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Summary

Major non primate-primate differences in corticogenesis include the dimensions, precursor
lineages and developmental timing of the germinal zones (GZ). microRNAs (miRNAs) of laser
dissected GZ compartments and cortical plate (CP) from embryonic E80 macaque visual cortex
were deep sequenced. The CP and the GZ including Ventricular Zone (VZ), outer and inner
subcompartments of the Outer SubVentricular Zone (OSVZ) in area 17 displayed unique miRNA
profiles. miRNAs present in primate, but absent in rodent, contributed disproportionately to the
differential expression between GZ sub-regions. Prominent among the validated targets of these
miRNAs were cell-cycle and neurogenesis regulators. Co-evolution between the emergent
miRNAs and their targets suggested that novel miRNAs became integrated into ancient gene
circuitry to exert additional control over proliferation. We conclude that multiple cell-cycle
regulatory events contribute to the emergence of primate-specific cortical features, including the
OSVZ, generated enlarged supragranular layers, largely responsible for the increased primate
cortex computational abilities.
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Introduction

Results

During evolution there is an increase in the size and complexity of the OSVZ, considered to
contribute to tangential expansion (Fietz et al., 2010; Lui et al., 2011) and shown to be
responsible for the enlarged primate supragranular layers (Lukaszewicz et al., 2005; Smart
et al., 2002). Macaque cortical neurons are produced over a 60-day period from E40 to E100
(Rakic, 1974). In contrast to laboratory rodents where the VZ is the prominent GZ
throughout corticogenesis, the OSVZ is the major proliferative compartment in the primate
from E65 (Betizeau et al., 2013; Martinez-Cerdeno et al., 2012; Smart et al., 2002). The
expansion of the OSVZ reaches its climax in the primary visual cortex (area 17), which has
augmented supragranular layers as well as increased tangential expansion compared to the
adjacent area 18 in the macaque monkey (Lukaszewicz et al., 2006; Smart et al., 2002). The
mechanisms responsible for OSVZ expansion are linked to the proliferative capacity of the
precursors via cell-cycle regulation (Betizeau et al., 2013; Lukaszewicz et al., 2005). In area
17, the microenvironment of the most basal part of the OSVZ is enriched in embryonic
thalamic axons (Smart et al., 2002) that modulate precursor proliferation (Dehay et al.,
2001), which raises the possibility of a further radial heterogeneity within area 17 OSVZ.
We explored whether these different primate-specific GZ compartments are associated with
gene regulatory changes. Because miRNAs, ~ 22 nucleotide non-coding RNAs, regulate
gene expression post-transcriptionally we ascertained miRNA profiles from the macaque
embryonic cortical compartments. The readily detectable changes in miRNA expression
during differentiation and their frequent de novo appearance at evolutionary divergence
points suggest a role in the acquisition of new cell identities and in evolutionary innovation
(Hannon, 2002; Heimberg et al., 2008; Kosik, 2009; Nowakowski et al., 2013). To find
molecular changes associated with the expansion of the GZ in primates, we laser captured
tissue from the compartments of area 17 and 18 in Maccaca fascicularis cerebral cortex at
E80 and performed miRseq to obtain a comprehensive non-biased expression pattern of the
microRNAS in each compartment.

The present study provides new insight into the molecular distinctions that link anatomical
and molecular evolutionary changes in the developing cortex. The data show that the target
genes of primate miRNAs that uniquely distinguish the cortical GZ are principally involved
in cell-cycle and neurogenesis regulation as well as in human neurodevelopmental disorders.

miRNA profiles distinguish germinal zones of the primate cortex

Seven brain regions were dissected from developing Maccaca fascicularis brains: area 17
and 18 cortical plate (CP), area 17 and 18 ventricular zone (VZ), area 18 outer
subventricular zone (OSVZ), and area 17 OSVZ in two compartments: the most apical third
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(OSVZ17int) and the most basal third OSVZ17ext (Fig S1). miRseq reads from these
samples were mapped to well-authenticated miRNAs precursors from miRBase.v16 using
the small RNA pipeline from SOLID, and only uniquely mapped reads were counted for
miRNA profiling (Table S1; GEO access number: GSE52608). Many hairpins had
significant numbers of reads from both strands (Zhou et al., 2012). This dataset contained a
total of 766 miRNA precursors or 1532 miRNA arms (5p and 3p), which were loaded to the
EdgeR package. After filtering for at least five CPM (counts per million) in at least three
libraries, 752 arms remained with 321 of them reported as expressed in primates, but not
reported in rodent according to miRBase.v16. A subset of the miRNA reads were validated
by digital PCR (Fig S2).

