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SUMMARY

Long-term adaptive responses in the brain, such as
learning and memory, require synaptic activity-regu-
lated gene expression, which has been thoroughly
investigated in rodents. Using human iPSC-derived
neuronal networks, we show that the human and
the mouse synaptic activity-induced transcriptional
programs share many genes and both require
Ca®*-regulated synapse-to-nucleus signaling. Spe-
cies-specific differences include the noncoding RNA
genes BRE-AS1 and LINC00473 and the protein-cod-
ing gene ZNF331, which are absent in the mouse
genome, as well as several human genes whose
orthologs are either not induced by activity or are
induced with different kinetics in mice. These results
indicate that lineage-specific gain of genes and DNA
regulatory elements affects the synaptic activity-
regulated gene program, providing a mechanism
driving the evolution of human cognitive abilities.

INTRODUCTION

Transcription-dependent neuronal plasticity is evolutionarily
conserved from invertebrates to mammals (Frank and Green-
berg, 1994). Accordingly, the neuronal activity-dependent gene
expression program, which underlies adaptation-related brain
functions, is likely generic, meaning that many of the activity-
responsive genes are shared between species and neuron types
(discussed by Bading, 2013). This assumption includes humans.
Yet, these genes are poorly characterized in humans, especially
in comparison to mice whose activity-regulated transcriptome,
implicating ~1,000 genes, is known (Kim et al., 2010; Saha
et al., 2011; Spiegel et al., 2014; Zhang et al., 2007, 2009). It is
important as well as exciting to fill this gap in knowledge, since,
as for phenotypic differences between species in general (Nec-
sulea and Kaessmann, 2014; Wilson and Odom, 2009), evolu-
tionary gene regulation and expression changes may, to a large
extent, determine the dissimilarities in brain development and
function of humans compared to other species (Bae et al.,
2015; Geschwind and Rakic, 2013; Silbereis et al., 2016). Cogni-
tive abilities, which in humans have evolved to a perplexing spe-
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cies-specific phenotype distinction, are in part reliant on synap-
tic activity-dependent gene regulation (Bading, 2013; West and
Greenberg, 2011). In humans, the orthologs of rodent activity-
regulated genes are expressed with a species-specific temporal
profile during brain development (Liu et al., 2012). Whether the
human synaptic activity-regulated gene program itself has
distinctive features is unknown, however, mostly because ob-
taining human neurons for experimental use is ethically problem-
atic. Here we determine the gene expression response to synap-
tic activity in human neurons derived from induced pluripotent
stem cells (iPSCs) to find out if the human genetic background
expands the repertoire of known activity-regulated genes.

RESULTS

Studies of the human neuronal adaptive gene program require
an experimental system where human neurons are synaptically
connected. We differentiated iPSCs (see the Experimental Pro-
cedures) to human iPSC-derived (hiPSCd) neurons, and we
confirmed the generation of postmitotic neuronal cells by
expression analysis of multiple markers, RNA sequencing
(RNA-seq), and comparison of the hiPSCd neuron transcrip-
tomes to previously published hiPSCd neuron and human fetal
brain gene expression profiles (Figure S1; Table S1).

Electrical Properties and Synaptic Connectivity of
Human iPSC-Derived Neurons

To directly assess cellular phenotype on a functional level, we
performed whole-cell patch-clamp recordings from hiPSCd neu-
rons differentiated for 7 or 10 weeks from hiPSCd neuronal pre-
cursor cells (NPCs) (hereafter 7- or 10-week hiPSCd neurons). At
earlier time points, hiPSCd neurons were electrophysiologically
immature. In parallel, we recorded from 7-week hiPSCd neurons
cultured together with mouse (post-natal day [P]0) primary hip-
pocampal neurons for the last 10 days (hereafter hiPSCd
neuron/mouse primary neuron co-culture or mixed-species
culture). The hiPSCd neurons in the co-cultures were distin-
guished by their expression of EGFP under the control of the
human synapsin I (SYN1) promoter (pSYNT7) delivered by lentivi-
ral infection of NPCs (see also Figures S1C, S1D, and 3G). Pas-
sive properties (membrane capacitance [34-38 pF], resistance
[900-1,350 MQ], and resting membrane potential [Vrest, —43
to —48 mV)) of hiPSCd neurons were not affected by co-culture
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with mouse neurons (in figures denoted by Hs + Mm, hiPSCd
neuron-only culture is denoted by Hs), and they were not signif-
icantly different between cells in the 7- and 10-week hiPSCd
neuron-only cultures (Figures 1A-1C). The hiPSCd neurons
were electrically excitable, fulfilling a key criterion for functional
neurons. Action potential (AP) amplitudes and numbers were
improved when evoked from —70 mV instead of Vrest (Figures
1D-1F), which reflects their relatively depolarized state.

Almost all hiPSCd neurons in all cultures analyzed showed
spontaneous postsynaptic currents that could be divided into
two groups, with rapid or slow decay time constants (Figures
1G-1l). They were blocked in EGFP-expressing (EGFP™) cells
by either NBQX (5 pM), a blocker of AMPA/kainate-type
glutamate receptors (7-week hiPSCd neuron-only cultures or
mixed-species cultures, n = 4/4 for each), or by the GABA type
A (GABA,) receptor antagonists bicuculline (Bic, 50 pM) or
gabazine (5 uM) (7-week hiPSCd neuron-only cultures, n = 7/7;
mixed-species cultures, n = 5/5), respectively. This confirms
the presence of functional synapses containing postsynaptic
AMPA/kainate or GABA, receptors in our hiPSCd neurons.

To verify the existence of functional NMDA, AMPA, and GABAA
receptors as well as voltage-gated Ca?* channels (VGCCs) in
hiPSCd neurons, we used Ca®* imaging. In almost all EGFP*
and EGFP-non-expressing (EGFP™) cells in the 7-week hiPSCd
neuron-only cultures, large Ca?* responses were evoked by
NMDA, applied with its co-agonist glycine, or by AMPA, applied
with an inhibitor of AMPA receptor desensitization, cyclothiazide
(Figure 1J). GABA also increased Ca?* levels (Figure 1K), indi-
cating an excitatory, depolarizing effect. Ca®* influx in response
to AMPA, NMDA, and GABA presumably involves VGCCs, and
their presence in hiPSCd neurons was confirmed by robust in-
creases in Ca®* in response to depolarization with a high-con-
centration K* solution (Figure 1K). Thus, 7 weeks of differentiation
of human iPSC-derived NPCs is sufficient to obtain hiPSCd neu-
rons that exhibit functional AMPA, NMDA, and GABAA4 receptors
as well as VGCCs.

