
Massively parallel discovery of human-specific
substitutions that alter enhancer activity
Severin Uebbinga,1

, Jake Gockleya,1,2, Steven K. Reillya,3, Acadia A. Kochera, Evan Gellera,4, Neeru Gandotraa,
Curt Scharfea, Justin Cotneya,5, and James P. Noonana,b,c,d,6



aDepartment of Genetics, Yale School of Medicine, New Haven, CT 06510; bDepartment of Ecology and Evolutionary Biology, Yale University, New Haven,
CT 06520; cDepartment of Neuroscience, Yale School of Medicine, New Haven, CT 06510; and dKavli Institute for Neuroscience, Yale School of Medicine,
New Haven, CT 06510

Edited by Sarah A. Tishkoff, University of Pennsylvania, Philadelphia, PA, and approved November 25, 2020 (received for review April 13, 2020)

Genetic changes that altered the function of gene regulatory
elements have been implicated in the evolution of human traits
such as the expansion of the cerebral cortex. However, identifying
the particular changes that modified regulatory activity during
human evolution remain challenging. Herewe usedmassively parallel
enhancer assays in neural stem cells to quantify the functional impact
of >32,000 human-specific substitutions in >4,300 human accelerated
regions (HARs) and human gain enhancers (HGEs), which include en-
hancers with novel activities in humans. We found that >30% of
active HARs and HGEs exhibited differential activity between human
and chimpanzee. We isolated the effects of human-specific substitu-
tions from background genetic variation to identify the effects of
genetic changes most relevant to human evolution. We found that
substitutions interacted in both additive and nonadditive ways to
modify enhancer function. Substitutions within HARs, which are
highly constrained compared to HGEs, showed smaller effects on en-
hancer activity, suggesting that the impact of human-specific substi-
tutions is buffered in enhancers with constrained ancestral functions.
Our findings yield insight into how human-specific genetic changes
altered enhancer function and provide a rich set of candidates for
studies of regulatory evolution in humans.

gene regulation | enhancer evolution | human accelerated regions |
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Changes in developmental gene regulation are hypothesized
to contribute to the evolution of novel human phenotypes

(1–3). However, identifying specific genetic variants that altered
regulatory activity in human development remains challenging.
Previous studies using comparative genomics strategies have
identified two classes of regulatory elements that may encode
uniquely human functions. The first class are human accelerated
regions (HARs), which are highly conserved across species but
exhibit a significant excess of fixed sequence changes in humans
(4–8). HARs are enriched near genes implicated in brain de-
velopment, and several HARs have been shown to encode
transcriptional enhancers with human-specific changes in activity
(4, 6–10). The second class of elements are human gain en-
hancers (HGEs), which show increased levels of histone modi-
fications associated with enhancer activity in developing human
tissues compared with rhesus macaque and mouse (11, 12).
Thousands of HGEs have been identified in the human embry-
onic cortex. Chromosome conformation studies demonstrate
that HGEs and HARs target genes involved in neurogenesis,
axon guidance, and synaptic transmission during human cortical
development (13–16).
The exact genetic changes that drive novel human regulatory

functions in HARs and HGEs, and the effect they have on en-
hancer activity both individually and in combination, remain to
be fully determined. One approach used to discover functional
single-base variants is the massively parallel reporter assay
(MPRA) (17), in which a synthesized library of candidate regu-
latory elements is cloned in front of a reporter gene containing a
random oligonucleotide barcode. High-throughput sequencing

of the transcribed barcode collection is then used to quantify
regulatory activity. A single MPRA experiment interrogates
thousands of sequence changes at once, which provides the
means to comprehensively analyze sequence variation within
regulatory elements in a combinatorial manner. This technique
has been used to measure the effect of saturating mutations in
single enhancers and to identify single nucleotide variants that
may alter enhancer activity (17–19).
A recent MPRA queried 714 HARs in human and chimpan-

zee neural progenitor cells (20). Forty-three percent of these
HARs were found to act as enhancers in this assay, two-thirds of
which showed differential activity between the human and chim-
panzee versions. The study also dissected the sequence variation in
seven of these HARs, showing that a combination of buffering and
amplifying effects of single-base substitutions generated a conserved
or modified regulatory output (20). However, previous studies have
not distinguished between human-specific substitutions and other
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variation such as chimpanzee-specific substitutions or segregating
variants, which are less likely to underlie the genetics of human-
specific traits. Furthermore, HARs only capture a small fraction of
human-specific substitutions in the genome that may alter regula-
tory function. The impact of human-specific substitutions on en-
hancer activity overall has not been investigated.
To gain insight into this question, we used MPRAs to identify

the additive and nonadditive effects of over 32,000 human-
specific substitutions in HARs and HGEs on enhancer activity.
We chose to use H9-derived human neural stem cells (hNSCs), a
model system for studying human neurogenesis (21) (Materials
and Methods), as regulatory changes in neural precursors may
have contributed to the expansion of the human cortex (1). We
identified 11.7% of HARs and 33.9% of HGEs as active en-
hancers in human neurodevelopment, of which 27.5% and
34.6%, respectively, were differentially active between human
and chimpanzee.
We then designed a second MPRA to quantify how 1,300 human-

specific substitutions within differentially active HARs and HGEs act
alone or in combination to alter enhancer activity. We found that
pairs of interacting substitutions were often in close proximity, in line
with a model where transcription factor binding is modified in concert
by multiple substitutions. We identified a suite of transcription factors
(TFs) implicated in enhancer activity in our assay, including cell cycle
regulators. Our findings reveal mechanisms of enhancer evolution in
humans and provide an entry point toward a functional under-
standing of the genetic changes underlying the evolution of the
human neocortex.

