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ABSTRACT
Brain size and cognitive skills are the most dramatically changed traits in humans during evolution and yet
the genetic mechanisms underlying these human-specific changes remain elusive. Here, we successfully
generated 11 transgenic rhesus monkeys (8 first-generation and 3 second-generation) carrying human
copies ofMCPH1, an important gene for brain development and brain evolution. Brain-image and
tissue-section analyses indicated an altered pattern of neural-cell differentiation, resulting in a delayed
neuronal maturation and neural-fiber myelination of the transgenic monkeys, similar to the known
evolutionary change of developmental delay (neoteny) in humans. Further brain-transcriptome and
tissue-section analyses of major developmental stages showed a marked human-like expression delay of
neuron differentiation and synaptic-signaling genes, providing a molecular explanation for the observed
brain-developmental delay of the transgenic monkeys. More importantly, the transgenic monkeys exhibited
better short-termmemory and shorter reaction time compared with the wild-type controls in the
delayed-matching-to-sample task.The presented data represent the first attempt to experimentally
interrogate the genetic basis of human brain origin using a transgenic monkey model and it values the use of
non-human primates in understanding unique human traits.
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INTRODUCTION
Expansion in brain size and improvement in cogni-
tive skills are among the most fundamental evolu-
tionary changes that set humans apart from other
primates. Comparative genomic analyses between
humans and non-human primates suggest that these
dramatic phenotypic divergences may be due to
several underlying genetic changes: rapid evolu-
tion of protein-coding genes [1,2] and non-coding
RNA genes [3–5], emergence of human-specific
segmental duplications [6–8], as well as alterations
in gene expression [9–12] and epigenetic regulation
[13–15]. Despite a great deal of effort in previous
studies, we are still on the way in searching for the

responsible genes and dissecting the genetic mecha-
nisms that shape the human brain.

Among the reported genes that play important
roles in human brain development, MCPH1 (also
known as BRIT1) is one of the strong candidates
that may contribute to human brain evolution
[16]. It is one of the fast-evolving genes in primates
[17]. In particular, MCPH1 has accumulated seven
human-specific amino acid changes that are fixed
in modern humans [17]. Our previous in vitro
experiments showed that these human-specific
protein-sequence changes could alter the regula-
tion of MCPH1 on its downstream genes [18].
Importantly, at the transcriptional level, MCPH1
also has shown human-specific changes. During
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postnatal brain development,MCPH1 is abundantly
expressed in humans, but less so in non-human pri-
mates (macaque and chimpanzee, Supplementary
Fig. 1A) [11]. In addition, we have shown that the
MCPH1 transcriptional activity was significantly
higher in human than in rhesus monkey [18].
Collectively, current evidence suggests that not only
the human-specific protein-sequence changes, but
also gene-expression alteration ofMCPH1may con-
tribute to human brain development and function.

MCPH1 encodes a pleiotrophic protein. It func-
tions as a transcription factor by interacting with
E2F1 (E2F transcription factor 1) to regulate cell
cycle and cell apoptosis [19]. It alsoworks as aDNA-
damage response protein and is involved in chro-
matic remodeling to controlDNA repair [16,20,21].
In the central nervous system, as a centrosome pro-
tein,MCPH1plays a conserved role in neurogenesis
by regulating the neuronal progenitor divison mode
via the Chk1–Cdc25B pathway [22]. In humans,
truncated mutations of MCPH1 cause primary
microcephaly (MCPH, OMIM251200)—a rare
human brain-developmental disorder, characterized
by significantly reduced brain volume and mental
retardation [23–25]. Consistently, the MCPH1
knockout animal models (mouse and monkey) re-
produced the phenotypes of human microcephaly,
notably the reduced brain size [22,26]. During
human brain development,MCPH1 has the highest
expression at the prenatal stage and the expression
reduces after birth and remains at a constant level
through adulthood (Supplementary Fig. 1B). At the
prenatal stage,MCPH1 is highly expressed in all cell
types in the cortex, including neural progenitor cells,
inter-neurons, astrocytes and microglia cells [27]
(Supplementary Fig. 1B). In a mouse study, it was
demonstrated thatMCPH1 controls precise mitotic
spindle orientation and regulates the progenitor
divisionmode tomaintain brain size [22]. However,
although MCPH1 loss of function causes abnormal
brain development, resulting in a reduced brain size
in human and animals, the functional consequence
of the human-specific seqence and expression
changes remains to be understood.

To interrogate the genetic basis of human brain
evolution, the traditional mouse or rat models are
less ideal due to the vast dissimilarities in brain size
and structure between humans and rodents. Instead,
a non-human primate transgenic model would be
far more effective. The rhesus monkey (Macaca mu-
latta), an Old World Monkey species widely used
for biomedical research, is an ideal choice, due to
its high sequence similarity with humans (>93% for
protein-coding genes) [28] and yet relatively large
phylogenetic distance (about 25 million years of
divergence from humans), which alleviates ethical
concerns [29].

For MCPH1, the coding sequence similarity is
94.9% between human and rhesus monkey, while
it is only 67.5% between human and mouse. Sim-
ilarly, the 5’ non-coding sequence (∼5 kb) of
MCPH1 likely contains regulatory elements for
gene-expression regulation and it has 88.7% simi-
larity between human and rhesus monkey, while it
is only 40.4% between human and mouse. Addi-
tionally, we have shown that, during primate evo-
lution, theMCPH1 promoter region has acquired a
primate-specificE2F1-bindingmotif that is absent in
rodents and other mammalian species [30]. Taken
together, a rhesus monkey model is promising to
study the functional impact of the human-specific
changes (protein sequence and gene expression) on
human brain evolution.