Bicuculline Together with 4-Aminopyridine Increases
Synaptic Input to Human iPSC-Derived Neurons

Having established culture systems generating synaptically con-
nected hiPSCd neurons, we sought a method to experimentally
induce robust excitatory synaptic activity in these cultures
to study activity-induced transcription in hiPSCd neurons. In
10-day cultures of mouse primary hippocampal neurons, synap-
tic activity-dependent gene expression can be induced by
disinhibition of the neuronal network with Bic, which triggers syn-
chronous bursts of AP firing along with AMPA and NMDA re-
ceptor- and VGCC-mediated Ca®* signals, whose frequency is
increased by coapplication of Bic with the K* channel blocker
4-aminopyridine (4AP) (Arnold et al., 2005; Hardingham et al.,
2001). Bic (50 uM) applied together with 4AP (250 puM) (Bic/4AP)
activated large recurring bursts of synaptic activity in both
EGFP* and EGFP™ cells in our 7-week mixed-species cultures
(Figures 2A and 2B) and, to a lesser extent, in 7-week hiPSCd
neuron-only cultures (Figure 2C). EGFP* cells in 7-week hiPSCd
neuron-only cultures and mixed-species cultures showed,
respectively, a 4.4-fold and a 10.8-fold increase in synaptic
charge influx after Bic/4AP treatment (Figure 2E). In the 10-week

hiPSCd neuron cultures, Bic/4AP induced larger synaptic bursts
than in the 7-week hiPSCd neuron-only cultures (Figures 2C and
2D), and it caused recurring membrane potential oscillations
(18.9 + 1.9 mV; 1.73 + 0.44/min; n = 8), which were abolished by
NBQX (n = 3; data not shown). Synaptic activation caused by
Bic/4AP was accompanied by recurrent depolarizations and/or
APs in all cultures assessed.

Analyses of Ca?* transients activated downstream of
Bic/4AP-induced synaptic activity revealed large, recurrent in-
creases in Ca®* levels with a sustained increase in baseline
Ca?* levels in both EGFP* and EGFP~ cells in the 7-week co-cul-
tures (Figure 2F), similar to responses seen in mouse primary hip-
pocampal neurons (Hardingham et al., 2001). Recurrent Ca®* re-
sponses to Bic/4AP also were apparent in 7- and 10-week
hiPSCd neuron-only cultures but without a sustained increase
in baseline Ca?* levels and with a smaller amplitude in the
7-week than in the 10-week cultures (Figures 2G-2l). The depo-
larizing effect of GABA (see above) and the lack of response to
Bic (Figure S2A) in 7-week hiPSCd neuron-only cultures may
explain their weaker responses to Bic/4AP compared to
10-week hiPSCd neurons, where GABA, receptors likely have
undergone the developmental switch from excitatory to inhibi-
tory (Ben-Ari et al., 2007).

These results demonstrate that Bic/4AP induces robust recur-
rent increases in AMPA/kainate receptor-mediated synaptic and
AP activity along with Ca®* influx into hiPSCd neurons in the
mixed-species or hiPSCd neuron-only cultures. The addition of
mouse primary neurons to the 7-week hiPSCd neuron cultures
or the extra 3 weeks of differentiation of hiPSCd neuron-only cul-
tures greatly increase hiPSCd neuron responses to Bic/4AP.

Excitatory Input to Human iPSC-Derived Neurons
Induces Human Immediate-Early Genes

We used species-specific RT-gPCR on human orthologs of three
prototypical activity-responsive mouse immediate-early (IE)
genes, Npas4, Fos, and Arc, to assess if enhancement of synap-
tic input to hiPSCd neurons induces human IE genes. Increases
in human NPAS4, FOS, and ARC mRNA levels in hiPSCd neu-
rons after a 1-hr Bic/4AP treatment were easily detectable in
both hiPSCd neurons cultured with or without mouse primary
neurons (Figures 3A and 3B). Induction strength of NPAS4 and
ARC improved gradually over the NPC differentiation period.
All the inductions peaked 1 hr after Bic/4AP addition and drop-
ped almost to the basal levels by 4 hr (Figures 3C and 3D).

In the 7-week co-cultures, the increases in the levels of all
of the three assessed human IE gene mRNAs in response to
Bic/4AP were abolished in the presence of tetrodotoxin (TTX,
1 uM), an Na* channel blocker that prevents Bic/4AP-induced
Ca®* signals by inhibiting AP firing (Hardingham et al., 2002),
proving that expression of NPAS4, FOS, and ARC is activity-
regulated in hiPSCd neurons (Figure 3E). The Bic/4AP-induced
increase in NPAS4 mRNA levels was reduced by the inhibition
of L-type VGCCs with Nifedipine (Nif, 10 uM) or by two NMDA re-
ceptor antagonists, 2-amino-5-phosphonovalerate (APV, 50 uM)
and MK801 (MK, 10 uM) (APV/MK). Induction of NPAS4 and FOS
was more strongly inhibited by the combination of Nif, APV,
and MK (Nif/APV/MK), revealing a potential synergistic role of
VGCCs and NMDA receptors (Figure 3E). In the 10-week hiPSCd
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Figure 1. Electrophysiological and Pharmacological
Properties of Human iPSCd Neurons

All culture conditions and cell groups analyzed are specified at the
end of the figure legend.

(A-C) The (A) cell capacitance (Cm), (B) membrane resistance (Rm),
and (C) resting membrane potential (Vrest) were measured with
whole-cell patch clamp. Mean + SEM.

(D) Action potentials (APs) in representative human cells (cell 1 and
cell 2). APs were evoked from Vrest or —70 mV with current injection
(bar) at the levels indicated.

(E and F) Quantification of AP amplitude evoked from (E) Vrest or
(F) =70 mV is shown. Mean + SEM.

(G) Traces of spontaneous postsynaptic currents (PSCs) at
Vhold = —70 mV, in a representative human cell in control condi-
tions, in the presence of NBQX (5 uM) and/or bicuculline (Bic,
50 uM), are shown.

(H and ) Quantification of the decay T from a single exponential fit
for (H) NBQX-sensitive PSCs with rapid decay kinetics and (1) Bic-
sensitive PSCs with slow decay kinetics is shown. Mean + SEM.
(J and K) Traces of Rhod2 Ca®* imaging. Responses to (J) NMDA
(100 pM) and glycine (Gly, 20 uM), (J) AMPA (10 pM) and cyclo-
thiazide (Cyclo, 20 uM), (K) GABA (300 uM), and (K) a high-con-
centration K* solution (HiK*, 45 mM) are shown. Gray lines repre-
sent individual cells and black lines are the averages (n = 25-295).
No significant differences were detected in (A)-(C), (E), (F), (H), and
() (three-way ANOVA).

7w or 10w, human NPCs were differentiated for 7 or 10 weeks,
respectively; Hs + Mm, hiPSCd neuron/mouse primary hippo-
campal neuron co-culture; Hs, hiPSCd neuron-only culture; — and
EGFP~, mouse cells or human cells that have either not activated
pSYN1 after infection with a lentivirus encoding EGFP under the
control of pSYNT or were not infected; + and EGFP*, EGFP-positive
human cells that have activated pSYN7; nv (no virus), no infection
was performed. Cells analyzed (A-C, E, and F) or the number of
cells showing PSCs from tested cells (H and ) are indicated above
bars.
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Bic/4AP

Figure 2. Induction of Synaptic Activity and
Somatic Ca®* Signals in hiPSCd Neurons
All culture conditions and cell groups analyzed are

|05 (F-Frn)/(FinaxF)
30s

specified at the end of the figure legend.