Results
Identifying Changes in Enhancer Activity in HARs and HGEs. We used
a two-stage MPRA to screen the effects of human-specific sub-
stitutions within 1,363 HARs and 3,027 HGEs on enhancer ac-
tivity (Fig. 1A and Dataset S1). To be included in our screen, we
required substitutions to exhibit a derived sequence change in
human compared to the orthologous position in chimpanzee,
orangutan, rhesus macaque, and marmoset, which we required to
exhibit the same, putatively ancestral, character state. We then

used the Single Nucleotide Polymorphism Database (dbSNP)
(build 144) to exclude human polymorphisms (Materials and
Methods). This filtering scheme yielded 32,776 human-specific
substitutions (termed “hSubs”) for our study.
In the first stage of our screen, we sought to identify HARs

and HGEs with potential changes in enhancer activity due to
hSubs. We designed human–chimpanzee orthologous pairs of
137-bp sequence fragments centered on each substitution.
Where two hSubs were in such close proximity that they would
overlap the same fragment, we generated additional fragments
centered on the midpoint between each pair of hSubs. This
provided 100,536 fragments in total (Fig. 1A). To generate the
MPRA library, we synthesized and cloned each fragment up-
stream of a minimal promoter driving the expression of a luc2
firefly luciferase open reading frame (ORF) tagged with a ran-
dom oligonucleotide barcode (Fig. 1B and SI Appendix, Fig. S1).
Each MPRA fragment was linked to 80 unique barcodes on
average, yielding a library containing ∼8 million unique mole-
cules. We included human and chimpanzee orthologous frag-
ments in a single library to prevent batch effects that would
confound potential species differences in activity.
We then carried out four replicate MPRAs. We transfected

the library into hNSCs and collected both input plasmid DNA
(pDNA) and total RNA (SI Appendix, Supplementary Text).
Following complementary DNA (cDNA) synthesis, we used
high-throughput sequencing to determine barcode counts in both
the cDNA and pDNA fractions (SI Appendix, Supplementary
Text). Barcode counts were summarized by fragment. We re-
moved fragments with fewer than 12 barcodes as those showed
high variance in barcode counts across replicates (SI Appendix,
Fig. S2). A total of 78,487 fragments passed this threshold,
hereafter called “measured fragments.”Measured fragments had
on average 69.3 associated barcodes (SD = 62.4; 95% range, 13
to 233), and barcode counts showed high correlations between
replicates (Spearman’s rank correlation, ρ = 0.87 to 0.89 for
pDNA and ρ = 0.81 to 0.85 for cDNA, P < 1 × 10−300).
Fragment counts were highly correlated between the cDNA

and pDNA fractions (ρ = 0.79 to 0.81, P < 1 × 10−300). This
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Fig. 1. Experimental design. (A) We synthesized 137-bp MPRA fragments overlapping 32,776 hSubs in 3,027 HGEs and 1,363 HARs. (B) MPRA fragments
(human in blue, chimpanzee in green) were cloned in front of a luc2 reporter gene and a random oligonucleotide barcode tag (in yellow). Sequencing and
counting barcodes provide a quantitative measure of enhancer activity. (C) In stage 1 of the experiment, we screened 50,268 orthologous human–
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indicates that most fragments produced as much cDNA as pre-
dicted from their pDNA input, supporting that they did not ex-
hibit enhancer activity in the screen. However, a subset of human
and chimpanzee fragments do show increased levels of cDNA-
derived barcode counts, suggesting they act as transcriptional en-
hancers (Fig. 2 A and B). To quantify enhancer activity for each
fragment, we first calculated the ratio of cDNA counts over pDNA
counts for each barcode. We then defined fragment activity as the
log2 mean of activities of all barcodes assigned to that fragment. We
found fragment activity to be robust between replicates (ρ = 0.73 to
0.78, P < 1 × 10−300). We then used one-tailed t tests to compare
each fragment’s activity against the rest of the library to identify
fragments showing significant levels of activity in the screen (Ma-
terials and Methods and SI Appendix, Fig. S3).
We identified 3,202 fragments (4.1% of all measured frag-

ments; SI Appendix, Table S1A) that showed significant enhancer

activity (Fig. 2 C–F). Consistent with previous MPRA studies
(17, 19, 22), most of these fragments showed modest activity;
only 15.2% of active fragments showed an average activity higher
than 2. Active fragments were more commonly found in regions
with evidence of regulatory activity in hNSCs based on chromatin
accessibility or histone H3 K27 acetylation (H3K27ac) peaks (SI
Appendix, Table S2). Compared to HARs, HGEs contained a
larger number of measured (36,656 vs. 7,884) and active frag-
ments (2,161 [5.9%] vs. 349 [4.4%]).
We then sought to identify orthologous human and chim-

panzee fragments that showed differential activity and that could
be used to dissect the effects of human-specific substitutions in
the second MPRA described below. We defined a set of 3,219
measured fragment pairs in which the human, chimpanzee, or
both fragments were active (Materials and Methods). We applied
two-tailed t tests in each replicate to identify significant differences
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Fig. 2. Quantifying enhancer activity using MPRA. (A and B) Comparing MPRA barcode counts in pDNA vs. cDNA fractions identifies fragments showing
increased numbers of cDNA counts, indicative of enhancer activity. (A) Active human fragments are shown as light blue points and differentially active human
fragments are shown in dark blue. (B) Active chimpanzee fragments are shown as light green points and differentially active chimpanzee fragments are
shown in dark green. (C and D) The distribution of enhancer activity in all active and differentially active fragments in human (B) and chimpanzee (D). (E and
F) The number of active and differentially active fragments detected from human (E) and chimpanzee (F). (G) The distribution of differences in activity
between all active human and chimpanzee fragments. Human and chimpanzee fragments showing significant increases in activity are labeled in dark blue or
dark green, respectively. Fragments showing nonsignificant activity differences are shown in gray.