To determine whether the collective variation among the miRNA profiles could distinguish
the anatomical regions sampled, principal component analysis (PCA) was applied to the
miRNA profiles. PCA can reduce the dimensionality of a data set by finding linear
combinations of dimensions (miRNAS in this case) ranked by their importance and projected
onto a set of axes. Using all the samples in the analysis, the CP separated from the GZ along
PC1 (rank sum test, p<1.0774e-004) with 68% of the total variation (Fig 1A).

These observations prompted a more limited PCA of the GZ to resolve areal differences
between OSVZ17int/OSVZ17ext and the neighboring OSVZ18 along PC2 (rank sum test,
p<0.0238) (Fig 1B). PC1 evenly spread the three anatomical regions, showing that OSVZ18
is equally dissimilar to OSVZ17int and OSVZ17ext. The PCA also resolved differences
within the area 17 GZ (Fig 1C). VZ17 separated from both the OSVZ17 fractions
(OSVZ17int and OSVZ17ext) along PC1 (rank sum test, p<0.0238). In addition OSVZ17int
separated from the OSVZ17ext and the VZ17 along PC2 (rank sum test, p<0.0238). 17% of
the weight contributions to PC2 come from a single miRNA, mir-4271-5p, which is
expressed in primates but not in rodents. Thus miRNA profiles can resolve anatomically
discrete regions within the developing primate cortex and the dominant difference is
between the GZ and the differentiated cells of the CP.

Differentially Expressed (DE) miRNAs point to evolutionary target networks for primate
cortex expansion

Having shown that anatomical regions can be distinguished by collective variation of their
miRNA profiles, we used the EdgeR package to find the differentially expressed miRNAs
among the brain regions. After filtering for a minimum of five CPM in at least three
libraries, 752 arms remained for differential expression (DE) analysis (Table S2), and a
subset of the DE miRNAs were validated by digital PCR (Table S2, Fig S2). A heat map
depicting these data indicates the distinct expression patterns for each miRNA in each
compartment with the most prominent distinction between the CP and the GZ (Fig 2A).
Among the DE miRNAs, approximately 40% are expressed in primate but not in rodent (Fig
2A; Table S2). A comparison of the OSVZ17 fractions, OSZV17int vs OSVZ17ext shows a
higher percentage (54%) of miRNASs that are expressed in primates, but not in rodents (Fig
2C). The molecular distinction within the OSVZ indicated by the miRNA profiles reveals
the emergence of a primate developmental compartment below anatomical resolution, the
presence of this new compartment remains to be confirmed in the human developing brain.

Neuron. Author manuscript; available in PMC 2015 March 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Arcilaetal.

Page 4

Entering all the known targets for these DE miRNAs into GO using DAVID NCBI web
page, the terms cell cycle, cell differentiation, cell migration, and corticogenesis were
enriched (FDR<0.05). Among the proven targets of these highly conserved miRNAs are
MRNAs that have been associated with area 17 and 18 expansion (Lukaszewicz et al., 2005)
such as pax6 (Mi et al., 2013) targeted by mir-450b-5p (Shalom-Feuerstein et al., 2012),
p27kip targeted by mir-222-3p (Kim et al., 2009), and cdk4 and ccne2 (cyclin E2) targeted
by mir-34c-5p (Toyota et al., 2008). Very few proven targets are known for the primate DE
miRNAS not expressed in rodent (Fig 2A-C). Those for which targets are known include cell
cycle corticogenesis regulators, i.e. miR-605-5p targets mdm2 (Xiao et al., 2011) and
mir-657-3p which targets p21CipL/Wafl (Wu et al., 2010).