In this study, to mimic the human-specific
genetic changes, using lentivirus transfection, we
introduced the human MCPH1 copies (huM-
CPH1) into the rhesus monkey genome so that the
transgenic (TG) monkeys have an overexpression
of humanMCPH1. We successfully generated eight
first-generation (F0) and three second-generation
(F1) TG monkeys carrying humanMCPH1 copies.
Brain-development tracking viamagnetic resonance
imaging (MRI) of a tissue section with cellular
markers showed that the TG monkeys experienced
delayed neuronal maturation and neural-fiber
myelination, both of which are human-like features
of brain-developmental neoteny. Accordingly, tran-
scriptome analysis of prenatal and postnatal brain
development revealed an altered gene-expression
profile in neuro-progenitors and neurons with
shifted expression time of synapse-related genes
in the TG monkeys. Remarkably, our preliminary
cognitive test detected an improved short-term
memory in the TGmonkeys.

RESULTS
Generation of transgenic monkeys
carrying humanMCPH1 copies
All animal procedures were conducted following
the international standards, and were approved
in advance by the Institutional Animal Care and
Use Committee of Kunming Institute of Zoology,
Chinese Academy of Sciences and YunnanKey Lab-
oratory of Primate Biomedical Research (Approval
No: SYDW-2010002 and KBI K001115033-
01,01). Lentivirus delivery was used to introduce
the human MCPH1 copy (huMCPH1) into the
rhesus monkey genome. A high titer (>1 × 1010

infection particles per ml) simian immunodefi-
ciency virus (SIV) vector containing lentivirus was
produced for gene transfer (Supplementary Fig.
1C; see the ‘Methods’ section for more details).
The human MCPH1 gene was cloned into the
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WT(n=6) TG(n=5)

Figure 1. Brain-developmental tracking of the TG monkeys via structural MRI. (A) Left panel: the ultrasound image showing the twin monkeys (TG 01
and TG 02) at 58 days of gestation. Right panel: the newborn twin TG monkeys: TG 01 (male, left) and TG 02 (female, right). (B) Left panel: genomic
distribution of the huMCPH1 transgene copies in the TG monkeys. The transgene insertion sites (dots) are randomly distributed on the chromosomes
(outermost circle). Right panel: bar plot of the huMCPH1 copy numbers in the TG monkeys. (C) Left panel: the time points (log10(age-days)) of MRI scans
of the five TG and six WT monkeys, with the first scan at about 2 months after birth and the last scan at 2–3 years old. Right panel: the schematic
map of brain regions. (D) The change in relative brain volume (measured by the total brain volume divided by the body weight) during development. (E)
The change in cortex thickness during development. (F) The change in cortex gray-matter volume and ratio during brain development. (G) The change in
cortex white-matter volume and ratio during brain development. Group effect P-value was calculated based on LMM (linear mixed model) and P< 0.05
was taken as statistically significant. The dashed vertical lines indicate the peaks of cortex gray-matter volumes or ratios.

SIV vector containing an eGFP (enhanced green
fluorescent protein) gene copy and a universal
promoter (the CMV-enhanced chicken beta actin
(CAG) promoter) (Supplementary Fig. 1D). The
monkey oocytes were obtained by super-ovulation
and fertilized in vitro (IVF).The early-cleavage-stage
embryos were injected with 50–100 pl lentivirus.

In total, five pregnant surrogates produced eight
F0 monkeys (T 01–T 08), among which six are

twins (T 01/T 02, T 03/T 04 and T 06/T 07)
(Fig. 1 and Table 1). Caesarean section was used
to deliver baby monkeys at around 155 days’ ges-
tation except for the twins (T 03 and T 04) with
premature abortion at embryonic 136 days. Mul-
tiple tissues (blood, placenta, umbilical cord en-
dothelial cells and skin) were sampled to test the
transgenic status and all monkeys turned out to be
positive (Supplementary Fig. 1E–P). We detected
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Table 1. Information of the generated transgenic monkeys in this study.

Monkey
ID Generation Sex

Date of
birth

Method of
delivery Status huMCPH1 copy number

TG 01 F0 Male 2011/6/15 C-section Live 6
TG 02 F0 Female 2011/6/15 C-section Live, deceased at 76 days after birth 4
TG 03 F0 Male – C-section Abortion at embryonic 136 days 4
TG 04 F0 Male – C-section Abortion at embryonic 136 days 9
TG 05 F0 Male 2015/6/18 C-section Live 9
TG 06 F0 Male 2015/6/26 C-section Live 6
TG 07 F0 Female 2015/6/26 C-section Live 2
TG 08 F0 Female 2015/6/26 C-section Live 6
TG 09 F1 Male – C-section Euthanized at embryonic E76 days 5
TG 10 F1 Male – C-section Euthanized at embryonic E92 days 6
TG 11 F1 Male – C-section Euthanized at embryonic E92 days 5

strong GFP signals in the nucleus of the TG mon-
keys (Supplementary Fig. 1P). Since MCPH1 is
known to work in the nucleus [31], this result sug-
gests that the huMCPH1 transgenes were correctly
positioned in the cell.