(A-D) Traces of responses to bicuculline and
4-aminopyridine (Bic/4AP, 50 pM and 250 uM,
respectively) at Vhold = —70 mV are shown in an
EGFP positive (A) and an EGFP negative (B) cell of a
7-week mixed-species culture, and in an EGFP
positive cell of a 7-week hiPSCd neuron-only culture
(C) and in a cell of a 10-week hiPSCd neuron-only
culture not exposed to virus (D).

(E) Area under the curve (AUC) from integrals of
currents measured in human cells over equal time
periods before (baseline) and after the application of
Bic/4AP. Line series plots connect the values from

Bic/4AP each cell measured, and the bar graph shows the

Bic/4AP

increase in excitatory postsynaptic current (EPSC)
burst AUC (mean + SEM). Cell numbers are speci-
fied above bars. Two-tailed Student’s t test,
*p < 0.05.

(F-H) Traces of Rhod2 Ca2* imaging with responses
to Bic/4AP in EGFP positive and negative cells of a
7-week mixed-species culture (F) and a hiPSCd
neuron-only culture (G), and in cells of a 10-week
hiPSCd neuron-only culture not exposed to virus (H).
Gray lines represent individual cells and black lines

—|0-5 (F'Fmin)/(Fmax'F)
30s

are the averages.

() Bic/4AP-induced Ca®* response amplitudes
(peak minus baseline, mean + SEM). Cell numbers
are specified above bars. Two-way ANOVA on ranks
and Holm-Sidak test, *p < 0.05.

Hs + Mm, mixed-species culture; Hs, hiPSCd
neuron-only culture; 7w or 10w, human NPCs were
differentiated for 7 or 10 weeks, respectively. Hu-
man cells were infected with a lentivirus encoding
EGFP under the control of pSYN7 or not infected
(no virus, nv). + and EGFP* or — and EGFP~ denote
cells that express or do not express lentivirus-en-

coded EGFP, respectively.

of hiPSCd neurons in the co-culture
showed JUNB protein expression after

2 hr of enhanced excitatory synaptic input
(Figure 3G).
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These results demonstrate that strong

neuron-only cultures, the induction of NPAS4 and FOS was
severely reduced in the presence of TTX, Nif, APV/MK, or
Nif/APV/MK, although the effect of Nif on FOS was comparatively
weaker (Figure 3F). ARC induction was reduced by blocking
VGCCs and/or NMDA receptors in both cultures (Figures 3E
and 3F). Finally, co-culture experiments with hiPSCd neurons pro-
duced from a distinct iPSC line (hiPS 3, see the Experimental Pro-
cedures) produced nearly identical results (Figures S2B and S2C).

To determine the proportion of hiPSCd neurons responding to
Bic/4AP treatment with IE gene induction and to confirm the
response at the protein level, we used immunostaining for yet
another classical IE gene product, JUNB. Approximately 65%

induction of excitatory synaptic activity-

dependent |IE gene expression in human

cells can be evoked by a simple Bic/4AP
treatment of hiPSCd cultures. Also, they show that NMDA recep-
tors and VGCCs are involved in triggering synaptic activity-
induced increases in IE gene mRNA levels in hiPSCd neurons.

Early Gene Expression Response to Synaptic Activity Is
Generic but Has Lineage-Specific Features

We performed RNA-seq to examine the synaptic activity-regu-
lated gene program in hiPSCd neurons. RNA levels of 50 or 42
human genes were significantly changed (Benjamini-Hochberg
adjusted p [Paqj] < 0.1) in hiPSCd neurons 1 hr after Bic/4AP
addition to the 7-week mixed-species cultures (Figure 4A; Table
S2) or to the 10-week hiPSCd neuron cultures (Table S2),
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Figure 3. Excitatory Synaptic Input to hiPSCd Neurons Upregulates Human Immediate-Early Genes

(A-F) RT-gPCR analysis of human NPAS4, FOS, and ARC mRNA levels after treatment of hiPSCd neuron/mouse primary hippocampal neuron co-cultures
(A, C, and E) or hiPSCd neuron-only cultures (B, D, and F) with bicuculline and 4-aminopyridine (Bic/4AP, 50 uM/250 pM).

(A and B) Impact of duration of hiPSCd neuron differentiation on IE gene induction is shown.

(C and D) Temporal profiles of IE gene mRNA levels in response to Bic/4AP treatment are shown. 7-week (C) or 10-week (D) cultures.

(E and F) Effects of blocking action potentials (TTX, tetrodotoxin; 1 pM), VGCCs (Nif, Nifedipine; 10 pM), or NMDA receptors (APV/MK, 2-amino-5-phospho-
novalerate, 50 uM and MK801, 10 uM), or both VGCCs and NMDA receptors (Nif/APV/MK), on the induction of IE genes in response to Bic/4AP treatment. 7-week
(E) or 10-week (F) cultures. Results with the 7-week hiPSCd neuron cultures without mouse neurons are also shown (E, — Mm cells).

(G) Immunofluorescence staining of the 7-week co-culture for JUNB expression before (CNTR) or after treatment with Bic/4AP for 2 hr (2h Bic/4AP). EGFP
expression (direct fluorescence) under the control of the human SYN7 promoter (EGFP[pSYNT], lentiviral infection of NPCs) identifies human neurons. DNA,
Hoechst stain. Red + or — indicates a JUNB™ or JUNB™ hiPSCd neuron, respectively. Red asterisks mark presumable mouse neurons with distinctive Hoechst
staining. Confocal images scale bar, 10 um.

n=3-8(Aand G),n=3-4 (Cand E),orn=3 (B, D, and F); mean + SEM; (A, B, E, and F) one-way ANOVA and Tukey’s test; (C, D, and G) two-tailed Welch’s t tests;
*p < 0.05, **p < 0.01, and ***p < 0.001. If not specified with lines, the asterisks indicate significance compared to control. See also Figures S2B and S2C.
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Figure 4. Generic Early Response to Synaptic Activity with Species-Specific Features in hiPSCd Neurons

(A) Gene expression log ratio versus expression level average (MA) plot of gene expression changes detected with RNA-Seq in hiPSCd neurons 1 hr after Bic/4AP
addition to the 7-week mixed-species cultures. Dots representing genes with significantly changed RNA levels (paqj < 0.1) are red. n = 4.

(B) Venn diagram displays human genes with significantly changed RNA levels after 1-hr Bic/4AP treatment of 7-week mixed-species cultures (Hs[+Mm]) and
10-week hiPSCd neuron cultures (Hs).