Uebbing et al. PNAS | 3 of 11
Massively parallel discovery of human-specific substitutions that alter enhancer activity https://doi.org/10.1073/pnas.2007049118

EV
O
LU

TI
O
N

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007049118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007049118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007049118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007049118/-/DCSupplemental
https://doi.org/10.1073/pnas.2007049118


in activity, required that fragment activity was biased in the same
species direction in all replicates, and imposed a minimum average
log2 difference threshold >0.2 (SI Appendix, Fig. S4). We identified
673 differentially active fragment pairs (23.5% of all active pairs;
Fig. 2 E and F and SI Appendix, Table S1A). Most of these showed
modest changes in activity between species (mean fold change =
1.58, 95% range, 1.17 to 3.76; Fig. 2G). However, 113 fragments
(16.8%) showed a fold change larger than 2 and 15 fragments
(2.2%) showed a fold change larger than 4 (Fig. 2G). We found that
differentially active fragments were not more likely to be human
biased than chimpanzee biased (P = 0.59, two-tailed binomial test).
We then used these results to identify active and differentially

active HARs and HGEs. We defined a HAR or HGE as active if
it contained at least one active fragment and as differentially
active if it contained at least one differentially active fragment.
We found that 11.7% of HARs and 33.9% of HGEs were active
and that 3.2% and 11.7%, respectively, were differentially active
(Fig. 3 A and B). The number of human- and chimpanzee-biased
HARs and HGEs are shown in Fig. 3 C and D. A substantial
fraction of the putative enhancers we studied thus showed
MPRA activity even though the overall number of fragments that
showed activity was small, consistent with previous MPRA
studies (19, 22). As was the case at the fragment level, there was
no preference for enhancer activity to be biased in the direction
of either species (Fig. 3 C and D). However, when we compared
differentially active fragments with genomic regions that showed
differential chromatin accessibility in neural progenitor cells
derived from human and chimpanzee cortical organoids (23), we
found agreement in the direction of species bias between the
datasets. Five human-biased accessibility calls overlapped six
differentially active MPRA fragments, five of which were human
biased. Four chimpanzee-biased accessibility peaks overlapped
four differentially active MPRA fragments, three of which were
chimpanzee biased (Dataset S1). Overall, our MPRA captured
changes in HAR and HGE activity in NSCs that potentially reflect
species-specific regulatory differences in human corticogenesis.

We compared our findings with those from a recent study (20)
that screened 714 HARs (5, 6) in an MPRA using a lentiviral
integration design in human and chimpanzee neural progenitor
cells at two different time points after neural induction. While
this study detected a larger number of active HARs, likely due to
different criteria used for identifying significantly active frag-
ments (Discussion), there was good agreement between the
findings in both studies. Of the 76 HARs active in our study and
tested in both studies, 51 (67%) were found active in both. Of the
17 HARs that contained differentially active fragment pairs in
our study and were tested in both studies, 14 (82%) showed
differential activity in both.

Isolating the Effects of Human-Specific Substitutions in HARs and
HGEs. We designed a second MPRA experiment to isolate the
specific effects of each hSub in differentially active fragments. In
addition, we included validation fragments (identical copies) for
all fragments that showed evidence of activity in the first MPRA
(including both fragments of a pair if only one was active. To
maximize the number of potentially active sequences evaluated
in the second MPRA, we also used relaxed thresholds to de-
termine activity (Materials and Methods and SI Appendix, Fig.
S3). After filtering out fragments with <12 barcodes, this second
MPRA library contained a total of 22,860 measured fragments
(93.1% of all designed). To increase the power of our screen, we
included a larger number of barcodes per fragment compared to
the first MPRA (mean = 179.5 barcodes per measured fragment;
95% range = 16 to 808). We carried out two replicate MPRAs in
hNSCs and measured enhancer activity as described for the
first MPRA.
The second MPRA replicated the results from the first MPRA

well. Fragment activity was highly correlated between the two
MPRAs (Pearson’s ρ range, 0.88 to 0.92, P < 1 × 10−300), similar
to correlations of replicates within each MPRA (ρ, 0.91 [MPRA
1], 0.94 [MPRA 2], P < 1 × 10−300). In the second MPRA, we
included a set of negative control fragments with comparable
sequence content as experimental fragments from genomic re-
gions that exhibit no evidence of enhancer activity. We then used
one-tailed t tests to identify experimental fragments with signif-
icant activity compared to these negative controls (Materials and
Methods and SI Appendix, Fig. S3). We chose this approach be-
cause the second library consisted solely of fragments with prior
evidence of activity. This was in contrast to the first MPRA, in
which most fragments were expected to be inactive and could
thus be used as a null distribution for identifying significantly
active fragments (SI Appendix, Fig. S5). Applying the same cri-
teria for identifying significantly active fragments as in the first
MPRA (Materials and Methods), we found that 69.7% of previ-
ously identified active fragments that were measured in both
MPRAs replicated their activity as enhancers in the second
MPRA (SI Appendix, Table S1B). Of the fragment pairs that
were significantly differentially active in the first and measured
again in the second MPRA, 89.2% were active, of which 66.9%
were differentially active (two-tailed t test; SI Appendix,
Table S1B).
Fragments that are differentially active between human and

chimpanzee may contain both hSubs and additional background
genetic variation, such as human polymorphisms and substitu-
tions that did not meet our criteria for selection, that is, of less
interest for understanding human regulatory evolution. To iso-
late the specific effects of individual hSubs from background
variation, we generated fragments containing all possible com-
binations of the hSub and the corresponding chimpanzee allele
on both the human and the chimpanzee background sequence
for all differentially active fragment pairs (SI Appendix, Fig.
S1B). We interrogated 1,366 hSubs using 14,429 combinatorial
fragments. We then employed an ANOVA modeling scheme to
identify hSub-specific effects on enhancer activity. We calculated

A

B

C

D

Fig. 3. Active and differentially active HARs and HGEs identified by MPRA.
(A and B) The proportion of inactive, active, and differentially active HGEs
(A) and HARs (B). (C and D) The distribution of the number of differentially
active fragments per HGE (C) and HAR (D). Most species-biased HGEs and
HARs contain only one differentially active MPRA fragment. There are an
additional 18 HGEs that contain both human- and chimpanzee-biased
fragments in different parts of their sequence (not included in C).
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hSub effect sizes as the fold change normalized by the SD. This
approach distinguishes between additive effects, which sum up
linearly, and interactive effects, where multiple changes modu-
late each other to produce an outcome different from the sum of
effects. We identified 1) additive effects of hSubs; 2) additive
background variation effects; 3) interactions between pairs of
hSubs; and 4) interactions between hSubs and the background.
We identified 401 hSubs that showed significant effects on
fragment activity, either alone (additive; n = 315) or in combi-
nation with other hSubs or background variation (interactive;
n = 120; note that a subset of individual hSubs can be scored as
additive or interactive in two different fragments; Fig. 4).
There was no significant species bias in the direction or size of