Trapping targets of Primate miRNAs

RISCtrap (Cambronne et al., 2012) was used to find targets of miRNAs positioned at
divergence points within the mammalian radiations. Four were DE miRNAs expressed in
primates and Laurasiatheria (a superorder of mammals), but not in rodents (mir-550-3p,
mir-3613-5p, mir-1301-3p, mir-1180-3p), and two mir-1260a-5p and mir-1271-5p were
expressed in primates and Laurasiatheria, and in a single rodent, the Chinese hamster
(miRBase v.16). mir-124-3p, which is an abundant brain miRNA widely present in animal
phylogeny including C. elegans and used in previous RISCtrap studies (Cambronne et al.,
2012) served as a control. Trapped mRNAs for each miRNA were sequenced and mapped
(Table S3; GEO access number: GSE52608). Targets were required to meet these criteria: 1)
enriched in a single miRNA pull down as compared to all the other miRNA pull downs at an
FDR<0.05; 2) have a binding site for the specific miRNA as predicted by targetscan.org
Version 6.2; 3) the presence of an orthologue in macaque (Fig 3A, Table S3). This stringent
analysis will miss mRNAs targeted by more than one of the miRNA probes, but will gain in
specificity. All of trapped miRNAs were more recently evolved than mir-124-3p, an ancient
miRNA, which had an order of magnitude more targets than any of the others (Table S3)
that closely matched those targets reported previously (Baek et al., 2008; Cambronne et al.,
2012; Chi et al., 2009; Hendrickson et al., 2008; Karginov et al., 2007; Lim et al., 2005)
(Table S3). miRNAs that appeared more recently in phylogeny or occupy a more restricted
phylogenetic niche, may have fewer mRNA targets than more ancient miRNAs that
expanded their targets over longer evolutionary time periods.

The top two enriched functional categories of the RISCtrap targets were brain development
(43 mRNASs) and cell cycle (45 mRNASs). Notable among the mir-1301-3p targets was the
MRNA for the histone-lysine N-methyltransferase, mll1 (Mixed-Lineage, Leukemia) and
mll2, an essential gene for neurogenesis (Lim et al., 2009; Popovic and Zeleznik-Le, 2005).
mil1 has eight predicted binding sites, four in the 3" UTR and four in the CDS; and mlI2 has
12 predicted binding sites, two in the 3" UTR and ten in the CDS. kansl1, a member of the
MLL1 complex (http://www.uniprot.org/uniprot/) and dix1, which is under the control of
MLL1 (Lim et al., 2006) and is a key regulator of neurogenesis (Anderson et al., 1997),
were both captured in the mir-1180-3p RISCtrap. kansl 1 has two predicted binding sites and
dix1 has a single binding site for mir-1180-3p. The presence of these mMRNAS in the
macaque tissue was confirmed by digital PCR (Fig S3A), and by in situ hybridization (ISH)
for kand 1 (Fig 3B). MLL2 protein expression was confirmed by immunofluorescence (Fig
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3C). Further validation of these targets beyond their capture in the RISCtrap demonstrated a
decrease in KANSL1 and DLX1 proteins in the presence of the mir-1180-3p mimic, and
MLL1 protein in the presence of mir-1301-3p mimic (Fig S3B). Luciferase assays supported
dix1 and kangl1 as direct targets of mir-1180-3p and mll1 as direct target of mir-1301-3p
(Fig S3C). Also present among the mRNAs trapped by mir-1301-3p were col3al and col1lal
(FDR <0.05), two extracellular matrix (ECM) components. Furthermore, mir-29-3p which is
proven to down regulate the expression of multiple ECM genes is differentially expressed
between the CP and the GZ, in agreement with the report of ECM components being
enriched in the human GZ (Fietz et al., 2012).

As we found an over-representation of miRNA that target cell cycle regulators among
miRNA both differentially expressed in developing macaque cortex and absent in the rodent,
we carried out a more detailed examination of the compartment specific localization of this
set of miRNAs. Representing the expression of these miRNAs shows compartment specific
miRNA expression patterns within this functional category suggesting that each
compartment has evolved its own modifications of the cell cycle regulation (Fig 4A-B). The
CP appears to rely on inhibiting cyclin D (2 mirs target it in CP18 and one in CP17) and p21
to inhibit the proliferation in these differentiated cells. Genes involved in neurogenesis such
as dix1 and mll1/2 and kansl1 appear to be released from inhibition in the CP compared to
the GZ. Area differences between VVZ17 and 18 may be related to the differential cell
density between these two compartments. The OSVZ is uniquely identified by a relatively
high level of mir-335-5p, which targets rb. The apical and basal portions of the OSVZ17
have distinct profiles of miRNASs cell cycle regulators, and the profile of the external (basal)
portion more closely resembles OSVZ18.

