motif were identified. Tgif2 is expressed in
the ventricular zone of the neocortex (61), was a common early
TF (Fig. 3E), and exhibited higher expression and chromatin
accessibility in the UL subclass (Fig. 5E). The top predicted UL
motif resembled the consensus motifs for the progenitor TF
TEAD2 (61, 62), the intermediate progenitor retinoic acid co-
factor ZFP423 (63), and the bHLH oligodendrocyte specifica-
tion TF OLIG2 (64), all three of which were more highly
expressed in the UL subclass (Fig. 5E).
The enrichment of progenitor genes, such as Tead2, Zhx2, and

Olig2, in the emerging UL transcriptional network was particu-
larly intriguing. Expression of bHLH TFs, such as Neurod1 and
Nhlh2, typically peaks after cell cycle exit, with down-regulation

of progenitor genes such as Tead2 in postmitotic neurons, sug-
gesting that the UL population might be slightly behind the DL
population in its developmental trajectory. On the other hand, a
recent scRNA-seq study suggested that apical progenitor cells
become more neuron-like over developmental time and placed
the intermediate progenitor TF Eomes in the same develop-
mental gene cluster as Neurod1, raising the intriguing possibility
that neuron diversity is generated starting in apical progenitor
mother cells, which transmit age-dependent transcriptional
identities to their daughter cells (6). Daughter cells could
therefore maintain a transient progenitor-like transcriptomic
signature. To address the hypothesis that the enrichment of
progenitor TFs in UL genes represents a UL-specific transcrip-
tional program, we analyzed expression of select DL and UL
genes in the publicly available Allen Developing Mouse Brain
Atlas (https://developingmouse.brain-map.org/). We found that
the DL gene Nhlh2 was more highly enriched in the CP at E13.5,
during DL neurogenesis (Fig. 5G), than at E15.5, at the height of
UL neurogenesis (Fig. 5G′). In contrast, the UL gene Zhx2, a
known progenitor TF with similar log fold-change in expression
to the UL TF Cux2 (65, 66), was more highly expressed in the CP
at E15.5, at the height of UL neurogenesis, than at E13.5, near
the end of DL neurogenesis (Fig. 5H vs. Fig. 5H′), suggesting a
UL-specific role in cell fate. As a counter to the transient ex-
pression of Nhlh2 and Zhx2, the densely regulated DL gene Fezf2
and the densely regulated UL gene Nfix persisted in their re-
spective layers from embryonic through postnatal stages (Fig. 5 I
and J′). Together, these data are consistent with the evolving
hypothesis that cell fate-specific developmental programs are
inherited from specific progenitor TF networks in apical progenitor

Fig. 5. Densely regulated TFs suggest subclass-
specific transcriptional programs. (A) Fragment
length density for each ATAC-seq library; two bio-
logical replicates per stage represented by solid and
dotted lines of the same color. (B) ATAC-seq peaks
significantly overlap previously identified cortical
enhancers and repressors. (C) Top conserved P300-
bound enhancers and putative target genes in each
subclass. (D) Binomial test showing that a subclass-
specific ATAC-seq peak is more likely to occur in the
regulatory domain of a gene more highly expressed
in the same subclass. (E) Enriched motifs and TF
consensus sites in ATAC-seq peaks of densely regu-
lated DL and UL genes. (F) Differentially expressed
TFs between DL and UL neurons plotted by log2(fold-
change) in expression (x axis) and binomial P value
(y axis). Each comparison is UL/DL. TFs with the
greatest change in binomial P value or referenced in
Figs. 5 and 6 are labeled. (G–J′) In situ hybridization of
select densely regulated TFs. Image credit: (Right to
Left) © 2008 and 2009 Allen Institute for Brain Science.
Mouse Brain. Available from: developingmouse.brain-
map.org. The arrowhead in G′ indicates residual Nhlh2
expression in the hindbrain. (Scale bar in J′ is 700 μm for
G and H, 1 mm for G′ and H′, and 1.1 mm for I–J′.)
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cells whose daughter neurons maintain progenitor-like and neuron-
specific transcriptomic signatures.
Consistent with the hypothesis that late progenitor cells have