hSub effects (Mann–Whitney U = 13,137, P = 0.35 for additive
effects; U = 1,705, P = 0.81 for interactive effects; Fig. 4E and
Materials and Methods). For hSubs involved in two-way interac-
tive effects with another hSub or with the background, we esti-
mated the hSub effect size in both reference states (i.e., both the
partner hSub or background variation states) and extracted the
larger of the two effect sizes. This reference state is where in-
teractive effects exert their main function, and most of the other
reference effect sizes were negligibly small (65% of the smaller
effect sizes were <0.2 SDs). Interactive effect sizes were signif-
icantly larger than additive effect sizes (additive: mean = 0.43
SDs; interactive: mean = 0.65 SDs; U = 13,666, P = 8.0 × 10−6).
However, in both cases effect sizes were generally small (quartile
range for additive effects, 0.16 to 0.55; for interactive effects,
0.26 to 0.75). Despite this, we did identify hSubs with large ef-
fects. Of the 315 hSubs with additive effects, 24 were >1 SD and
two were >2 SDs (SI Appendix, Table S3). Of the 120 hSubs with
two-way interactive effects, 16 effects were >1 SD and five
were >2 SDs. The maximal effect sizes observed were associated
with interactive effects. The most human-biased effect was 3.36
SDs and the most chimpanzee-biased effect 4.01 SDs. The
largest additive effects were smaller at 2.26 (human biased) and
2.90 (chimpanzee biased) SDs.
An example of an hSub with an additive effect on enhancer

activity is shown in Fig. 4A. This fragment contains one hSub and
additional background sequence differences between the human
and chimpanzee alleles. The T->C hSub has a major effect on
fragment activity independent of the background sequence dif-
ferences: the human-specific C allele is more active than the
ancestral T allele. The background variation also contributes to
differences in overall fragment activity, with the human allele
being more active than the chimpanzee allele. These results il-
lustrate the value of isolating the effects of bona fide human-
specific substitutions, which are most relevant for understanding
and characterizing regulatory changes that underlie uniquely
human biology.
An example of interacting hSubs is shown in Fig. 4B. This

fragment contains two hSubs and no background variation. The
human (GA) and chimpanzee (CC) reference alleles are both
more active than either of the synthetic intermediates (GC or
CA). This shows how the activating effect of one hSub allele may
depend on the allele state of another hSub. Only a specific
combination of allele states leads to high activity, while other
combinations lead to a reduced activity. The chimpanzee allele is
the most active allele overall. Three additional examples are
shown in SI Appendix, Fig. S6.
Isolating the effects of single hSubs reveals how multiple

hSubs may combine to alter enhancer function (Fig. 4 C and D
and SI Appendix, Fig. S7). hSub effects may largely align with the
resulting fragment effect. In the simplest case, a single hSub in
the absence of any background variation will cause the entire
change in fragment activity (e.g., HGE 3116 in Fig. 4D). In more
complex cases, individual hSub effects may point in the opposite
direction of the difference in fragment activity, thereby buffering
the overall fragment effect (e.g., HACNS49 in Fig. 4D). Such

effects are then compensated for by other hSubs or by the
background variation in the same fragment. Fragments that
contained larger numbers of hSubs often showed more complex
interactions between hSubs and the background, as can be seen
by the large spread of hSub effects within some fragments (e.g.,
HACNS49 in Fig. 4D). Fragments containing more hSubs tended
to have a greater overall effect size (Spearman’s rank correlation
ρ = 0.12, P = 0.0080).

Effect Sizes of Human-Specific Substitutions Differ between HGEs and
HARs.We found that hSubs in HGEs exhibited significantly larger
overall effect sizes than hSubs in HARs (HGEs: mean = 0.51
SDs; HARs mean = 0.38 SDs; Mann–Whitney U = 19,211; P =
1.1 × 10−7; Fig. 5B). We considered several possible mechanisms
that could account for this finding. First, a greater proportion of
HGEs are active in our MPRA compared to HARs. HGEs were
defined based on epigenetic signatures of enhancer activity in the
developing human cortex at time points when substantial num-
bers of neural stem cells are present (12). In contrast, HARs
were defined based on a significant excess of human-specific
substitutions in otherwise deeply conserved regions, without
reference to any potential biological function (5–8). HGEs may
thus be more likely than HARs to show enhancer activity in an
MPRA carried out in human neural stem cells. We therefore
categorized HARs according to whether or not they showed
evidence of endogenous activity based on H3K27ac marking in
hNSCs (Materials and Methods). However, hSub effect sizes were
not significantly different between HARs marked by H3K27ac
and unmarked HARs (U = 611; P = 0.56; Fig. 5B).
Second, HARs are substantially more conserved than HGEs,

and are likely to encode regulatory functions that are still under
some degree of constraint in humans. The effect of hSubs in
HARs may be buffered due to this prior constraint. In contrast,
HGEs include both constrained and unconstrained sequences,
and hSubs in unconstrained regions may introduce novel en-
hancer activity without disrupting ancestral functions. To eval-
uate this hypothesis, we compared the distribution of constraint
in HARs and HGEs using phastCons and phyloP (24, 25). As
expected, sites with hSubs in HARs were more constrained than
in HGEs (mean phyloPHGE = −0.57 vs. mean phyloPHAR = 1.20;
U = 2,490; P = 6.2 × 10−25; Fig. 5A). Similarly, hSubs and MPRA
fragments in HARs overlapped a higher proportion of con-
strained elements detected by phastCons than in HGEs (5.5%
[hSubs] and 20.2% [fragments] for HGEs, 79.8% and 100% for
HARs; Fig. 5A).
If constraint for prior function buffers the effect of hSubs on

enhancer activity, we may expect that hSubs in constrained
HGEs would show smaller effect sizes than those in uncon-
strained HGEs. However, we found the opposite to be true:
hSubs in fragments that overlap phastCons elements showed a
significantly larger effect size than those in fragments that did
not overlap a phastCons element (U = 17,081, P = 0.028;
Fig. 5B). While we detected an effect size difference between
constrained and unconstrained HGEs, we did not find an overall
correlation between hSub effect size and strength of constraint
(Fig. 5C). In summary, while sequence constraint seems to play a
role in determining hSub effect size, it affects hSub effect size
differently in HGEs and HARs.