To determine the integrated genomic loca-
tions and copy numbers, we conducted captured
next-generation sequencing according to the re-
ported method [32]. As expected for lentivirus,
the huMCPH1 copies were randomly integrated
into the monkey genomes. The eight TG monkeys
have two to nine huMCPH1 copies (Table 1 and
Fig. 1B). Importantly, all integration sites are
located in either inter-genic or non-coding regions
and presumably will not interfere with the function
of the monkey endogenous genes (Supplementary
Table 1).

For comparison,we recruited sixwild-type (WT)
monkeys (Fig. 1C and Supplementary Table 2) and
initially they were divided into two groups. The first
contained three age-matched monkeys (WT 01,
WT 02andWT 03) raisedby their biologicalmoth-
ers. The second WT group contained three age-
matched monkeys (WT 06, WT 07 and WT 08)
who were separated from their biological mothers
6–25 days after birth and raised by humans under
the same conditions as the TG monkeys (Supple-
mentary Table 2). Unfortunately, TG 02 died of
unknown cause 76 days after birth. A biopsy did
not reveal any organ damage. As mentioned above,
TG 03 and TG 04 were abortions at embryonic
136days. For comparisonof brain-tissue section and
transcriptome analysis, six additional WT monkeys
were sacrificed at the corresponding developmental
stages (76 days after birth for WT 04 and WT 05,
and embryonic 130–145 days for WT 09, WT 10,
WT 11 and WT 12) (Supplementary Table 2). In
total, we collected data from 8 TG monkeys and 12
WTmonkeys.

Brain-development tracking using
structural MRI suggests a delayed neural
maturation
To test whether the integrated huMCPH1 copies
influenced the brain development of the TG
monkeys, we first performed a non-invasive analysis,
namely structural MRI (Philips Achieva 3.0T TX).
The tested monkeys included five TG monkeys
(TG 01, TG 05, TG 06, TG 07 and TG 08)
and six WT monkeys (WT 01, WT 02, WT 03,
WT 06, WT 07 and WT 08). The MRI scans
were conducted at scheduled intervals (once every
month while 2–12 months old and then once every
6 months until 2–3 years old) (Fig. 1C). Both
T1-weighted image and diffusion tensor imaging
(DTI) data were collected. Using the T1 image
data, we calculated the volumes of total brain (TB),
cerebellum, lobes and subcortical regions based
on the published method and monkey atlas [33]
(Supplementary Fig. 2). To rule out the potential
influence of feeding types, we first compared the
twoWTmonkey groups (monkey feeding vs human
feeding) and we did not detect any difference in vol-
umes (Supplementary Table 3). Therefore, all WT
monkeys were grouped together in the following
analysis.

In general, the TB volume and body weight
of the TG monkeys were smaller than the WT
monkeys during early development, likely due
to the C-section delivery of the TG monkeys at
155 days of pregnancy—about 1 week earlier than
the natural delivery of the WT controls. Also, three
of the five TG monkeys were twins, which usually
weigh less than single-birth monkeys (all WT mon-
keys were single-birth). However, this difference
became smaller when the monkeys grew older and
the TG monkeys eventually caught up with the
WT monkeys at about 3 years old (Supplementary
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Fig. 3A and B). Of note, the relative brain volume
(TB volume adjusted by body weight) of the TG
monkeys was larger than the WT monkeys during
early postnatal development and this difference
became invisible when themonkeys grewolder (Fig.
1D, linear mixedmodel (LMM)model, group effect
P = 0.05), while the cortex thickness was similar
between them throughout development (Fig. 1E).

As the brain is mainly composed of cortex
gray matter (GM, mostly neurons) and sub-
cortical white matter (WM, mostly glial cells)
[34], we next conducted segmentation analyses.
Notably, during brain development, the cortex
GM volume of the TG monkeys increased more
slowly than that of the WT monkeys, and there
was on average 164 days’ delay of peak time for
the TG monkeys (Fig. 1F). When the cortex
was divided into four lobes (frontal, parietal,
occipital and temporal lobes), we saw the same
pattern in all lobes (Supplementary Fig. 3C–F).
Interestingly, the cortex GM ratios (the proportion
of the cortex GM volume vs the TB volume) of
the TG monkeys were larger than those of the
WT monkeys with a similar ratio peak time delay
(Fig. 1F, LMM model, group effect P = 0.06).
By contrast, we did not detect such a delay in the
cerebellum or subcortical region (Supplementary
Fig. 3G and H).

The developmental pattern of WM was differ-
ent from that of GM. There were no volume/ratio
peaks for the cortex WM and the TG monkeys kept
a significantly lower volume and cortex WM ratio
than theWTmonkeysduringdevelopment (Fig. 1G,
LMM model, group effect P = 0.0006) (Fig. 1G,
LMMmodel, groupeffectP=0.01).By contrast, the
WM volume of the subcortical region did not show
such a difference and an opposite pattern was seen
for the cerebellum, although statistically not signif-
icant (Supplementary Fig. 3G and H, group effect
P= 0.59).Given the observed patterns, we reasoned
that the observed brain-developmental changes of
the TG monkeys might reflect a delay in cortex de-
velopment rather than a developmental impairment.
Consistently with this view, the cortex GM volume
curves of the TG and WT monkeys started to con-
verge 1 year after birth (Fig. 1F) and the same pat-
tern was observed when looking at the curves of the
four lobes (Supplementary Fig. 3C–F). In particu-
lar, TG 01 and threeWTmonkeys (WT 01,WT 02
andWT 03) hadMRI data at later stages (∼3 years
old) and the cortex GM andWMvolumes of TG 01
had already caught up with the WT monkeys (Sup-
plementary Fig. 4), supporting the proposed brain-
developmental delay.