(C) Correlation of expression log, fold change (FC[log,]) values of all of the 55 human genes shown in (B) in the Hs(+Mm) culture with the respective values
obtained from the Hs culture. Dots represent mean values of four biological replicate experiments. Pearson’s r, p < 0.0001.

(D) Distribution of activity-regulated human IE genes according to the information on their mouse orthologs. Mm here and other studies, genes whose mouse
orthologs’ RNA levels are changed in this and other studies; Mm here, genes whose mouse orthologs’ mRNA levels are changed only in this study; and not in Mm,
no evidence for neuronal activity-dependent regulation of the mouse ortholog (SOCS3) or no ortholog in mouse. The most enriched GO terms within the human
IE genes are shown.

(E) Correlation of expression FC(log,) values of 47 human IE genes in the mixed-species culture after 1 hr of Bic/4AP treatment with the FC(logy) values of their
mouse orthologs in the same culture. Dots represent the mean values of four biological replicate experiments. Pearson’s r, p < 0.0001.

(F) Distribution of human |IE genes and their mouse orthologs based on induction strength in hiPSCd neurons and mouse neurons, respectively, in the co-culture is
shown.

(G) Venn diagrams display strongly, averagely, or weakly induced human (Hs) |IE genes and their mouse (Mm) orthologs after 1 hr of Bic/4AP treatment of the
mixed-species culture.

(H) Hierarchical clustering of human (Hs) IE genes and their mouse (Mm) orthologs according to temporal expression profiles after the induction of synaptic activity
in the co-culture. Blue and yellow rectangles denote human and mouse genes, respectively. Expression profiles in three clusters evident at dendrogram height
3 are depicted below the dendrogram. Gray lines show single genes and black lines are the averages.

(I) Venn diagrams display transient, sustained, and amplified human (Hs) IE genes and their mouse (Mm) orthologs.

See also Figures S3-S5.
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respectively. RNA levels of 37 human genes were significantly
changed in both culture systems (Figure 4B). The expression
fold change values of all of the obtained 55 genes between the
two cultures were nearly equivalent (Pearson’s r [r] = 0.96; Fig-
ure 4C), supporting the validity of the mixed-species RNA-seq
analysis (see the Supplemental Experimental Procedures). We
assigned a human gene to be a putative IE gene (hereafter
IE gene) if the significant expression level change (paqj < 0.1) in
one dataset was supported by a change with an unadjusted
p less than 0.01 in the other or if the change was more than
2-fold with the p,q;j less than 0.05 in at least one of the datasets.
Altogether we identified 47 human synaptic activity-regulated
IE genes, all with upregulated RNA levels (Table S3). RNA-seq re-
sults with the mixed-species samples were validated for hiPSCd
neurons derived from two different iPSC lines with the nCounter
method using species-specific probes (Figures S2D and S3-S5).

We categorized the 47 human IE genes according to the data
available for their rodent orthologs (Figure 4D). The rodent ortho-
logs of 41 of the human |E genes (87.2%) were significantly upre-
gulated after Bic/4AP treatment in mouse primary neurons accord-
ing to our RNA-seq and nCounter analysis, and they have been
reported to be neuronal activity regulated in other studies using
different experimental systems and time points (Kim et al., 2010;
Maze et al., 2015; Rossner et al., 1997; Saha et al., 2011; Spiegel
etal.,2014; Zhangetal.,2007,2009). The orthologs of three human
IE genes (C110rf96, MIR22HG, and SOCS3) have not been previ-
ously identified as activity-regulated genes in rodents, although
SOCS3 was only regulated in one of the two iPSC lines used
here. Three of the human IE genes, BRE-AS1, LINC00473, and
ZNF331, are exceptional because they do not have rodent ortho-
logs. BRE-AS1 and LINC00473 RNA levels were detected to be
strongly (> 15-fold) and ZNF331 RNA levels weakly (1.5-fold) upre-
gulated in hiPSCd neurons with RNA-seq after 1 hr of Bic/4AP
treatment, and all three genes were confirmed to be activity
induced with nCounter analysis in hiPSCd neurons derived from
both of the iPSC lines used here (Figures S3 and S5). Also, their
synaptic activity-induced expression was blocked or severely
reduced in the presence of TTX or Nif/APV/MK (Figure S2D).
BRE-AST1 is a noncoding RNA gene antisense to the BRE (brain
and reproductive organ-expressed) gene. LINC00473 is a pri-
mate-specific long noncoding RNA gene that has been docu-
mented to be duplicated along with only three other genes in a pa-
tient with delayed speech and language development (DECIPHER
277616; Firth et al., 2009). ZNF331 encodes a Krlppel-associated
box domain-containing transcriptional repressor.

The most significantly over-represented gene ontology (GO)
terms among the human synaptic activity-regulated IE genes
were all associated with transcription factor activity (Figure 4D;
Table S4; 24 genes, 51.1%, encode transcription factors).
Also, cAMP response elements (CREs) or CRE half site
(CREhs)-containing sequences and serum response elements
(SREs) were significantly enriched in the proximal promoter re-
gions of human IE genes (Table S4), suggesting that many of
them are targets of the well-established neuronal activity-depen-
dent transcriptional regulators, CRE-binding protein (CREB) and
SRE-interacting proteins (Bading et al., 1993).

Next, we compared the synaptic activity-regulated human
IE genes to their mouse orthologs using the data from the
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co-cultures where RNA of the two species is collected from cells
stimulated in identical culture conditions. Rapid human RNA
level changes after enhancement of glutamatergic synaptic ac-
tivity were paralleled by similar changes of the respective mouse
orthologs (Figure 4E; expression change correlation, r = 0.73).
Based on induction strength, half of the IE gene ortholog pairs
grouped together (Figures 4F and 4G). For example, EGR4/Egr4,
FOS/Fos, FOSB/Fosb, JUNB/Junb, NPAS4/Npas4, and
NR4A1/Nr4al were strongly induced in human cells as well as
in mouse cells. To classify genes in terms of temporal expression
profile regardless of induction strength, we performed hierarchi-
cal clustering of human IE genes together with their mouse or-
thologs, if present, based on RNA levels scaled between 0 and
1 from untreated and 1- or 4-hr Bic/4AP-treated mixed-species
cultures (Figure 4H). Relative to their upregulated expression
levels at the 1-hr time point, IE gene RNA levels at the 4-hr time
point were either decreased (termed here transient), unchanged
(termed sustained), or further increased (termed amplified). This
analysis revealed that half of the examined mouse genes, but
only 17% of the human IE genes, belonged to the amplified clus-
ter. Instead, 55.3% of the human IE genes grouped into the tran-
sient set of genes and 27.7% had the sustained RNA expression
profile. Examples of transient human IE genes with amplified or
sustained mouse orthologs include GADD45B/Gadd45b and
NR4A2/Nr4a2 or FOSB/Fosb and NPAS4/Npas4, respectively.
Human HIC1, encoding hypermethylated in cancer 1, grouped
to the sustained cluster and mouse Hic1 grouped to the transient
cluster. HIC1/Hic1 is the only relatively strongly induced IE gene
in both cell types (human, 5.9-fold; mouse, 4.5-fold) that had a
more sustained increase in expression levels in hiPSCd neurons
compared to mouse neurons (Figure 4l). These results establish
that overall the hiPSCd neuron synaptic activity-responsive
IE gene program is generic. However, it involves genes that do
not have orthologs in the mouse, and many of the human
IE genes are in hiPSCd neurons upregulated more transiently
than their mouse orthologs in mouse primary hippocampal
neurons.