distinct TF networks from early progenitor cells, we observed
strong Olig1 and Olig2 signatures in the UL population, which
are derived from the same progenitor population that gives rise
to oligodendrocytes. RNA-seq read pile-ups that mapped to the
Olig2 locus showed enriched expression in the 3′UTR in the
middle and late stages, suggesting that cells fated to become UL
neurons may inherit low expression of Olig2 mRNA after cell
cycle exit and retain expression of the 3′UTR, as has been
demonstrated for other transcripts in the nervous system (SI
Appendix, Fig. S6A) (67). In order to determine whether a subset
of Cdk5r-GFP+ cells were in fact oligodendrocyte progenitor
cells (OPCs), we quantified the percentage of Olig2+ cells in the
Cdk5r-GFP+ population and found that a small subset of Cdk5r-
GFP+ cells (1.2 to 4.0% of the GFP+ population) (SI Appendix,
Fig. S6B) maintained expression of Olig2 as late as P9 (SI Ap-
pendix, Fig. S6 C–F). A similarly small fraction expressed the
progenitor markers Ki-67 and SOX2 (SI Appendix, Fig. S6 G and
H), suggesting that the UL population inherits late progenitor
TF signatures that confer OPC competence.

Myt1l Regulates the Ratio of UL to DL Neurons. To identify previ-
ously untested TFs that contribute to transcription cascades that
determine CFPN versus CPN fate, we searched for TFs with
higher expression and enriched chromatin accessibility in a
single-cell class. We found that members of the MYT family of
TFs meet these criteria. MYT zinc-finger proteins include
MYT1/NZF2, MYT1L/NZF1, and ST18/MYT3/NZF3. MYT1
and MYT1L play crucial roles in promoting neuronal differen-
tiation in the telencephalon through repression of progenitor

genes, thus antagonizing proliferation (68, 69). Above, we
showed that St18 was expressed in early DL cells and had a
highly conserved UL enhancer in its regulatory domain,Myt1 was
a specific DL early gene (SI Appendix, Table S2), and Myt1l had an
isoform that was exclusively expressed in UL cells at all three time
points (SI Appendix, Table S4). Moreover, the Myt1l regulatory
domain had a UL-specific ATAC-seq peak at all three stages (SI
Appendix, Table S7). Layer-specific function of MYT family TFs in
postmitotic neurons, however, has not been examined.
To determine whether MYT family TFs play a role in cortical

cell fate specification, we first confirmed in vivo expression
of Myt1 and Myt1l in the CP at E13.5 (Fig. 6 A and C) during
DL neurogenesis. Myt1 expression was then excluded from the
superficial CP at E15.5 (Fig. 6B), where Myt1l was enriched
at E15.5 (Fig. 6D) and P4 (Fig. 6E), similar to Cux2 at P4
(Fig. 6F). These findings were consistent with our RNA-seq
analysis showing decreasing Myt1 expression throughout DL
and UL neuron differentiation, increasing Myt1l expression over
DL and UL differentiation, consistently higher expression of a
short Myt1l isoform (ENSMUST00000092649) in UL neurons
(Fig. 6G), and a previous finding thatMyt1l expression clusters with
genes that are higher in UL neurons (cluster 15) (26).
We tested the function of all three MYT family TFs by short-

hairpin RNA (shRNA) KD in cortical neurons cultured from
E15.5 mice using previously validated shRNA lentiviral con-
structs (69). To evaluate a difference in the relative abundances
of CPN and CFPNs, we counted the ratio of SATB2 to CTIP2
5 d after transfection (SI Appendix, Fig. S7 A and B). Compared
with control cells transfected with scrambled shRNA, cells
transfected with shRNA to St18 or Myt1 showed no significant
difference in the ratio of SATB2 to CTIP2, after correcting for