Co-evolution of miRNA and target site

miRNAs expressed in the developing macaque cortex but not in rodents target genes which
are present in both primates and rodents. Hence novel miRNAs often target preexisting
mRNAs. Through the phylogenetic history the co-evolution of the target site and the
miRNA can be tracked. In addition to the primate and rodent representatives, we selected
two additional eutherians, Bos taurus (cow) and Canis familiaris (dog). We assembled the
set of validated target mMRNAs for the DE miRNAs that are expressed in primates, but not in
rodents (included is mir-1271-5p, which is expressed in a single rodent, the Cricetulus
griseus (Chinese hamster), miRBase v.16). Of the 27 miRNAs in this category, 34 validated
target MRNAs with 48 binding sites were identified and aligned to their 3" UTR binding
sites (Table S4-S5) based upon a seed match (Brennecke et al., 2005; Krek et al., 2005;
Lewis et al., 2005). This analysis excluded matches within coding regions because the most
effective target sites fall outside the path of the ribosome (Grimson et al., 2007). Of these 27
miRNAs, 21 were found exclusively in primates, and five were found in other eutherians.

38 of the 48 binding sites were completely conserved in human, chimp and rhesus; whereas
10 sites targeted by 10 miRNAs were conserved in human and chimp, but not in rhesus. Five
of these had one or more of these features: a single mismatch, another perfectly matched site
in the same MRNA targeted by the miRNA, another mRNA with a perfectly matched target.
Five of these DE miRNASs in macaque had no validated target site suggesting that the target
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has not been identified. Among the 38 binding sites conserved across the primates, several
categories of evolutionary change occur. In seven cases, the target site is present in the non-
primate species suggesting either the newly invented primate miRNA targeted a pre-existing
site or the miRNA was lost in the non-primate species and another constraint maintained the
target sequence. Most frequently a few nucleotide changes in the MRE (microRNA response
element) improved the match with the primate miRNA and strict conservation of the site
was observed only in primate suggesting that the target site co-evolved with the miRNA.
Cases with partial conservation among species as divergent as dogs, cows, and rodents
underscore the difficulties in resolving the basal relationships in the eutherian tree
(Cannarozzi et al., 2007; Hou et al., 2009).

Discussion

A key feature of OSVZ primate precursors is their extensive self-renewal and proliferative
abilities (Betizeau et al., 2013), properties that lie at the roots of OSVZ expansion and, in
turn, of the unique cyto-architectonic features of the primate brain. The present results
suggest that a few key miRNAs including some that are specific for the primate lineage and
differentially expressed in VZ and OSVZ contributed to the expansion of precursor pools
within the developing cortex. To increase the likelihood that miRNAs found only as primate
entries in miRBase were primate specific, we blasted the primate entries in miRBase to the
rodent genome using the Santa Cruz Browser to see if these sequences exist independently
of the tissue analyzed for expression. None of these miRNAs had a perfect match; however
some had an imperfect match and others were completely absent. For those that were
completely absent from the rodent genome we had high confidence that they are not in the
rodent brain. For those that have an imperfect match it is possible that they belong to a
family of miRNASs present in rodent and primate. However, even these often had extensive
indels relative to the primate miRNA sequences. Combined with their absence from
miRBase, it is unlikely they are expressed with the caveat that the exact corresponding tissue
in rodent has not been deeply sequenced.

An increase in the noncoding RNA inventory including miRNAs has been noted at
evolutionary divergence points (Heimberg et al., 2008). A clearly distinct and prominent
OSVZ is a feature of the primate brain, albeit this innovation is foreshadowed in the brains
of large rodents and carnivores (Martinez-Cerdeno et al., 2012, Garcia-Moreno et al, 2012).
Ongoing expansion of the OSVZ in area 17 resulted in a further subdivision into internal and
external compartments distinguished by their miRNA profiles, possibly in relationship with
the embryonic thalamocortical projections (Sestan et al., 2001; Smart et al., 2002). Thus, a
feature of primate cortex evolution appears to be anatomical segregation of precursor pools
into discrete compartments.