Human-Specific Substitutions Alter Predicted Transcription Factor
Binding Sites in HARs and HGEs. To identify TFs potentially driv-
ing human-specific enhancer activity in our MPRA, we mapped
all vertebrate transcription factor binding site (TFBS) motifs
from the JASPAR core database onto the human and chim-
panzee genomes and tested for TFBS enrichment in MPRA
fragments (SI Appendix, Supplementary Text). We identified 66
TFBS motifs that were enriched among all active fragments
relative to all measured fragments (resampling test, PBH < 0.05;
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Fig. 4. Dissecting additive and interactive effects of human-specific substitutions on enhancer activity. (A) An example locus showing additive effects of a
single hSub and background variation. The boxplots at Right show median and quartiles of barcode distributions for each fragment. The blue box shows the
activity of the human reference fragment, the green box the activity of the chimpanzee reference fragment, and gray boxes the activities of synthetic in-
termediates. Human hSub allele states are shown as filled blue boxes, and chimpanzee allele states are shown in green. The bar corresponding to each
fragment is colored based on whether the human (blue) or chimpanzee (green) reference sequence includes additional background variation. Gray indicates
that the human and chimpanzee references are identical other than the hSubs analyzed. (B) An example of an interaction effect between two hSubs. Colors
correspond to those in A. See SI Appendix, Fig. S5 for additional examples. (C) All 315 additive and 120 interactive hSub effect sizes plotted against the
reference allele effect size. Note that a subset of individual hSubs can be scored as additive or interactive in two different fragments. Each hSub is indicated by
a colored circle. Positive values on either scale indicate human-biased activity, while negative values indicate chimpanzee-biased activity. All hSubs from the
same reference fragment will have the same value on the y axis. Points along the diagonal indicate hSub effects that align with the reference fragment effect.
(D) Comparison of reference fragment effect sizes (horizontal lines) with the hSubs within them (dots). The three most human- and chimpanzee-biased
fragments and additional example loci are shown. Each locus is labeled by its HAR or HGE designation. The examples mentioned in the main text and those
shown in A and B are labeled in bold text. In cases where hSub effects do not add up to the fragment effect size, background variation and statistical noise
make up the remainder of the effect. SI Appendix, Fig. S7 shows all fragments. (E) Effect size distributions of human and chimpanzee hSubs. A Mann–Whitney
U test indicates no difference in distribution.
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Dataset S2). However, with the notable exception of the cell
cycle control factor TP53, we found no significant TFBS en-
richments in differentially active, human- or chimpanzee-biased
fragments (SI Appendix, Fig. S8 and Dataset S2). This suggests
that there is a subset of transcription factors implicated in driving
enhancer activity in our assay, and that there may not be a more
specific subset driving species-biased activity. As not all pre-
dicted TFBSs may be bound by their corresponding factors
in vivo, we repeated this analysis on TFBSs within regions of
accessible chromatin in human neural stem cells and cortical
organoids (assay for transposase-accessible chromatin using se-
quencing [ATAC-seq] data generated in this study and data from
previous studies) (23, 26). Enriched motifs in accessible chro-
matin regions represented a subset of the motifs found to be
enriched using all in silico predictions (Dataset S2). The smaller
number of regions tested led to reduced statistical power for this
analysis, such that only the test comparing active to all measured
fragments returned significantly enriched TFBSs.
We next investigated if hSubs specifically altered TFBSs between

human and chimpanzee enhancer sequences. We extracted TFBS
predictions overlapping hSubs in active MPRA fragments and
tested for overrepresentation of TFBS motifs predicted in the

human or chimpanzee orthologs relative to the union of both sets.
We found 4 TFBSs enriched among human sequences and 10
enriched among chimpanzee sequences (Dataset S2). Taken to-
gether, these analyses provide the basis to identify individual hSubs
that putatively change TF binding in HARs and HGEs, with both
additive and nonadditive effects.
Three-quarters of the 401 hSubs with significant individual

regulatory effects overlapped predicted TFBSs, including many
of those enriched in active fragments. Of the hSubs that showed
the largest effect sizes, one example is shown in Fig. 6A. In this
case, an hSub with an additive effect (chr5: 108,791,729) gen-
erates a predicted TFBS for AP-1 TFs (FOS and JUN proteins)
in the human sequence. Neither of those TFs has a predicted
TFBS at the orthologous chimpanzee site. The hSub increases
fragment activity by a factor of 1.98 (human-biased effect size =
1.8 SDs) in the human compared to the chimpanzee ortholog
(Fig. 6B). AP-1 typically binds to promoter and enhancer se-
quences to activate target gene expression (27), providing a po-
tential mechanism to explain the increased activity of this
enhancer in our MPRA. AP-1 has also been suggested to control
important cell cycle regulators such as cyclin D1 and TP53 (28).
This hSub is located within a region of human-biased chromatin
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Fig. 5. Substitutions in HARs and HGEs differ in their effects on enhancer activity. (A) Both hSubs and fragments in HGEs (green) and HARs (orange) differ in
their level of constraint. (B) hSubs in HGEs have significantly larger effect sizes than hSubs in HARs (Left). However, hSubs in HARs that show evidence of
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accessibility discovered in a comparative study of human and
chimpanzee cortical organoids (23), supporting the possibility
that this site contributes to altered regulatory activity in the
human lineage.
We next considered the impact of interactive hSubs on TFBS

content. Substitutions that combine to alter enhancer activity
could be due to multiple hSubs altering the same or physically
adjacent TFBSs. Supporting this, interacting hSubs were signif-
icantly closer together than additive hSubs (Mann–Whitney U =
9362, P = 1.5 × 10−5; Fig. 6E). We found that 51.5% of inter-
acting hSubs were clustered within 10 bp of each other, while
additive hSubs did not show such clustering (19.7% of additive
hSubs were within 10 bp). One example is shown in Fig. 6C,
where two closely spaced hSubs overlap 14 predicted TFBSs and
are in close proximity to an additional three. Four of the TFBSs
(ALX4, BACH1::MAFK, DLX1, and LHX2) show increased
predicted binding affinity for the chimpanzee sequence, one
shows increased predicted affinity for MSX1 in human (Fig. 6C),
while the rest show only marginal change in their predicted af-
finity for either allele (SI Appendix, Fig. S9). Both hSubs by

themselves increase MPRA activity in human over chimpanzee
(human-biased effect size of hSub1 = 0.22 SDs and of hSub2 =
0.20 SDs). Their combined effect on MPRA activity, however, is
stronger than what would be expected from their individual ef-
fects, meaning their small individual effects combine to produce
a stronger interactive effect (effect size = 0.58 SDs). BACH1::-
MAFK and DLX1 are known transcriptional repressors, sug-
gesting the hSubs in this example may generate increased activity
in human by disrupting recruitment of these factors (29–31). This
pair of hSubs resides in a region of enriched H3K27ac in hNSCs,
suggesting it acts as an enhancer in vivo (32).