Fig. 6. MYT family TFs show stage- and subclass-
specific expression in vivo and regulate subclass-
specific genes in vitro. (A–F ) The MYT family TFs
Myt1 and Myt1l show early expression in the mouse
CP (A and C) but diverge at E15.5 such that Myt1 ex-
pression is excluded from the superficial CP (B), while
Myt1l is enriched in superficial layers (D). Myt1l re-
mains enriched in UL cells through P4 (E) similar to
that of the UL TF Cux2 (F). (Scale bar in F is 800 μm for
A and C, and 1.2 mm for B and D–F.) Image credit:
(Right to Left) © 2009 Allen Institute for Brain Science.
Mouse Brain. Available from: developingmouse.
brain-map.org. (G) St18 and Myt1 expression de-
cline throughout neuron differentiation, while Myt1l
expression increases throughout UL differentiation,
and one isoform of Myt1l is consistently higher in UL
cells. (H) pSico-GFP (green), SATB2 (red), and CTIP2
(blue) expression in cultured cortical neurons after
lentiviral transfection of a shRNA targeting a scram-
bled control, St18, Myt1,Myt1l, or all three on E13.5 +
1 d in vitro. (Scale bar, 100 μm.) (I) shRNA KD of Myt1
or Myt1l but not of St18 significantly reduced the ratio
of SATB2+ to CTIP2+ cortical neurons compared with KD
of a scrambled control target. shRNAKD of all threeMyt
family TFs very significantly reduced the ratio of SATB2+

to CTIP+ neurons. *P < 0.02. **P < 0.001. n= 3 biological
replicates. (J) The proportion of SATB2;CTIP2 double-
positive cells was increased after Myt1 KD, causing a
reduction in the proportion of SATB2-only cells (P =
0.02). The proportion of all SATB2+ cells was decreased
afterMyt1l KD (P= 0.05). KD of all threeMYT family TFs
resulted in a significant reduction of SATB2+ cells (P =
0.0005) and a very significant increase in GFP-only cells
(P = 0.006). (K) Model of how MYT1 and MYT1L may
coregulate Satb2 expression, and MYT1 may antag-
onize Ctip2 expression, in developing DL neurons,
and how MYT1L may regulate Satb2 expression in
developing UL neurons. Error bars represent SD.
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multiple comparisons. Cells transfected with shRNA to Myt1l,
however, showed a significant decrease in the ratio of SATB2 to
CTIP2 (P = 0.01), indicating a potential role in promoting Satb2
expression and CPN fate (SI Appendix, Fig. S7B). To further
characterize the shift in the ratio of SATB2 to CTIP2, we
quantified the proportion of transfected (GFP+) cells that was
CTIP2+, SATB2+, or colabeled and found that there was a
significant decrease in the proportion that was SATB2+ (P =
0.04) and a slight, although statistically insignificant, increase in
the proportion that was CTIP2+ (P = 0.06), suggesting that
MYT1L promotes Satb2 expression in early postmitotic UL
neurons (SI Appendix, Fig. S7C).
Given that Myt1 and St18 were highest in early DL neurons

(compared with middle and late), we asked whether MYT family
TFs regulate cell fate at an earlier time point, during peak DL
neurogenesis. We tested the function of all three MYT family
TFs by shRNA KD in cortical neurons cultured from E13.5 mice
(Fig. 6 H–J). KD of St18 again had no effect on the ratio of
SATB2 to CTIP2; however, KD of Myt1 or Myt1l significantly
reduced the ratio of SATB2 to CTIP2 (P = 0.009 and 0.016,
respectively). Moreover, KD of all three MYT family TFs re-
duced the ratio even further (P = 0.0003). When we quantified
the proportion of transfected cells that was SATB2+, CTIP2+,
colabeled, or GFP-only, we found that Myt1 KD increased the
proportion that was colabeled, which decreased the proportion
that was SATB2+;CTIP2− (P = 0.02), while Myt1l KD decreased
the total proportion that was SATB2+ (P = 0.05). KD of all three
drastically reduced the total proportion that was SATB2+ (P =
0.0005) and increased the proportion that was GFP-only (P =
0.006). Collectively, these results suggest that MYT1L and
MYT1 coregulate Satb2 and Ctip2 expression in early DL cells;
while both promoted Satb2 expression, only Myt1 KD affected
Ctip2 expression (Fig. 6K). We therefore propose a model of DL
fate specification in which MYT1 and MYT1L promote Satb2+

and CPN (SATB2+;CTIP2−) fate, and MYT1 antagonizes CFPN
(SATB2+;CTIP2+) fate. In UL cells, however, MYT1L was the
primary MYT TF involved in promoting CPN fate (Fig. 6K).