To further explore the brain-developmental
changes of the TG monkeys, we analysed the MRI-

DTI data to evaluate the WM properties, growth
of brain structures and fiber tracts that connect
them [35]. The fractional anisotropy (FA) index
was used in characterizing the degree of diffusion
directionality and is sensitive to the axon size,
density as well as the degree of myelination [36].
Consistently with the observation of brain-volume
change, in three types of WM tracts (projection
fibers, association fiber and commissural fibers),
the TG monkeys exhibited relatively lower FA
values compared with the WT monkeys, although
statistically not significant (Supplementary Fig.
5A–C and Supplementary Fig. 6). The lower FA
values suggest lower levels of myelination. A similar
pattern was also observed when looking at the
MD (mean diffusivity) values [37] (Supplemen-
tary Fig. 7). Hence, the MRI-DTI data indicated
a lower myelination level in the TG monkeys,
implying a delayed neural-fiber myelination and
neural-network maturation, which seem to mimic
the known brain-developmental delay (neoteny) of
humans [38].

We also checked whether there was a corre-
lation between the number of carried huMCPH1
copies and the brain structural measurements, and
we did not find a significant correlation with any
measurements including TB volume, cortex vol-
ume and cortex thickness, etc. (Supplementary Fig.
8), suggesting that a gene-dosage effect is not
obvious.

Brain-tissue-section analysis indicates
delayed neuronal differentiation
To detect brain-developmental changes at the cel-
lular level, we conducted brain-tissue-section anal-
ysis of the frontal lobe at both the prenatal (two
TG and four WT monkeys at embryonic day 136)
and postnatal (one TG and two WT monkeys at
76 days after birth) stages (Fig. 2A). Two marker
genes were used to examine the status of neural-cell
proliferation and differentiation, including NeuN
for matured neurons and glial fibrillary acidic pro-
tein (GFAP) for matured astrocytes. At the prenatal
stage (E136), there were 80% NeuN-positive cells
in the WT monkeys, contrasting with only 20% in
TG 03and60% inTG 04(P=1.25E-08, two-tailed
t-test; Fig. 2B). At the postnatal stage (P76), 40–
60% of cells were NeuN-positive in the WT mon-
keys, but only 10% in TG 01 (P = 6.0E-04, two-
tailed t-test; Fig. 2B). We detected similar ratio dif-
ferences for astrocytes,with theWTmonkeyshaving
twice the ratioofGFAP-positive cells comparedwith
that of the TGmonkeys (P< 0.01, two-tailed t-test;
Fig. 2C).
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Figure 2. Brain immunohistochemistry analysis with gene markers. (A) The schematic indication of the sampled frontal-lobe region of the P76 monkey
brain. (B) Immunohistochemical staining of NeuN, the marker gene for matured neurons. Quantification of the NeuN-positive neurons indicates fewer
matured neurons in the TG monkeys compared with the WT monkeys. (C) Immunohistochemical staining of GFAP, the marker gene for matured astro-
cytes. Quantification of the GFAP-positive astrocytes indicates decreased mature astrocytes in the TG monkeys. (D) Immunohistochemical staining of
DCX, the marker gene for immature neurons. Quantification of the DCX-positive neurons indicates more immature neurons in the TG monkeys. (E) Im-
munohistochemical staining of FABP, the marker gene for immature astrocytes. Quantification of the FABP-positive astrocytes indicates more immature
astrocytes in the TG monkeys. All histograms represent the mean ± SD of at least two sections and each section includes counts of four different
visual fields. The red arrows indicate positively stained cells. The two-tailed unpaired t-test was used for statistical assessment and CN stands for copy
number.

The reduced ratios of matured neurons and as-
trocytes in the TG monkeys would predict elevated
ratios of immature cells. To test this, we used two
additional makers, namely DCX (doublecortin) for
immature neurons and fatty acid binding protein
(FABP) for immature astrocytes. As expected,
the TG monkeys possessed much higher ratios of
immature neurons and glia cells compared with the

WT monkeys (P < 0.001, two-tailed t-test; Fig.
2D and 2E). Of note, the total numbers of cells in
the brain were similar between the TG monkeys
and the WT monkeys (Supplementary Fig. 9).
Collectively, this cell-level difference is consistent
with the observed myelination delay of the MRI
data, as the fiber tracts are mostly composed of glial
cells and myelinated nerve cells (axons).
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Brain-transcriptome analysis using bulk
tissue
To gain insight into the molecular mechanism un-
derling the speculated cortex-developmental delay,
we conducted RNAseq of the prefrontal cortex of
the prenatal (two TG vs four WT at E136) and
postnatal monkeys (one TG vs two WT at P76),
with liver and muscle as the references. As expected,
the overall MCPH1 expression was much higher in
the TG monkeys than in the WT monkeys for all
tissue types and the integrated huMCPH1 copies
had much higher expression than the endogenous
monkey MCPH1 (Supplementary Figs 10A and
11A). In the brain, there was a large number of
differentially expressed genes (DEGs) between the
TG and the WT monkeys (970 genes at embry-
onic day 136 and 1933 genes at postnatal day 76)
(Supplementary Figs 10B, C, 11B and C and Sup-
plementary Table 4). The numbers of DEGs were
comparable in muscles and much lower in livers.
Only a small portion of DEGs overlapped among
tissues (Supplementary Figs 10D and 11D and
Supplementary Table 4), implying that the trans-
gene huMCPH1 affects the gene expression of the
TGmonkeys in a tissue-type-dependent manner.