Conserved Ca?*-Signaling Pathway Regulates BRE-AS1,
LINC00473, and ZNF331 Promoters

We next asked if the three synaptic activity-regulated human
IE genes that do not have mouse orthologs (see Figure 5A for
nCounter confirmation of RNA-seq results) represent loci regu-
lated by neuronal activity via conserved mechanisms or are
induced by cell-type or species-specific mechanisms. To
answer this, we conducted luciferase reporter assays for the
regulation of BRE-AS1, LINC00473, and ZNF331 promoters in
mouse primary hippocampal and cortical neurons. The pro-
moters of these genes contain CRE and CREhs cis elements
(Figure 5B) that may direct the induction of promoter activity
upon excitatory synaptic signaling, and, moreover, the
LINC00473 promoter (pLINC00473) contains a bHLH-PAS tran-
scription factor response element (PasRE; Figure 5B) that could
permit the enhancement of transcriptional activity after the im-
mediate response. The assays showed increases in normalized
luciferase levels 6 hr after Bic/4AP addition with the BRE-AS1
promoter (pBRE-AS1) and pLINC00473 and two of the
cloned ZNF331 promoter-containing regions (pZNF3317 Il and
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Figure 5. BRE-AS1,LINC00473,and ZNF331 Regulation by Conserved
Ca?*-Signaling Pathway

(A) Results of nCounter analyses of BRE-AS1, LINC00473, and ZNF331
expression in response to Bic/4AP treatment of 7-week mixed-species cul-
tures are shown.

(B and C) Luciferase reporter assays with the firefly luciferase (FFluc) under the
control of the indicated promoter or without a promoter (pPCNTR) in mouse
primary hippocampal neurons.

(B) Change in FFluc activity in response to Bic/4AP treatment. See also Fig-
ure S6A.

(C) Relative light units (RLUs) measured from untreated cells (CNTR) or
cells treated 6 hr with Bic/4AP (6h Bic/4AP). The protein encoded by the
co-transfected plasmid is shown on the left.

Arrows denote transcription start sites (TSSs). Numbers specify base
pairs upstream (—) or downstream (+) of the most 5" or 3’ TSS, respectively.
Red or green dots represent CRE and CREhs or PasRE cis elements,
respectively.

n =3 (A-C); (A) independent measurements and mean; (B and C) mean + SEM;
(A and B) one-way ANOVA and Dunnett’s test; (C) two-way ANOVA and

Ill, covering three and two 5’ exons, respectively; Figures 5B and
S6A). These results reveal that BRE-AST1, LINC00473, and
ZNF331 are under the control of promoters that are responsive
to synaptic activity in mouse neurons. This demonstrates that
they are targets of evolutionarily conserved synapse-to-nucleus
signaling mechanisms, most probably involving nuclear
Ca?*/calmodulin kinases (Bading, 2013).

To investigate if synaptic activity-dependent regulation of
pPBRE-AS1, pLINC00473, and pZNF331 Ill is sensitive to nuclear
Ca?*/calmodulin inhibition and interference with CRE-depen-
dent or PasRE-mediated transcription, we used co-transfection
of constructs encoding for one of the following proteins:
(1) CaMBP4, a nuclear-localized inhibitor of Ca?*/calmodulin
signaling (Wang et al., 1995; Zhang et al., 2007); (2) ICER1
(ICER), an inhibitor of CREB family proteins (De Cesare and Sas-
sone-Corsi, 2000); or (3) NPAS4 without the transcription activa-
tion domain (delTAD-NPAS4), a dominant-negative regulator of
bHLH-PAS transcription factors (Pruunsild et al., 2011). We
found that luciferase expression under the control of pBRE-
AS1, pLINC00473, and pZNF331 Ill after 6 hr of Bic/4AP treat-
ment was significantly reduced by CaMBP4 (Figure 5C). Overex-
pression of ICER led to diminished Bic/4AP-induced luciferase
levels with pBRE-AS1 and pLINC00473, but not with pZNF331
lll. The dominant-negative bHLH-PAS factor delTAD-NPAS4
considerably lowered Bic/4AP-induced transcription only from
pLINC00473 (Figure 5C). Additionally, pZNF331 Il activity was
significantly reduced by CaMBP4 in unstimulated conditions,
indicating that basal nuclear Ca®*/calmodulin activity regulates
transcription from this promoter. Collectively, these results
prove that the promoters of human BRE-AS1, LINC00473, and
the most 3’ promoter-containing region of ZNF331 are regu-
lated by the conserved Ca®*-signaling pathway that activates
nuclear Ca®*/calmodulin kinases in neurons. pBRE-AS1 and
pLINC00473 are probably induced by CREB, and the transcrip-
tional activity from pLINC00473 is likely to be increased by
recruitment of the bHLH-PAS transcription factor NPAS4 and
ARNT2 heterodimer to the PasRE.

hiPSCd Neuron Synaptic Activity-Controlled Late
Response Gene Set Contains Cell Type-Specifically
Regulated Genes

RNA levels of 428 or 215 human genes were detected to be
significantly changed (paqj < 0.1) with RNA-seq 4 hr after Bic/4AP
addition to the 7-week hiPSCd neuron/mouse primary hippo-
campal neuron co-culture (Figure 6A; Table S5) or to the
10-week hiPSCd neuron-only culture (Table S5), respectively.
Although the overlap of significantly regulated genes was smaller
between the two culture conditions than detected for the 1-hr
time point (Figures 6B and 4B), the mean fold change values of
the total of these 524 genes correlated strongly between the da-
tasets (Figure 6C, r = 0.88). Using the same two criteria as for
defining the human IE genes, we designated 218 human genes
to belong to the later phase of the synaptic activity-responsive

Tukey’s test; *p < 0.05, **p < 0.01, and ***p < 0.001. If not specified with lines,
the asterisks indicate significance compared to untreated control (A), to
pCNTR (B), or to cells expressing mCherry in the same treatment group
(CNTR or 6h Bic/4AP) (C).
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Figure 6. Human iPSCd Neuron Synaptic Activity-Regulated
Late-Response Genes

(A) RNA-seq MA plot of gene expression changes in hiPSCd neurons
4 hr after Bic/4AP addition to the 7-week mixed-species cultures. Dots
representing genes with significantly changed RNA levels (paq; < 0.1) are red.
n=3.