Discussion
We have identified distinct transcriptional states of genetically
defined DL and UL cortical projection neurons over time. The
heterogeneity of each of these bulk populations allowed us to
compare intragroup versus intergroup similarity over several
stages of development, which revealed that gene expression
alone can distinguish DL from UL identity, especially when limited
to TF genes. Moreover, subclass, rather than developmental stage,
contributed the highest source of variability in gene expression, and
subclass and stage-specific gene expression significantly overlapped
subclass- and stage-defining genes identified by scRNA-seq.
Therefore, despite the intrinsic heterogeneity of bulk-sorted cells,
neurons within each subclass retained significant intraclass similar-
ity. We were therefore able to leverage sequencing depth over se-
quencing breadth to deeply compare DL and UL gene signatures.
All replicates within each subclass clustered together when

limited to transcripts above a noise threshold. When limiting the
analysis to the top 500 most variable transcripts, however, two
samples of DL neurons clustered more closely with UL neurons.
This result could suggest that DL neurons are more plastic early
in development, consistent with the observation that progenitors
fated to become DL neurons transplanted into an older host
cortex have the capacity to become UL neurons, while UL
progenitors transplanted into a younger host are fate-restricted
(70–72). Alternatively, highly variable transcripts that cluster
some DL neurons with UL neurons (UL-like transcripts) could
represent technical noise or a population of CPNs that is similar
across upper and deep layers. Indeed, the UL-like transcript
Mpped1 was present in 60% of subtypes identified by scRNA-seq.

Very few regions of accessible chromatin were specific to one
subclass at all three stages. This result is perhaps unsurprising
given the heterogeneity of the two subclasses. In fact, that hun-
dreds of regions were specific to a subclass throughout several
developmental stages is unexpected when considering the vast
diversity of cell types in the brain with distinct transcriptional
programs (1, 73), and that the majority of open chromatin oc-
cupies promoter regions, which often remain open in cell types in
which the downstream gene is not expressed. Our finding that
later-born UL neurons retained a progenitor-like gene network
signature enriched for genes involved in cell-extrinsic processes
supports the recent finding that conserved postmitotic differen-
tiation programs are applied to transcriptional “ground states”
present in apical progenitor cells, and that these transcriptional
ground states transition from cell-intrinsic to environment-
sensing functions in both mother and daughter cells (6).
In contrast, from a cell-intrinsic view, DL and UL neurons

expressed lncRNAs adjacent to major cortical TFs, suggesting a
role for these lncRNAs in cell fate specification. Satb2-lncRNA
expression spiked shortly after neurons reached the CP, and
transcripts became differentially localized to the nucleus of
SATB2+ DL neurons and the nucleus and cytoplasm of SATB2+

UL neurons. More evidence will be required to ascertain
whether TF-lncRNAs play a cell type-specific role in cortical
development, however. Numerous studies have suggested that
lncRNAs can influence the expression of adjacent genes directly,
through recruiting transcriptional or splicing machinery to the
locus (74–76) or binding to chromatin to modulate enhancer–
promoter contacts (77). Alternatively, lncRNA expression can
regulate nearby genes indirectly, the process of transcription
itself altering chromatin structure in a way that affects expression
of the adjacent gene independently of the lncRNA transcript (49,
78–80). KD of the lncRNA at the mRNA level, therefore, would
not affect expression of the nearby regulated gene, as we observed
here. The statistically insignificant reduction in the number of
SATB2+ cells relative to CTIP2+ cells after Satb2-lncRNA KD
could indicate that Satb2-lncRNA is only a byproduct of transcrip-
tion through the Satb2 locus, that other players in the transcriptional
network compensate for the reduction in Satb2-lncRNA, that Satb2
splicing or transport is affected in a way that does not change total
SATB2 levels, or that residual Satb2-lncRNA in the nucleus is
sufficient.
Additional players in the transcriptional networks regulating