To see the functional enrichment of the DEGs
in the brain, we performed gene ontology (GO)
ontology analysis using the ToppGene Suite [39].
At the prenatal stage (E136), there were 350
significantly enriched functional categories for the
TG-down-regulated genes (Supplementary Table 5,
FDR B&H< 0.05) and the top four categories were
all related to synaptic signaling (Supplementary
Fig. 10E, left panel). In contrast, the enriched
categories for the TG-up-regulated genes (60 cat-
egories, Supplementary Table 6) were mostly basic
cellular functions such as translation and protein
localization to the endoplasmic reticulum, not
closely related to neural function (Supplementary
Fig. 10E, right panel). Similarly, at the postnatal
stage (P76), the top 10 enriched categories for the
TG-down-regulated genes were all related to neu-
ron differentiation and neuron development, and
synaptic-signaling geneswere also over-represented,
while the top categories for the TG-up-regulated
genes were mostly related to neuron projection
(Supplementary Fig. 11E and Supplementary Table
7). The transcriptomic changes in the developing
brains suggest that many neuron-maturation and
differentiation-related genes were suppressed in
the TG monkeys, consistently with the observed
delay of neuron differentiation in the tissue-section
analysis (Fig. 2).

Importantly, we found 107 brain DEGs shared
between the prenatal E136 and postnatal P76 stages

(Fig. 3A). GO ontology analysis with these 107
genes indicated that the highest enrichment cate-
gory was synapse-related function, confirming the
observed pattern when using all brain DEGs (Fig.
3B, 6/10). Remarkably, 35 of the 107 genes (32.7%)
overlapped with the known synapse genes in the
datasets of synaptome [40] and synsysnet [41] (Fig.
3C). Further analysis showed that about 50% of the
35 genes are either post-synapse- or synapse-related
genes, and only 0.9% are pre-synapse-related genes
(Fig. 3D). The hierarchical clustering analysis us-
ing the shared brain DEGs clearly distinguished the
TG and the WT monkeys with the most promi-
nent distinction between brain and muscle/liver
(Fig. 3E). For example, NR4A1 is a downstream
gene of MEF2A—a gene playing a critical role in
activity-induced synaptic modification [42]. This
gene showed 76% (at E136) and 26% (at P76) ex-
pression reduction in theTGmonkeys. In themouse
model, overexpression of NR4A1 would eliminate
dendritic spines while knock-down ofNR4A1 could
cause excessive number of spines and major post-
synaptic density [43]. Together, these data sug-
gest that, at the bulk-tissue level, the transgene
huMCPH1 mainly suppresses the expression of
neural differentiation and synapse-function-related
genes.

Generation of F1 TG monkeys and
transcriptome analysis of fetal cortical
lamina
To further dissect the impact of the huMCPH1
copies on brain development, we generated three F1
TGmonkeys by IVF using the sperms of TG 01 that
we proved were carrying the huMCPH1 copies in
the germ line (Supplementary Fig. 12). The three
F1 TG monkeys were sacrificed at embryonic day
76 (TG 09 at E76) and embryonic day 92 (TG 10
and TG 11 at E92)—the two developmental time
points during the neurogenesis peak in rhesus
monkeys [44]. Captured sequencing analysis indi-
cated that the three F1 TG monkeys all carried the
huMCPH1 copies at the same integrated sites as
TG 01 (Supplementary Table 1). With the use of
IVF, we also obtained five WT fetal monkeys at the
corresponding developmental points (two WT at
E76 and threeWT at E92, Supplementary Table 2).
To conduct more detailed developmental tracking,
we sampled the frontal cortex and dissected (using
lasermicro-dissection) the brain tissue into four cor-
tical laminae, as they reflect different stages of neu-
ral proliferation, differentiation and migration, in-
cluding the cortical plate (CP), outer sub-ventricular
zone (OSVZ), sub-ventricular zone (SVZ) and



RESEARCH ARTICLE Shi et al. 487

Trans
Sy

Ch
An

Cell
Re

Nu

Re
Co

Figure 3. Brain-transcriptome analysis at prenatal E136 and postnatal P76. (A) Venn diagrams showing overlaps among differentially expressed genes
(DEGs, TG vs WT) in the brain between E136 and P76. (B) Enriched gene clusters of DEGs in the brain. The green blocks indicate synapse-signaling-
associated clusters. (C) Venn diagrams showing overlaps among the E136/P76 shared genes, the synaptome genes and the synsysnet genes. The
hypergeometric tests indicate significant overlaps with the synaptome genes (P= 4.89E-08) and with the synsysnet genes (P= 7.74E-06). (D) Pie chart
of the E136/P76 shared genes indicating that about 50% of the genes are synapse- and post-synapse-related genes. (E) Hierarchical clustering using
the E136/P76 shared brain DEGs.
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ventricular zone (VZ) (Fig. 4A). RNAseq was per-
formed for each lamina.