(B) Venn diagram displays human genes with significantly changed RNA levels
after 4-hr Bic/4AP treatment of 7-week mixed-species cultures (Hs[+Mm]) and
10-week hiPSCd neuron cultures (Hs).

(C) Correlation of expression log, fold change (FC[log2]) values of all of the 524
human genes shown in (B) in Hs(+Mm) culture with the respective values
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genomic program in hiPSCd neurons. From these we excluded
20 genes that we had designated to be IE genes, and we ac-
quired a set of 198 human synaptic activity-regulated late-
response (LR) genes (Table S6; Figure 6D). The majority of the
human LR genes (167 genes, 84.3%) have mouse orthologs
that were correspondingly regulated in mouse primary neurons
in this study and/or have been shown previously to be activity
regulated (Balik et al., 2013; Kim et al., 2010; Maze et al., 2015;
Mo et al., 2015; Saha et al., 2011; Spiegel et al., 2014; Zanzouri
etal., 2006; Zhang et al., 2007, 2009). The mouse orthologs of 22
or nine human LR genes that were up- or downregulated,
respectively, in hiPSCd neurons have not been described to
be neuronal activity regulated or have been found to be regu-
lated in the opposite direction in mice by others and/or by us
(Table S7).

The only significantly enriched GO categories among the 150
upregulated human LR genes were synapse (GO:0045202,
false discovery rate [FDR]ggy = 2.56E—03) and synapse part
(GO:0044456, FDRggy = 2.74E—03, Figure 6D). This suggests
that a key consequence of synaptic activity-dependent gene
expression in hiPSCd neurons could be the adjustment of the
composition and function of synapses. Downregulated genes
did not have significant over-representation of any GO term.

RNA level changes of the human LR genes and their mouse or-
thologs in the 7-week mixed-species cultures were positively
correlated (r = 0.46; Figure 6E). However, the correlation be-
tween human and mouse gene RNA level changes 4 hr after
the Bic/4AP addition was significantly weaker than that at the
1-hr time point (r = 0.46 versusr=0.73,Z = 2.5, p = 0.012, Fisher
Z-transformation). Furthermore, the levels of a number of human
LR genes were changed hiPSCd neuron specifically, suggesting
that the late phase of the transcriptional response to synaptic ac-
tivity depends more on the cell type and/or the species than the
early phase. We also noted that the human LR genes include the
orthologs for 26 mouse excitatory neuron-specifically induced
genes, like Erf, Homer1, and Scg2, and ten mouse inhibitory
neuron-specifically induced genes, like Nab1 and Hivep2
(Spiegel et al., 2014), indicating that the activity-regulated gene
program described here for hiPSCd neurons originates from

obtained from the Hs culture. Dots represent mean values of three biological
replicate experiments. Pearson’s r, p < 0.0001.

(D) Distribution of the human late-response (LR) genes according to the in-
formation on their mouse orthologs. hiPSCd n. down, downregulated in
hiPSCd neurons but no evidence for neuronal activity-dependent down-
regulation of the mouse ortholog or no mouse ortholog; hiPSCd n. and Mm
down, downregulated in hiPSCd neurons and the mouse ortholog down-
regulated in this and/or other studies; hiPSCd n. and Mm up, upregulated in
hiPSCd neurons and the mouse ortholog upregulated in this and/or other
studies; and hiPSCd n. up, upregulated in hiPSCd neurons but no evidence for
neuronal activity-dependent upregulation of the mouse ortholog. See also
Table S7. GO terms enriched within upregulated human LR genes are shown.
(E) Correlation of expression FC(log,) values of 198 human LR genes in the co-
culture after 4 hr of Bic/4AP treatment with the FC(log,) values of their mouse
orthologs in the same culture. Dots represent mean values of three biological
replicate experiments. Examples that are among the most strongly up- or
downregulated genes in either of the species are indicated. Pearson’s r,
p < 0.0001.

See also Figures S3-S5.
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both excitatory and inhibitory cells. It seems likely that the
neuron type, including possible effects determined by the spe-
cies, defines the complete set of LR genes that are regulated
by synaptic activity.

Potential Lineage-Specific Control of Synaptic Activity-
Regulated Genes

It is uncertain whether synaptic activity-induced transcription in
hiPSCd neurons reflects that of the human brain in vivo. Testing
this experimentally in humans is inconceivable, so we addressed

regulated by synaptic activity in hiPSCd

neurons have a neuron-enriched open

chromatin-associated transcription initia-
tion mark H3K4me3 in the human prefrontal cortex in vivo during
development and in the adult. This is indicative of the genes’
accessibility for activity-dependent regulation in the human brain
in vivo. The neuron-enriched H3K4me3 promoter mark was pre-
sent on significantly more genes than expected by chance in all
hiPSCd neuron synaptic activity-regulated gene groups, except
the hiPSCd neuron-specifically downregulated genes (Figure 7A).
This reveals that the genes detected here to be synaptic activity
regulated in hiPSCd neurons are enriched for genes that are more
apt to transcription in the human brain than in other tissues.
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We next explored whether the synaptic activity-controlled
gene program described here includes human genes associated
with regulatory changes compared to other mammals, by exam-
ining if hiPSCd neuron activity-regulated genes have human-
specific promoter or enhancer H3K27ac and/or H3K4me2 gains
during human brain cortex development in vivo, according to the
data from Reilly et al. (2015). Significantly more genes than ex-
pected by chance were positive for a human-specific epigenetic
regulatory gain only among the genes that were hiPSCd neuron-
specifically upregulated by 4 hr of Bic/4AP-induced activity (Fig-
ure 7B). This infers that expression of a relatively large proportion
of the genes shown here to be responsive to synaptic activity
only in hiPSCd neurons is probably regulated in a human-spe-
cific manner also in the brain in vivo.

Finally, we focused on HIC1/Hic1 to study if regulatory DNA
sequence dissimilarities of species rather than the cell type could
explain temporal differences in gene expression in response to
synaptic activity between hiPSCd neurons and mouse primary
neurons. We chose HIC1/Hic1 because it was the only relatively
strongly induced IE gene that was upregulated more transiently
in mouse neurons compared to hiPSCd neurons, a result that
we confirmed with species-specific RT-qPCR (Figures 7C and
S6B). The promoter of HIC1/Hic1 is not well conserved among
vertebrates in general, but it contains several almost identical re-
gions potentially encompassing important regulatory sequences
(Figure 7E). We searched these conserved sequences for cis ele-
ments that are bound by transcription factors in human cells using
the Encyclopedia of DNA Elements (ENCODE) chromatin immu-
noprecipitation sequencing (ChlP-seq) data, and we found that
the only orthologous binding motif relevant to activity-controlled
gene regulation that is not present in the rodent Hic1 promoter is
the IE protein EGR1-binding sequence located ~1,000 bp up-
stream of the human HIC1 RefSeq transcript 5’ end (Figures 7D
and 7E). This suggests that, upon synaptic activity, mRNA levels
of mouse Hic1 may not be sustained because Egr1 cannot bind to
the mouse Hic1 promoter. To test this, we generated a luciferase
reporter construct with the mouse Hic1 promoter, and, for com-
parison, we inserted the EGR1 site in it by changing two nucleo-
tides according to the human HIC7 promoter. Consistent with our
hypothesis, luciferase assays in mouse primary neurons revealed
that the mouse Hic1 promoter humanized with the EGR1 motif
produced a moderate rise in luciferase levels after 6 hr of Bic/4AP
treatment, whereas the wild-type promoter did not (Figure 7F).
This result supports the idea that a simple DNA element alteration
in the promoter could lead to a difference in the temporal profile
of Hic1 expression in response to synaptic activity in mice
compared to its ortholog’s expression profile in humans.