cell fate could include TF families previously unexplored in this
context. The enrichment of the NHLH binding motif in putative
regulatory elements of DL genes suggests involvement of Nhlh1
and Nhlh2 in DL cell fate. A previous report, however, suggested
that both Nhlh1 and Nhlh2 are dispensable for normal cortical
development (81). Although this report did not examine expres-
sion of layer-specific markers in Nhlh1/Nhlh2 double-knockout
mice, we decided to focus our validation experiments on a fam-
ily of TFs with known roles in neural differentiation but previously
unexplored in the context of cortical cell fate specification. Here,
we show that MYT family TFs have dynamic expression patterns
throughout cortical development: St18 expression in early DL
mouse neurons reflected its expression in the developing human
motor cortex; Myt1 and Myt1l were initially coexpressed in early
DL neurons but, by E15.5, their expression appeared mutually
exclusive, with Myt1 restricted to deep cortical layers and Myt1l
enriched in superficial layers, suggesting opposing roles in cell
fate. We found, however, that the function of MYT1, at least, may
be stage-specific. The short isoform of Myt1l that was significantly
higher in UL neurons at all three stages lacks several SIN3 in-
teraction domains, which are important for repression, but retains
most of its zinc finger domains, suggesting that its role in cortical
neuron development may differ from its characterized role in
repressing nonneural fates. Indeed, our data suggest that it may
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promote and maintain Satb2 expression in UL CPNs, where MYT1
function appeared dispensable for Satb2 expression.

Materials and Methods
FACS Purification of Cortical Neuron Subpopulations. All animal work was
carried out in compliance with Stanford University Institutional Animal Care
and Use Committee under approved protocol #11499 and institutional and
federal guidelines. The day of vaginal plug detection was designated as E0.5.
The day of birth was designated as P0. For DL neurons, CD1 female mice were
crossed with homozygous golli-τ-EGFP males, resulting in heterozygous
offspring, and tissue was collected at E13.5, E16.5, and E18.5. For UL neu-
rons, a plasmid encoding Cdk5r-promoter-GFP (a generous gift of Paola
Arlotta, Harvard University, Cambridge, MA) was introduced into the de-
veloping neocortex of embryos of timed-pregnant CD1 dams on E15.5 (four
to seven embryos per litter were injected) by in utero electroporation, as
previously described (82), and tissue was collected at E17.5, P1, and P5.

For each biological replicate (two to five embryos from a single litter), the
neocortex was microdissected in cold HBSS. Tissue was dissociated into a
single-cell suspension using papain according to the manufacturer’s in-
structions (Worthington), and resuspended in cortico-spinal motor neuron
medium (1 mM pyruvate, 2 mM L-glutamine, 5 μg/mL insulin, 100 U/100 μg/mL
pen/strep, 1× Sato, 35 mM glucose, 0.34% BSA, and 800 μM kynurenic acid
in 50% DMEM/50% Neurobasal) (83). FACS purifications were performed on
a BD FACSAria II, BD FACSJazz, BD Influx, or BD FACS Aria Fusion in the
Stanford Shared FACS Facility. Gates for FACS were set using non-GFP age-
matched or littermate controls and confirmed using immunohistochemistry
for GFP on pre- and postsorted cells. For RNA isolation, 75,000 to 500,000
cells were used per biological replicate. For accessible chromatin, 25,000 to
50,000 cells were used per biological replicate. Sorted cells were stored in
cold cortico-spinal motor neuron medium and immediately processed for
RNA or accessible chromatin isolation.

RNA-seq and ATAC-seq Library Preparation and Sequencing. Bulk RNA was
isolated from sorted cells using an RNAeasy Micro Kit (Qiagen) according to
the manufacturer’s instructions. RNA quality was assessed using a Bio-
analyzer 2100 (Agilent), and the RNA integrity number for each sample was
above 9. At least 100 ng of total RNA input was used per library. Libraries for
mRNA sequencing were prepared using a TruSeq Stranded mRNA Sample
Prep Kit (Illumina), and libraries were sequenced on a HiSeq2500 (Illumina),
generating an average of 2.35 × 107 100-bp paired-end reads per library
(range, 1.65 × 107 to 2.86 × 107). Accessible chromatin was isolated as de-
scribed in Buenrostro et al. (52), with the following modification: 12 rounds
of PCR were used for all samples. Resulting ATAC-seq libraries were se-
quenced on a HiSeq2500 (Illumina), generating an average of 1.03 × 108

100-bp paired-end reads per library (range 2.51 × 107 to 1.91 × 108).