Identifying Gene Targets of Differentially Active HARs and HGEs. To
identify genes potentially regulated by enhancers with human-
specific gains in activity, we combined data from four different
studies that used chromosome conformation capture in plurip-
otent stem cell-derived neural progenitor cells or primary human
neocortical stem cells (Datasets S3 and S4) (13, 15, 33, 34). This
dataset allowed us to infer regulatory interactions between dif-
ferentially active enhancers and their putative target genes. We
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Fig. 6. Changes in predicted transcription factor binding sites due to hSubs that alter enhancer activity. (A) Five-primate alignment over an hSub in HGE
2411. The alignment was derived from the 100-way Multiz alignment (GRCh37/hg19, University of Santa Cruz Genome Browser; http://genome.ucsc.edu) .
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identified contacts between 111 differentially active enhancers
harboring 95 hSubs with significant effects on activity and 195
genes expressed in hNSCs (Materials and Methods and Datasets
S3 and S4). These genes were enriched for Gene Ontology cat-
egories related to cell differentiation and development (SI Ap-
pendix, Table S4).
Among the notable target genes was HES1, a transcription

factor with a crucial role in controlling stem cell differentiation
during neurogenesis as part of the Notch signaling pathway (35,
36). We found the HES1 gene to be in contact with the human-
biased HGE 2152 in neural progenitor cells (33). Furthermore,
HES1 TFBSs overlap hSubs in five different HGEs including
HGE 2152 itself (Dataset S4). NOTCH1 is also contacted by the
chimpanzee-biased HGE 3155 in developing human germinal
zone tissue (15).

Discussion
Identifying genetic changes that altered molecular functions in
human evolution is the essential first step toward understanding
the origins of uniquely human traits. Here we used MPRAs to
screen over 32,000 hSubs for their effects on the activity of pu-
tative transcriptional enhancers implicated in the evolution of
the human cortex. We assayed 4,376 HARs and HGEs and
identified members of each class that act as enhancers in our
assay, as well as enhancers with differential activity between the
human and chimpanzee orthologs.
HGEs were more frequently active than HARs. This is con-

sistent with the fact that HGEs were identified based on epige-
netic signatures of enhancer activity in the human, rhesus
macaque, and mouse developing cortex, while HARs were
originally identified using a comparative genomics approach
without prior evidence of function (5–8, 12). However, the pro-
portion of differentially active enhancers was similar in each
class, indicating that HARs and HGEs both include a substantial
proportion of enhancers with novel activity in humans. We also
note that we may be underestimating the proportion of func-
tional sequences in HGEs since we are focusing only on regions
that include human-specific substitutions. In contrast, HARs
were sampled more densely due to their deep conservation and
high substitution density.
We then isolated the effects of 1,366 hSubs in differentially

active fragments from each other and from background varia-
tion. This identified 401 hSubs with significant individual effects
on enhancer activity. We found that most variants acted addi-
tively, while 30% showed interactions with other hSubs or with
background variation, meaning that their effects were modulated
by variants nearby. We also found pervasive additive and inter-
active background effects, indicating that segregating and
chimpanzee-specific variants can have important consequences
for enhancer activity differences between human and chimpan-
zee. The background effects we identified can obscure the effects
of evolutionarily relevant hSubs, illustrating why it is important
to distinguish the effects of segregating variants and fixed
changes when studying human-specific biology.
We found that differentially active fragments overall, and the

effects of hSubs specifically, were not biased toward increased
enhancer activity in human, but instead showed an even amount
of bias toward either species. In principle, substitutions within
HARs could increase or decrease enhancer activity. However,
HGEs were defined using functional evidence of increased en-
hancer activity during human corticogenesis. Although HGEs
were ascertained based on comparisons to rhesus macaque and
mouse, we expect HGEs to include human enhancers that show
increased activity relative to chimpanzee. Moreover, our studies
focused on hSubs, which are derived sequence changes in human
compared to an ancestral primate state shared between chim-
panzee and rhesus macaque. In this context, we may not expect
many HGE fragments to exhibit increased activity in chimpanzee

compared to human. There are several potential explanations for
this finding. First, our assays test individual fragments within
HGEs that are components of larger regulatory elements. In
isolation, hSubs could increase or decrease activity, but in the
context of the entire HGE may interact to increase activity
overall. Our finding that hSubs and background variation inter-
act in complex ways to alter activity at the fragment level pro-
vides support for this hypothesis. Second, HGEs were
ascertained by comparing histone modification signatures in
human and rhesus macaque developing cortex (12). The esti-
mated divergence time of apes and old world monkeys is about
three to four times greater than that of human and
chimpanzee—∼28 vs. 8 million years (37). Only about one-
quarter of HGEs may be expected to be human biased in com-
parison to chimpanzee, whereas the remaining three-quarters of
HGEs may be expected to be shared between human and
chimpanzee. Third, as HGEs were ascertained in primary sam-
ples from developing cortex, which include postmitotic neurons,
the hNSCs we used may not fully reflect the cellular diversity of
those tissues.
We found enriched TFBS motifs among MPRA fragments