DE miRNAs within the developing macaque cortex can uniquely identify mitotic and post-
mitotic compartments as well as GZ subregions (Fig 1, 2). Among the RISCtrap identified
targets of DE miRNAs present in primates but not in rodents was tcf4 targeted by
mir-1301-3p. TCF4 patterns progenitor cells in the developing CNS (Wang et al., 2011) has
been associated with schizophrenia (Aberg et al., 2013) and Pitt-Hopkins syndrome, a rare
neurodevelopmental genetic disorder characterized by severe intellectual disability and
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hyperventilation (Zweier et al., 2007). Within the GZ, a set of the DE miRNAs, including
those that evolved in the primate lineage, targets the cell-cycle, particularly the G1/S
transition, neurogenesis and epigenetic regulation (Fig 2). For example, the primate-specific
miR-1180-3p targets kangl 1, an evolutionarily conserved regulator of the chromatin modifier
KATS that functions through histone H4 lysine 16 (H4K16) acetylation and, when
haploinsufficient, causes intellectual disability, hypotonia and distinctive facial features
associated with the 17g21.31 microdeletion syndrome (Zollino et al., 2012). mir-1180-3p
also targets dix1, a homeodomain transcription factor that controls GZ neurogenesis and has
been associated with autism (Liu et al., 2009). Both dIx1 and dIx2 - direct targets of the trxG
member mil1 (Lim et al., 2009), an evolutionarily conserved histone H3 lysine 4
methyltransferase that functions by resolving silenced bivalent loci in neural precursors for
the induction of neurogenesis (Lim et al., 2009) -bind to E2Fs to promote G1/S progression
(Liu et al., 2007; Takeda et al., 2006). Both mll1 and mll2 have multiple target sites for
mir-1301-3p present in primates but not in rodents.

The G1/S check point can impact the evolutionary expansion of both the SVZ in rodents
(Pilaz et al., 2009) and the OSVZ in primates (Betizeau et al., 2013; Lukaszewicz et al.,
2005). Macaque cortical precursors cell-cycle exhibit an unusual temporal regulation with a
shortening of G1 and S phase at stage E80 in both VVZ and OSVZ (Betizeau et al., 2013,;
Kornack and Rakic, 1998). The finding that primate-specific miRNAs can target the G1/S
transition of OSVZ precursors reveals the potential evolutionary space that existed at the
origin of primates within this ancient and extensively regulated cellular process for ongoing
brain evolution. Layering novel regulatory elements upon a pre-existing network by
bringing pre-existing mRNAs under the control of newly invented miRNAs necessarily
involves the co-evolution of these novel mMiRNASs with target site adaptations. The emergent
relationships of a novel mMiRNA can be depicted as a network with targets as well as
competing endogenous RNAs and miRNA sponges (Salmena et al., 2011). A question arises
as to how selection can promote the integration of network modifications once an
established network is already optimized. Do the preexisting relationships among these
RNAs retain their dynamic relationships or does the added layer of control inevitably result
in the relaxation of more ancient miRNA controls? Sidestepping these questions is the
possibility that the ensemble analysis done here obscures the specific miRNA network
relationships in individual cells. Analysis of the total population of cells within a
compartment might make the regulatory control system appear more complex than it is and
sub-graphs within the network may operate within individual cell types and may even
contribute to the emergence of novel cell types (Betizeau et al., 2013).

Experimental Procedures

Animals

Fetuses from timed-pregnant cynomolgus monkeys (Macaca fascicularis, gestation period
165 days) were delivered by caesarian section as previously described (Lukaszewicz et al.,
2005). All experiments were in compliance with national and European laws as well as with
institutional guidelines concerning animal experimentation. Surgical procedures were in
accordance with European requirements 2010/63/UE. The protocol
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C2EA42-12-11-0402-003 has been reviewed and approved by the Animal Care and Use
Committee CELYNE (C2EA #42).