RNA-seq and ATAC-seq Analysis.
RNA-seq. Paired-end reads were aligned to the mouse genome (mm9) using
kallisto v0.43.1 (84) with default parameters and a transcriptome index built
using Ensembl transcripts. Transcript abundance and differential expression
were determined using Sleuth (85).
ATAC-seq. Reads were trimmed using cutadapt v1.9 (86) and pairs were aligned
to the mouse genome (mm9) using Bowtie2 v2.2.6 (87) for an average of
1.01 × 108 reads per biological replicate (range, 2.46 × 107 to 1.86 × 108).
Duplicate reads were removed using the Picard Tools v1.140 MarkDuplicates

function. Peaks were called using MACS v2.1.0 with a P value cutoff of 0.01.
Replicated peaks were defined as overlapping regions within overlapping
peaks and merged using bedtools. Peaks were masked for blacklist regions,
segmental duplications, repeat regions, and exons. ATAC-seq peaks were as-
sociated with genes using basal regulatory domains defined by GREAT (v2.0.2)
as 5-kb upstream and 1-kb downstream plus up to 1 Mb in both directions to
the nearest gene’s basal regulatory domain (53).

Evolutionary Conservation and Motif Discovery. Evolutionary conservation was
determined using PhastCons (88) scores for each base pair within a 50-bp
window (SI Appendix, SI Materials and Methods). TF binding site prediction
was performed as described previously (32). Briefly, we ran seven different
motif discovery tools on each set of correlated peaks, using the set of cor-
related peaks in the comparison cell subclass as the background set. Tools
included AlignAce (89), CisFinder (90), MDscan (91), MEME (92), MoAn (93),
MotifSampler (94), and Weeder (95). Near identical motif predictions from
at least two different tools were combined and compared with a database
of known TF binding motifs using TomTom v5.0.0 (60).

Primary Cell Culture, siRNA KD of lncRNA, and Transfection of Lentiviral
Constructs. For siRNA KD of Satb2-lncRNA, the neocortex was dissected on
E15, cells were dissociated using trypsin, cultured in NeuroCult basal medium
containing EGF, and proliferation supplement (Stemcell 05702) overnight,
and switched to differentiation medium (Stemcell 05704) on the following
day. Four hours after switching to differentiation medium, cells were
transfected using Lipofectamine RNAiMax reagent (Invitrogen) according to
the manufacturer’s instructions. After 4 d in culture, cells were fixed with
cold 4% PFA for 5 min then processed for immunohistochemistry. The siRNA
sequence for siRNA 1 was ACTCACTGACAAGCCGCAGAGAGAA, for siRNA 2
was GAGATGATTATTAGTTGCGTTGAGT, for scrambled 1 was ACTTCAGAC‐
CCGGAGAAACGAA, and for scrambled 2 was GAGTTAGATTAGTTGTTGCGT‐
AAGT (Stealth RNAi, ThermoFisher). KD was confirmed using qPCR and
primers to Satb2-lncRNA (tgatcaAGACCGGTTCTGGAGAGAAAG) short iso-
form (ctcgaTGAATCATCATCAAATATATTTATTCACTG) or long isoform (ctc
gagTATATATGTTTAATTACACAGTAGTAGAACAT).

For shRNAKDofMyt family TFs, dissections and infections were performed
as described abovewith the following changes: shRNA directed to St18,Myt1,
or Myt1l (SI Appendix, Table S10) cloned into a pSico-GFP lentiviral vector
(generous gifts of Moritz Mall, Heidelberg University, Heidelberg, Germany)
was introduced to cultured cells 4 h after switching to differentiation medium.
Two different sequences were used for each target. After 4 to 6 d, cells were
fixed with cold 4% PFA for 5 min and processed for immunohistochemistry.

Data Availability. Raw data have been deposited in the National Center for
Biotechnology Information GEO (accession no. GSE116147).
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