First, we checked MCPH1 expression in WT
monkey embryos and we found that, at E76, no dif-
ference existed between the CP and the germinal
zone (OSVZ, SVZ and VZ), while, at E92,MCPH1
expression was higher in the germinal zone than in
the CP, consistently with the reported pattern in
mouse [24] (Supplementary Fig. 13A). As expected,
in the TG monkey embryos, the transgene huM-
CPH1 had a much higher expression than the en-
dogenous MCPH1 in all laminae at both E76 and
E92 (Supplementary Fig. 13B). The fold changes
were different among different laminae. SVZhad the
highest fold change at E76, while CP had the highest
fold change at E92 (Supplementary Fig. 13B).

The principal component analysis (PCA)
showed that the RNA profiles can distinguish differ-
ent developmental cortical laminae.The VZ and CP
were clearly separated, as they represent undifferen-
tiated neuro-progenitors and differentiated neural
cells, respectively, while the separation between the
SVZ andOSVZwas incomplete because they are the
intermediate stages in view of cell proliferation, mi-
gration and differentiation (Fig. 4A). Consistently,
themarker genes for neuro-progenitors (SOX2) and
neurons (SYT1) showed the expected expression
pattern in these laminae (Fig. 4A).We then analysed
DEGs of the four laminae between the TGmonkeys
and the WT monkeys. As expected, the transgene
huMCPH1 caused expression changes of many
genes and this pattern was more pronounced at E92
compared with E76 (140–350 genes for E76 and
3000–9000 genes for E92, Supplementary Table 8)
(Supplementary Fig. 13C andD).TheGOontology
analysis showed that, at E76, there were 25 enriched
categories for CP, 26 for OSVZ, 41 for SVZ and
10 for VZ (Supplementary Tables 9–12, FDR
B&H < 0.05). Among the top 10 categories, the
enriched functional terms were cell development
(CP, 5/10), synapse signaling (OSVZ, 5/10), cell
differentiation and proliferation (SVZ, 5/10) and
cilium function (VZ, 3/10) (Supplementary Fig.
13E, left panel, FDR B&H < 0.05). In contrast,
there were a lot more enriched categories at E92
(453 for CP, 109 for OSVZ, 102 for SVZ and
786 for VZ) (Supplementary Tables 13–16, FDR
B&H < 0.05), among which the top categories
were mRNA catabolic process (CP, 3/10), neuron
differentiation, neurogenesis and cell migration
(OSVZ, 5/10), cell cycle and mRNA process-
ing (SVZ, 10/10) and immune response (VZ,
8/10) (Supplementary Fig. 13E, right panel, FDR
B&H< 0.05).

We next conducted lamina-to-lamina pairwise
comparisons in the TG and the WT monkeys sep-
arately. Markedly, at E76, the TG monkeys exhib-

ited much less between-lamina expression differ-
ence than the WT monkeys. In particular, there
were no DEGs when comparing SVZ with OSVZ
in the TG monkeys, contrasting with 557 DEGs in
the WT monkeys (Fig. 4B and Supplementary Ta-
ble 17). A similar pattern was seen at E92. For ex-
ample, there were 61 CP vs OSVZ DEGs in the
TG monkeys, while there were 9186 DEGs in the
WT monkeys (Fig. 4C and Supplementary Table
18).This result suggests that cortical-lamina distinc-
tion is much weaker for the TGmonkeys compared
with theWTmonkeys, supporting the proposed de-
lay of neuronal maturation and differentiation. Con-
sistently, we observed delayed expression peaks of
four known neuron-differentiation markers, includ-
ing SYP (Synaptic vesicle protein p38), ENO2 (Cy-
tosolic protein t),GAD1 (Glutamic acid decarboxy-
lase) andMAP2 (Cytoskeletal protein) (Fig. 4D).

Furthermore, in order to see the temporal pat-
tern of gene-expression delay in the TG monkeys,
we combined the RNAseq data of all four develop-
mental stages, including E76, E92, E136 and P76
(6 TG vs 11 WT). We classified those genes show-
ing expression delay in the TG monkeys into three
types according to their expression peak times in
the WT monkeys (Supplementary Fig. 14A and
B). The Type-1 genes are those with an expression
peak shift from E92 in the WT monkeys to E136
in the TG monkeys (e.g. the SLC44A2 gene). The
Type-2 genes had a peak shift from E136 in the
WT monkeys to P76 in the TG monkeys (e.g. the
SYP gene), while the Type-3 genes had a peak shift
from E92 in the WT monkeys to P76 in the TG
monkeys (e.g. theCDK5 gene) (Supplementary Fig.
14A). In total, we identified 185, 347 and 50 genes
for Type-1, Type-2 and Type-3 delays, respectively
(Supplementary Fig. 14B). We then performed GO
ontology analysis and only theType-2 genes showed
significant enrichment of functional categories, im-
plying that the developmental stage close to birth
was the most affected in the TG monkeys. Consis-
tently with the results of bulk-tissue RNAseq, the
Type-2 genes from the cortical laminae containing
undifferentiated cells (VZ, SVZ and OSVZ) were
mainly enriched for synapse-related functions such
as trans-synapse signaling, chemical-synapse trans-
mission and synaptic signaling (Supplementary Fig.
14C, P< 0.001) and the involved genes showed de-
layed expression peaks at P76 or later stages in the
TGmonkeys.