active in our study, potentially revealing TFs that substantially
contribute to gene regulation in human corticogenesis. However,
we could not identify a subset of TFs associated with species-
specific enhancer activity, suggesting that changes in regulatory
function for the enhancers we studied are driven by the same set
of TFs as those that drive enhancer activity in general. We did
identify TFBSs that showed changes due to hSubs and that were
enriched in human versus chimpanzee active fragments. This
supports that hSubs alter TFBS content in enhancers for specific
transcription factors. Different TFBSs were uniquely enriched in
human and chimpanzee fragments, implying that loss or gain of
human enhancer activity due to hSubs involves changes in the
recruitment of independent sets of TFs.
We also found that interacting hSubs were located signifi-

cantly closer to each other than additive hSubs. This supports a
model of TFBS evolution where variants interact by altering
binding for the same TF or multiple TFs that bind in close
proximity. For example, in the locus shown in Fig. 6 C and D, two
close hSubs disrupt the predicted TFBSs of several transcrip-
tional repressors, potentially underlying the higher activity of the
human ortholog compared to chimpanzee. However, the small
number of TFBS predictions overlapping multiple interacting
hSubs precluded a systematic analysis.
Our study also suggests that HARs and HGEs encode regu-

latory changes with distinct evolutionary histories and potential
biological effects. Notably, the effect sizes of hSubs in HGEs
were on average larger than those in HARs. We had expected
that hSubs in HARs might show larger effect sizes as they may be
the result of positive selection for novel functions. Differences in
the degree of sequence constraint between HARs and HGEs
may explain our findings. HARs are highly constrained se-
quences, and remaining constraints on their ancestral functions
may mitigate the effects of human-specific sequence changes
within them. In contrast, HGEs are more weakly constrained,
and many HGEs arose within placental mammals (11). Such
young enhancers have been shown to have weakly conserved
regulatory activity and often exhibit changes in their activity
across species (11, 38, 39). The larger effect size that we observed
for hSubs in HGEs may reflect their increased evolutionary and
functional plasticity compared to HARs. We also found that
hSubs in constrained regions of HGEs had modestly larger ef-
fects than hSubs in unconstrained regions. We hypothesize that
hSubs in constrained regions within HGEs may be altering an-
cestral regulatory functions, which may modify the activity of the
preexisting element. In contrast, hSubs in unconstrained regions
may be giving rise to novel, but weak, enhancer activity, without a
prior regulatory function to provide a “boost” for their effects.
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Our study design entails several caveats that merit discussion.
Although we are comparing the effects of human–chimpanzee
sequence differences, we performed our MPRAs in human
neural progenitor cells only. It is possible these sequence
changes may exhibit different effects in chimpanzee cells due to
differences in trans factors. However, a recent comparative
MPRA performed in both human and chimpanzee cells found
very few differences attributable to differences in the cellular
environment (20). Furthermore, the episomal nature of our as-
say may, in some instances, lead to differences in the observed
activity in comparison to results obtained from an MPRA design
using chromosomal integration (40), or even integration in the
native chromatin context. The composition of the MPRA plas-
mid might also have effects on the observed MPRA activity. It
has been proposed that promoter choice (41) and the presence
of additional sequence motifs influencing transcription initiation
and pausing (42) can affect MPRA activity. Enhancer fragments
that are inactive in our assay might be active if their native target
promoter was used.
We found hundreds of hSubs with individual effects on regu-

latory activity, many of which were modest relative to our
strongest observed effects. This is consistent with the hypothesis
that uniquely human cortical features are, in part, polygenic
traits that result from many genetic changes of small effect (43).
Mammalian cortical development is a prime example of a
polygenic trait, given the large numbers of genes involved which
interact in complex gene regulatory networks (1). However, it is
important to note that the impact of an hSub on enhancer ac-
tivity in an MPRA may not reflect its impact in the native ge-
nomic context during cortical development. The hSubs we
characterized here may have substantial biological effects despite
their modest effects on enhancer activity in our MPRA. Further
studies, including genetic models where the effects of hSubs can
be determined in vivo, will be required to address this question.
We identified 424 HARs and HGEs with human-specific

changes in enhancer activity in human neural stem cells, as
well as individual sequence changes that contribute to those
regulatory innovations. These findings now enable detailed ex-
perimental analyses of candidate loci underlying the evolution of
the human cortex, including in humanized cellular models and
humanized mice. Comprehensive studies of the HARs and
HGEs we have uncovered here, both individually and in com-
bination, will provide novel and fundamental insights into
uniquely human features of the brain.

Materials and Methods
Target Selection and Initial MPRA Library Design.We selected genomic regions
with potential human-specific regulatory activity by taking all human
accelerated conserved noncoding sequences (8) and human accelerated re-
gions (version 2) (5) (throughout the text collectively referred to as HARs)
and all human gain enhancers, that is, regions that show markedly higher
chromatin immunoprecipitation followed by high-throughput sequencing
(ChIP-seq) H3K27ac or H3K4me2 signal in human compared to mouse and
rhesus macaque during corticogenesis (12) (Dataset S1). Within these regions
in human genome version GRCh37/hg19, we collected all human–
chimpanzee substitutions that were fixed for the chimpanzee state in a
primate alignment and likely to be fixed or nearly fixed in human pop-
ulations (not present as a SNP marked as “common” in dbSNP build 144,
excluding indels). This resulted in a list of 32,776 human-specific substitu-
tions, or hSubs, that were queried in the MPRA. Detailed descriptions of our
MPRA library design, construction, and experimental protocols are provided
in SI Appendix, Supplementary Text and Extended Methods.

Data Analysis of the First MPRA.After summarization, pDNA and cDNA counts
were normalized by library size and log2 transformed. Very small data values
showed a Poisson-like distribution, which is why we excluded barcodes with
an average pDNA barcode count across replicates below −5.25 (SI Appendix,
Fig. S13). We then normalized each cDNA value by its associated pDNA value
to calculate each barcode’s “activity.” We summarized barcodes by frag-
ment by calculating the median of all barcode values associated with a

fragment in the pDNA fraction and the cDNA fraction, as well as the median
of the cDNA/pDNA ratio (i.e., the fragment activity as defined above) for
each fragment in each replicate. We also summarized replicates from the
same cell batch further in two groups of replicates (“lineages”). Subsampling
numbers of barcodes per fragment showed that correlations between rep-
licates stabilized if a fragment had 12 or more barcodes (SI Appendix, Fig.
S2), which we used as a cutoff for downstream analyses. Variance between
replicates in pDNA counts, cDNA counts, or activity and in barcode or
fragment counts was calculated using Spearman’s rank correlation.