DISCUSSION

This study reveals three ways in which the human genetic back-
ground influences neuronal adaptogenomics compared to that
of mice: (1) it expands the repertoire of human synaptic activ-
ity-regulated genes with lineage-specific genes, (2) it permits
synaptic activity-dependent regulation of some human genes
whose orthologs are not activity-regulated in mice, and (3) it
can gene-selectively change the temporal profile of synaptic
activity-responsive transcriptional activity.
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We identify three human genes, BRE-AS1, LINC00473, and
ZNF331, that lack mouse orthologs but are regulated by syn-
aptic activity via conserved signaling mechanisms to be included
in the human activity-responsive adaptive gene program.
LINC00473, which belongs to the core set of hiPSCd neuron syn-
aptic activity-regulated genes (Figure S7), has been shown to be
a primate-specific cAMP pathway-responsive noncoding
RNA that negatively regulates |IE genes (Reitmair et al., 2012).
ZNF331 and also HIC1/Hic1, the only relatively strongly induced
IE gene that had a more sustained induction in humans
compared to mice, encode transcriptional repressors. Interest-
ingly, a number of synaptic activity-controlled IE genes were up-
regulated more transiently in hiPSCd neurons than their mouse
counterparts in primary neurons (e.g., EGR4/Egr4, FOSB/Fosb,
and NPAS4/Npas4), possibly reflecting lineage-specific IE gene
regulation by LINC00473, ZNF331, and HIC1. More transient up-
regulation of some of the IE genes in hiPSCd neurons cannot be
explained by a lack of sustained Bic/4AP-induced activity and
mechanisms amplifying transcription, since the distinct temporal
regulation of synaptic activity-controlled genes between hiPSCd
neurons and mouse primary neurons was gene selective. Specif-
ically, along with the distinct temporal profiles, the upregulation
of several orthologous IE genes in both human and mouse
cells was commonly transient (e.g., ARC/Arc, BTG2/Btg2, and
NR4A1/Nrd4at) or commonly amplified after the initial response
(e.g., CSRNP1/Csrnp1, FOSL2/Fosl2, and RGS2/Rgs2). We
therefore propose that genetic differences gene-selectively
cause some of the orthologous human and mouse IE genes to
have different expression kinetics after synaptic activity. The
mechanisms probably involve both regulation in trans, including
regulation by lineage-specific activity-responsive genes as dis-
cussed above, and regulation in cis, as indicated by our result
with the Hic7 promoter that suggests a role for a species-specific
cis-regulatory element. Such an interpretation also is supported
by a recent study that used a high concentration of extracellular
KClI to stimulate neurons (Qiu et al., 2016).

Inrodents a large fraction of neuronal activity-induced IE genes
are transcription factors (Lanahan and Worley, 1998). Our data
confirm that genes encoding orthologs to these also are enriched
among the synaptic activity-regulated IE genes in humans. The
induced transcription factors are in turn expected to regulate
genes that produce the adaptive response. In mouse excitatory
and inhibitory neurons the adaptive transcriptional responses
are different (Spiegel et al., 2014), indicating that neuron type-
specific activity-dependent gene regulation occurs. We found
that the mouse orthologs of 15.7% of the hiPSCd neuron late-
response genes have no evidence for neuronal activity-depen-
dent regulation. It could be that, because the hiPSCd neurons
are relatively immature, this cell type-specific part of the response
is developmental stage specific rather than species specific.
However, the genes upregulated only in hiPSCd neurons were
over-represented by genes that have a neuron-enriched
H3K4me3 promoter mark in the human brain throughout devel-
opment as well as in the adult. First, this means that these genes
presumably have neuronal functions. Second, this suggests that
a considerable fraction of hiPSCd neuron-specifically synaptic
activity-regulated genes are accessible for regulation during the
course of the entire lifespan and are unlikely to be exclusively



responsive to activity during neuronal maturation. Besides, the
genes that were upregulated only in hiPSCd neurons displayed
enrichment for genes that are accompanied by human-specific
epigenetic gains in the human brain (Reilly et al., 2015), suggest-
ing that they might include genes whose regulation, possibly
including activity-dependent regulation, is species specific.

Our data suggest that acquisition of lineage-specific synapse-
to-nucleus signaling target genes and differences in synaptic ac-
tivity-dependent regulation of common targets contribute to the
phenotypic differences of humans compared to mice. We pro-
vide some outstanding examples supporting this view. First,
one of the genes whose upregulation by synaptic activity was
specific to hiPSCd neurons was ADRA1B (Table S7; Figure S7),
which is associated with attention deficit/hyperactivity disorder
(Mick et al., 2010). If ADRA1B is activity regulated in vivo, it could
be involved in the regulation of mood, cognition, and behavior as
an activity-induced component of the monoaminergic system in
humans that is not synaptic activity dependent in mice (but see
Kobori et al., 2011 and Shen and Gundlach, 1998). Second, we
detected CAMTAT1, which is associated with human episodic
memory performance (Huentelman et al., 2007) and intellectual
disability (Thevenon et al., 2012), to be upregulated by activity
in hiPSCd neurons but not in mouse neurons (Table S7). This
is exciting because CAMTAT1 is linked to a conserved noncoding
sequence with accelerated evolution in humans (Prabhakar et al.,
2006), has several putative enhancer regions with human-spe-
cific epigenetic gains (Reilly et al., 2015), and knockdown of
Camtal in the mouse hippocampus specifically alters long-
term memory (Bas-Orth et al., 2016), making CAMTA1 a good
candidate for a factor that adjusts episodic memory in a hu-
man-specific, synaptic activity-dependent manner. Third, HIC1,
the gene with a prolonged increase in mRNA levels after synaptic
activity in hiPSCd neurons compared to mouse neurons (Fig-
ure S7), negatively regulates expression of reelin receptor genes
(Dubuissez et al., 2013). Since reelin is essential for the lamination
of the cortex and has roles in neuronal maturation and synaptic
functions (Forster et al., 2010), HIC1 may be involved in brain cor-
tex development. Moreover, Miller-Dieker syndrome (MDS) with
lissencephaly as part of the phenotype is caused by haploinsuf-
ficiency of the genomic locus encompassing HIC1 (Yingling et al.,
2003). Although heterozygous loss of the PAFAH1B1 (alias LIST)
and YWHAE (alias 14-3-3¢) genes is believed to cause lissenca-
phaly in MDS, there is evidence that it also can result from a dele-
tion not involving these but the HIC71 gene (DECIPHER 250068;
Firth et al., 2009). Collectively, these examples accentuate that
some of the potentially human lineage-specifically regulated
genes uncovered in this study take part in brain functions or
developmental processes that could account for the superior
cognitive abilities of humans compared to other mammals.
Thus, the evolution of synaptic activity-regulated adaptogenom-
ics may have driven the evolution of cognition.