To test whether the observed gene-expression
delay in the TG monkeys show human-like fea-
tures, we obtained data from a previous study in
which genes with human-specific expression de-
lay were identified by comparing postnatal brain
development in the prefrontal cortex of humans,
chimpanzees and rhesus macaques [11]. We found
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Figure 4. Transcriptome analysis of cortical laminae at E76 and E92. (A) Laser micro-dissection of cortical-laminae and RNAseq analysis. Left panel:
Nissl staining of the E76 cortex (TG-09) showing the cortical laminae. Middle panel: the PCA maps of E76 and E92 based on expression levels of all
genes. Right panel: cell-marker analysis with SOX2 for neuro-progenitor cell and SYT1 for neuron. (B) Volcano plots showing pairwise comparisons of
gene expression between the indicated laminae of E76. (C) Volcano plots showing pairwise comparisons of gene expression between the indicated
laminae of E92. (D) Four mature neuron gene makers showing expression delay in the TG monkeys.

that only the Type-2 genes were enriched in the re-
ported Module-I gene set with human-specific ex-
pression delay (P < 0.0001; hypergeometric test;
Supplementary Fig. 14D and Supplementary Table
19). For example, MEF2A is a Type-2 gene and
also a Module-I gene, which not only plays a role
in neuron differentiation [45], but also mediates a
human-specific time shiftof cortex synaptic develop-
ment [11]. Hence, the patterns of gene-expression
delay are consistent between the data from the bulk
tissue and the data for the laminae, andmany neural-
differentiation-related genes were suppressed in the
TG monkeys with human-like expression delays
during brain development.

General behavior analysis and test of
short-term memory
To test whether the observed brain-developmental
delay at the molecular and cellular levels in the TG
monkeys can be transformed into cognitive changes,

we first performed an analysis of general behav-
iors (four TG vs four WT age-matched monkeys
24–36months old; see the ‘Methods’ section for de-
tails). A total of nine indexes for general behaviors
were measured [46], including self-injury behavior,
stereotypical behavior, feeding, self-grooming, loco-
motion, resting, bouts of wake, wake and sleep. No
differencewas detectedbetween theTGand theWT
monkeys, suggesting that the transgene huMCPH1
did not cause abnormal behaviors in the TG mon-
keys (Supplementary Fig. 15).

Next, we performed a test of short-termmemory
using the delayed-matching-to-sample (DMS) task,
which was known to be correlated with prefrontal-
cortex function [47–49]. The computerized touch-
screen behavioral battery (Cambridge Neuropsy-
chological Test Automated Batteries, CANTAB;
Lafayette, USA) was used. The DMS task requires
themonkeys to remember the color and the shape of
a stimulus on the screen for a specified delayed time.
The monkeys were initially habituated in a testing
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Figure 5. Test of short-term memory using the DMS task. (A) Schematic diagram of the DMS task. (B) The results of the DMS trials indicating different
performances between the TG and WT monkeys at different delay times including 0–4, 8, 16 and 32 sec. The bottom-right panel presents the merged
DMS data of all delay times. The group effect P-values for correction percentage comparison were computed based on the general linear model (GLM)
and corrections for multiple tests were conducted using Bonferroni. The P-values for reaction time were calculated using the two-tailed Student’s t-test.

room for 5 days and then subject to touch train-
ing. Touch training was divided into two phases.
In Phase-1, monkeys were subject to touch train-
ing for 15 days continuously. In Phase-2, monkeys
were required to have a >85% correction rate for
3 continuous days in the training sessions and then
were subject to the DMS task test (Fig. 5A, Sup-
plementary Fig. 16 and Supplementary Video 1;
more details about touch training is provided in
the ‘Methods’ section). The results showed that,
at 0 ∼ 4-sec delayed times, the TG monkeys per-
formed significantly better than the WT monkeys
(Fig. 5B, general linear model (GLM)model, group
effect P= 0.0086) and this difference became more
pronounced in the sessions with 8 and 16-sec de-
layed times (Fig. 5B; GLM model, 8 s, group ef-
fect P = 0.0022; 16 s, group effect P = 5.5E-04).
When the delayed time extended to 32 sec, the
difference remained (Fig. 5B, GLM model, group

effect P = 0.032). When all sessions with differ-
ent delayed times were combined together, the TG
monkeys had a significantly better performance than
theWTmonkeys (Fig. 5B,GLMmodel, group effect
P= 7.5E-04). Interestingly, we also observed signif-
icantly shorter reaction times (response latency) in
the TG monkeys for all categories of delayed times
(P < 0.001, two-tailed t-test, Fig. 5B). Collectively,
theTGmonkeys exhibitedbetter performance in the
DMS task than the WT monkeys, suggesting that
the brain-developmental delay caused by the trans-
gene huMCPH1may have enhanced the short-term
memory of the TGmonkeys.

DISCUSSION
MCPH1 is one of the strong candidates for hu-
man brain evolution, since it has accumulated a
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human-specific protein-sequence and gene-
expression changes [17,18]. Ideally, a gene-
replacement model would be preferred so that the
influence of the endogenousmonkeyMCPH1 could
be removed. However, due to the long generation
time of monkeys (4–5 years), current gene-editing
tools are still impractical in generating such a model
in monkeys. We argue that a transgenic monkey
model is practical and to a large extent can mimic
the human-specific status. The transgenic monkeys
carry the humanMCPH1 copies so that the effect of
the human-specific protein-sequence changes can
be tested. At the same time, since the transgenic
monkeys over-express the huMCPH1 transgene,
this can mimic the human-specific increase in gene
expression.