To test for fragment activity, we determined the point of maximal density
(μ) of the log2 activity density distribution in each replicate. This was found
to be the most conservative distribution summary (SI Appendix, Fig. S14) and
also accounted for an apparent artifact in the activity distribution of one of
the replicates. We then tested the distribution of each fragment’s log2 ac-
tivity barcodes against μ using a one-tailed t test to identify active fragments
per replicate (SI Appendix, Fig. S3). This approach is appropriate, because
pDNA values are effectively log-normally distributed (SI Appendix, Fig. S15).
More extreme than log-normal values in the cDNA fraction identified by the
t test are called significantly active. We are not able to identify fragments
with potentially repressive activity, as there were few fragments in the cDNA
fraction with substantially fewer barcode counts than in the pDNA fraction,
likely because the baseline activity of the minimal promoter was already low
(SI Appendix, Figs. S5 and S15). We applied Benjamini–Hochberg (BH) mul-
tiple testing correction and accepted a fragment as active if it had a PBH <
0.05 in at least two replicates. We further required that all replicates had a
cDNA count larger than the pDNA count. These criteria resulted in very few
active fragments and we developed more permissive criteria to increase the
number of fragments for designing the second MPRA and for determining
the set of active fragment pairs for differential activity testing. Note, how-
ever, that all reported statistics are based on the stringent set of criteria
described above. For the permissive criteria, we relaxed the PBH-value cutoff
to 0.1 and applied a one-tailed Mann–Whitney U test to the two lineages of
replicates to account for potential nonnormal data distributions (SI Appen-
dix, Fig. S3 and Table S1).

For differential activity testing, we included all orthologous fragment pairs
that were measured in both species and active (according to the permissive
criteria) in at least one of the species. We tested for differential activity by
applying two-tailed t tests of activity of the human allele vs. that of the
chimpanzee allele in each replicate. A fragment pair was accepted as dif-
ferentially active if it had a PBH < 0.05 in at least two replicates. We further
required that every replicate was biased in the direction of the same species
and that the average log2 difference over all replicates was >0.2. For de-
signing the second MPRA we again used more permissive criteria: We re-
laxed the PBH cutoff to 0.1 and applied a Mann–Whitney U test to the two
lineages of replicates to account for nonnormal data distributions. The
resulting fragments were selected for dissecting the effects of linked vari-
ants in the second MPRA. All of our scripts are publicly available (Data
Availability).

During the course of our study, several methods for the analysis of MPRA
data were published (44, 45). We compared the performance of these
methods with ours and found our approach to be more conservative, but
otherwise similar with regards to the results obtained (SI Appendix,
Supplementary Text).

Design and Experimental Procedures for the Second MPRA. Based on the re-
sults of the first MPRA, we designed a second MPRA library with two major
components. First, we included all active fragments for replication (2,704
orthologous fragment pairs). Second, for all differentially active fragments,
we designed artificial fragments that included all possible combinations of
hSub states on both human and chimpanzee background sequences (14,963
fragments). In 972 loci (i.e., differentially active fragment pairs from the first
MPRA), this library covered 1,366 hSubs. This library also contained additional
negative controls. Detailed descriptions of design, experimental procedures,
and data preparation are described in SI Appendix, Supplementary Text.

Data Analysis for the Second MPRA. Similar to the first MPRA, fragments were
defined as active at a PBH < 0.05 in a one-tailed t test in both replicates. We
tested the activity of experimental fragments against the distribution of
negative controls (see above). This was necessary because the second library
consisted solely of fragments with prior evidence of activity. While this
would mean that more transcript is present in the sample, sequencing to a
degree comparable between libraries leads to lower sequencing depth rel-
ative to the same fragments in the first library or to the pDNA library (SI
Appendix, Fig. S5). This is in contrast to the first MPRA, in which most
fragments were expected to be inactive and their distribution could thus be
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used as a null distribution for identifying active fragments. For the same
reason we did not require the cDNA value to be larger than the pDNA value.
Testing for differential activity between species, we used two-tailed t tests
between orthologous sequences and accepted a fragment as differentially
active with PBH < 0.05 in both replicates. All replicates of significant frag-
ments agreed in the direction of species bias and showed an average log2

fold change >0.2. We compared the results of the second round of MPRA
with the results from the first round by 1) forming Pearson’s product-
moment correlation between the activities (that is, log2 [pDNA/cDNA]) of
each replicate and by 2) comparing the numbers of fragments or fragment
pairs found to be significantly active, or differentially active, in either round.

To identify hSub-specific enhancer effects, we applied an ANOVA test per
locus (i.e., differentially active fragment from the first MPRA) with each
hSub, the background variation, and their interactions as factors and the
fragment activity as the response variable. Note that locus complexity, and
thus model complexity, varied across fragments, from one hSub and no
background variation up to seven hSubs with background. For each signif-
icant factor, we extracted its mean effect and its effect size in SDs according
to ref. 46. For two-way interactions, we calculated effect size relative to the
background state in which the factor showed its larger effect (i.e., of the
two alternative states of the interacting hSub or background sequence).

Significant hSubs were then annotated using comparative genomic data
including hNSC H3K27ac ChIP-seq (32), ATAC-seq (this study and refs. 23, 26),
and hNPC Hi-C (13, 15, 33, 34) data. ATAC-seq data were generated in
triplicate according to ref. 47 and sequenced on an Illumina HiSeq 2500 (2 ×
100 bp). Reads were mapped using Bowtie2 (option -X 2000) and open
chromatin regions were called using MACS2 (options -B–nomodel–shift
-25–extsize 50). Overlap with hNSC H3K27ac ChIP-seq is calculated using
peak calls from ref. 32.

Data Availability.MPRA and ATAC-seq data have been deposited under Gene
Expression Omnibus (GEO) accession GSE140983. Additional data used in this
study are deposited under GEO accession GSE57369 (hNSC RNA-seq and
H3K27ac histone ChIP-seq). The code used to analyze the data is deposited at
GitHub: https://github.com/NoonanLab/Uebbing_Gockley_et_al_MPRA.
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