Laser microdissection: see Supplemental methods

Libraries, sequencing, mapping, differential expression

RNA was extracted from each section by microRNeasy kit from Qiagen with DTT to
stabilize RNA. Libraries were prepared with SOLiD Total RNA-seq kit (Life Technologies
#4452437). Briefly, RNA was ligated with a random adapter overnight at 16°C, first strand
cDNA was made using specific primers to the common adapter sequence and run on a 10%
urea gel to size select. The resulting cDNA was amplified 15 cycles using primers from the
common adapter sequence. Library size was confirmed using an Agilent high sensitivity
DNA chip. Small RNA libraries were sequenced on the SOLID 4 platform. Reads were
mapped to well-authenticated primate miRNA precursors from miRBase v.16 using the
small RNA pipeline from SOLID and only uniquely mapped sequences were counted. The
inclusion criterion for a miRNA was at least 5 CPM in at least three of the 20 libraries. Data
were trimmed mean of M (TMM) normalized using the BioConductor package edgeR v.
3.2.1 (Robinson et al., 2010). The same package was used to determine the differential
expression of miRNAs across the seven brain regions among all three replicates, i.e. 20
libraries. All comparisons were corrected for multiple testing using a Benjamini-Hochberg
procedure. Searches for miRNA conservation utilized mirBase v.16, mirOrtho (Gerlach et
al., 2009) and the UCSC Browser (UCSC Genome Browser on Human Feb. 2009 (GRCh37/
hg19) Assembly). The data has been deposited to GEO access number: GSE52608).

PCA methods

Principal Component Analysis (PCA) was applied to the mean normalized, mean centered
data, for the top 100 more variable miRNA between groups and less variable amongst
replicates, using Python 2.6 scripts via SciPy, NumPy. PCA direction was calculated using
the average to minimize the effect of the replicates on the vector calculation. The individual
replicates were plotted on the new axes. A two-sided Wilcoxon rank-sum test was used to
determine the statistical significance of the separation among clusters.

Digital PCR: see Supplemental methods

RISC Trap: see Supplemental methods

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miRNA collective variation distinguishes embryonic cortical zones
(A) PCA was applied to the miRNA profiles of the CP (CP17, CP18) and the GZ

(OSVZ17int, OSVZ17ext, OSVZ18, VZ17, VZ18) from E80 macaque embryos. Two
clusters stand out— CP and GZ—that are independent of the cortical area. (B) PCA using a
subset of the data, the OSVZ of area 17 and 18, separated the OSVZ17 (int and ext) from
OSVZ18. (C) Samples from area 17 reveal further distinctions between VZ and OSVZ
fractions. See also Figure S1 and Table S1.
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Figure 2. Heat map for differentially expressed miRNAs
(A) DE miRNAs were statistically identified by EdgeR, FDR< 0.05. CP (17 and 18) were

compared to all GZ (17 and 18). (B) For area 17 two additional comparisons were done:
VZ17 to OSVZ17int and to OSVZ17ext. (C) Comparison of OSVZ17: OSVZ17int vs
OSVZ17ext. DE miRNAs between OSVZ17int and OSVZ17ext have a higher percentage of
miRNASs reported in primates, but absent in mouse (54%) than DE miRNAs between CP and
GZ (34%). See also Figure S2 and Table S2.
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Figure 3. RICStrap DE miRNAs and validation
(A) Using the RISCtrap method, DE mRNAs were pulled down for mir-550-3p,

mir-3613-5p, mir-1301-3p, mir-1180-3p, mir-1260a-5p, mir-1271-5p. DE mRNAs were
determined using the EdgeR package, FDR<0,05. mil1, mll2, kansl1 and dix1 are targets of
miRNAs expressed in primates and laurasiatheria, but not in rodentia. kansd 1 mMRNA
expression was confirmed by ISH (B), and the presence of the MLL2 protein by
immunofluorescence (C) on E80 cortex cryosection. Scale bars: 50 um. See also Figure S3
and Table S3.
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Figure 4. DE miRNAs control key points in the cell cycle and in cortical development
(A) Key proteins which regulate neuronal progenitor cell-cycle and neurogenesis were

among the proven targets of the DE miRNAs (Black: miRNAs expressed in primate,
Laurasiatheria, and Rodentia; Red, miRNAs expressed in primates and Laurasiatheria, but
not in Rodentia). (B) Levels of expression of these DE miRNAs are represented on a heat

map.
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