Because MCPH1 is a key gene for neurogene-
sis, one of the expected phenotypic outcomes in
the transgenic monkeys would be a larger brain,
which was not the case in this study. We showed
that the TGmonkeys carrying the huMCPH1 trans-
gene did not manifest an enlarged brain size, imply-
ing that a single gene likely has a limited effect on
neural progenitor pool proliferation during brain de-
velopment. Alternatively, it is equally possible that
the human-specific changes inMCPH1may not en-
hance its known function in neuro-progenitor pro-
liferation [22]; rather, they work on the unknown
function of MCPH1 in neuronal maturation, neu-
ral plasticity and synapse signaling, which were sup-
portedbymultiple lines of evidence presented in this
study.

Our analyses found a developmental delay of
GM in the brain of the TGmonkeys, suggesting that
the huMCPH1 transgene may delay neuron differ-
entiation andmaturation during brain development.
Consistently with the cortex-developmental delay,
there were much fewer mature neurons and glia
cells in the TG monkeys compared with the WT
monkeys during the early period of postnatal devel-
opment.Consistently, the tissue-level transcriptome
comparisons indicated a large amount of neuron
differentiation and development, and synapse genes
were suppressed in the TG monkeys, providing a
possible molecular basis for the observed delay in
cell maturation and fibermyelination in the brain. In
fact, our previous in vitro experiments demonstrated
thatMCPH1 can act as a transcription repressor and
repress telomerase activity [50]. Furthermore, the
cortical-lamina transcriptome comparisons showed
that the huMCPH1 transgene can influence gene
expression at all laminae including the CP, OSVZ,
SVZ and VZ as early as prenatal E76, indicating that
the huMCPH1 transgene may alter neurogenesis
by affecting the neuro-progenitor cell division and
differentiation. In fact, previous mouse studies have
already shown that MCPH1 is required for precise

mitotic spindle orientation during neurogenesis
[22]. Additionally, as expected, cortical-lamina
pairwise comparisons suggested that the between-
laminae differences in the TG monkeys were not as
obvious as in the WT monkeys, consistently with
the proposed delay in neural differentiation. Hence,
the huMCPH1 transgene may have contributed to
delaying cortical-lamina differentiation in the TG
monkeys. Taken together, we propose that over-
expression of the huMCPH1 transgene can cause
neural-developmental delay due to the down-
regulation of many neural-differentiation-related
genes. Future experiments are warranted to reveal
the detailed molecular pathways.

One hallmark difference between humans and
non-human primates is that humans require a much
longer time to shape their neuro-networks during
development, greatly elongating childhood, namely
the so-called ‘neoteny’. Myelination is the process
of generating myelin sheaths around nerve fibers so
that neural signals can be propagated more swiftly
with less signal loss.This process is considered a key
developmental aspect of the human brain and con-
tinues for at least 10–12 years after birth, providing
an extended window of neural-network plasticity
[51]. In fact, human neocortical myelination is
developmentally protracted compared with that of
chimpanzees [52]. We speculate that the observed
neural-maturation delay in the TG monkeys may
have extended their time window of neural-network
plasticity, similar to the brain-developmental
neoteny of humans. In support of our specula-
tion, when we combined the RNAseq data of all
developmental stages, we found that many of the
delay genes were synapse-related genes, which are
required for the experience-dependent process of
neural-network plasticity [53]. More interestingly,
most of the delay genes showed human-specific
changes in the timing of synaptic development in the
previous study [11]. For example,MEF2A and SYP
were among the key genes showing human-specific
delay of youth-like expression compared with
chimpanzee and macaque [11]. Notably, synapse
and spine density in the human-projection neurons
is much higher than that in rhesus macaque, which
is associated with the higher cognitive performance
in humans [11,54].

The speculated extension of neural-network plas-
ticity in the TG monkeys gained further support
from our preliminary cognitive data. The TG mon-
keys showed an improved short-term memory, sug-
gesting that the observed brain-developmental delay
in theTGmonkeys is beneficial, possibly through ex-
tending the time window of neural-network plastic-
ity. More interestingly, the TG monkeys displayed
a significantly shorter reaction time than the WT
monkeys during the DMS task, which is another
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hint at cognitive improvement. More sophisticated
cognitive tests are needed to understand the long-
term effect of the huMCPH1 transgene in the TG
monkeys.

Our findings demonstrated that transgenic non-
human primates (excluding ape species) have the
potential to provide important—and potentially
unique—insights into thebasicquestionsofwhat ac-
tually makes humans unique, as well as into disor-
ders and clinically relevant phenotypes, such as neu-
rodegenerative and social-behavior disorders that
are difficult to study by other means [32,46,55]. But
such gains must invariably be weighed against po-
tential ethical concerns [29,56,57]. We noted that
the transgenic monkey model also has limitations,
including the influence of the endogenous mon-
key gene copy and the incapability to differenti-
ate the effects of protein-sequence changes from
gene-expression changes. Several recent technical
improvements (e.g. CRISPR-Cas9) have shown
the hope of conducting precision genome editing
in monkeys [26,58–61], providing more powerful
tools for future studies in understanding the genetic
basis of human brain evolution.

METHODS
The detailed methods and materials are available as
Supplementary Data atNSR online.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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