In conclusion, this study demonstrates that the generic tran-
scriptional response to evolutionarily conserved synapse-to-nu-
cleus signaling has lineage-specific features in human neurons.
This confirms that inherent genetic differences have an impact
on synaptic activity-dependent transcription, providing a mech-
anism of how they may tune adaptive, plasticity-related brain
functions.

EXPERIMENTAL PROCEDURES

Human iPSCs

The iPSC lines hiPS D1 and hiPS 3 were obtained from Dr. Jochen Utikal
(DKF2). hiPS D1 was generated from healthy human fibroblasts with an induc-
ible polycistronic lentiviral reprogramming vector encoding for KLF4, MYC,
POUS5F1, and SOX2 (Horschitz et al., 2015). hiPS 3 was generated from healthy
human melanocytes with inducible lentiviral reprogramming vectors encoding
for KLF4, MYC, and POUSF1 (Utikal et al., 2009).

Generation of NPCs

We differentiated iPSCs to NPCs using a slightly modified spin embryoid body
protocol (Kim et al., 201 1) with dual SMAD inhibition (Chambers et al., 2009), as
specified in the Supplemental Experimental Procedures.

Neuronal Differentiation

Differentiation of NPCs was initiated by plating 50,000 cells/cm? on poly-orni-
thine- (0.1 mg/mL) and laminin- (10 pg/mL) (both Sigma-Aldrich) coated
(PO/Lam) dishes in NPC medium (see the Supplemental Experimental Proced-
ures) without EGF and FGF2. After 1 week with medium changes every other
day, cells were replated 75,000 cells/cm? on PO/Lam dishes or coverslips
in neuronal differentiation (ND) medium (Neurobasal, Glutamax [1 mM],
B27-vitamin A [2%], Pen/Strep [1:200; all Thermo Fisher Scientific], ascorbic
acid [200 uM, Sigma-Aldrich], and BDNF [10 ng/mL, PeproTech]). Differentia-
tion was allowed to proceed for up to 9 more weeks with medium changes
three times per week. See also Figure S1.

Mixed-Species Culture

PO mouse primary hippocampal cells, 75,000 cells/cm?, were added to
hiPSCd neurons in ND medium for the last 10 days of differentiation;
10 days in vitro is sufficient for inducing AP bursting in mouse primary neuron
cultures with Bic/4AP (Arnold et al., 2005).

RNA-Seq Data Differential Gene Expression Analysis

RNA-seq was performed on four biological replicates of untreated and 1-hr
Bic/4AP-treated mixed-species or hiPSCd neuron-only culture samples and
three biological replicates of 4-hr Bic/4AP-treated mixed-species or hiPSCd
neuron-only culture samples (GEO: GSE88773). TopHat2 (version 2.0.9)
(Kim et al., 2013), HTSeg-count (HTSeq version 0.6.0 or 0.6.1) (Anders et al.,
2015), and DESeq2 (version 1.8.1) (Love et al., 2014) were used for RNA-seq
read mapping, counting, and differential gene expression analysis, respec-
tively. The co-culture sample reads were filtered for either human or mouse
reads as specified in the Supplemental Experimental Procedures.

Patch-Clamp Recordings

Whole-cell patch-clamp recordings were made at 32°C from cells plated
on glass coverslips and secured with a platinum ring in a recording chamber
(Open access chamber-1, Science Products) with heated in-line perfusion
(82°C, TC324B, Warner Instruments) running constantly at 2 mL/min.

Statistical Analyses

Two samples were compared with two-tailed Student’s or Welch’s t test. If indi-
cated, Holm-Sidak p adjustment was applied. Multiple samples were compared
with one-way ANOVA and Dunnett’s or Tukey’s test, two-way ANOVA and
Tukey’s test, or two-way ANOVA on ranks and Holm-Sidak test. In RNA-seq
data analysis, default statistical approaches of DESeq2 were applied.

Additional Details

Additional details about our methods are in the Supplemental Experimental
Procedures.

ACCESSION NUMBERS

The accession number for the RNA sequencing data reported in this paper is
GEO: GSE88773.
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Figure S1. Molecular characterization of hiPSCd neuron differentiation. Related to Experimental Procedures

(A) Immunofluorescence staining of iPSCs and neuronal precursor cells (NPCs) with antibodies recognizing the indicated
proteins. Human iPSCs (hiPS D1, see Experimental Procedures) were differentiatiated into PAX6- and nestin (NES)-
expressing NPCs using a spin embryoid body protocol (Kim et al., 2011) with dual SMAD inhibition (Chambers et al.,
2009).

(B) RT-PCR analysis of mRNA levels in iPSCs, NPCs and NPCs differentiated for 4 and 7 weeks, or in human fetal brain
with primers targeting the indicated genes. A reaction without reverse transcription (-RT) was used as a control.

(C) Immunofluorescence staining of hiPSCd neurons differentiated for 7 weeks from NPCs with antibodies recognizing
the indicated proteins. Expression of DCX and MAP2, or mCherry (direct fluorescence) under the control of the human
SYN1 promoter (mCh[pSYN/], lentiviral infection of NPCs) and TUBB3 is shown. Of note, expression of EGFP was very
similar to expression of mCherry when NPCs were infected with a lentivirus encoding for EGFP under the control of
pSYNI. See also Figure 3G.

(D) Quantification of cells positive for the indicated proteins in cultures of hiPSCd neurons differentiated for 2 to 7 weeks
from NPCs. Three or four biological replicates were used for the quantification at each time point (mean + SEM).

(E) Western blot analysis of protein expression using lysates from NPCs and hiPSCd neurons differentiated for 4 or 7 weeks
from NPCs with antibodies recognizing the indicated proteins.

(F and G) Immunofluorescence staining of hiPSCd neurons differentiated for 7 weeks from NPCs with antibodies
recognizing the indicated antigens.

(H) Quantification of cells double-positive for TUBB3, MAP2 or DCX and the indicated antigen in cultures of hiPSCd
neurons differentiated for 7 weeks from NPCs. TUBB3 and VGLUT2, TUBB3 and GABA, DCX and COUP-TFI, MAP2
and FOXP2, or MAP2 and BRN2 were assessed. Three biological replicates were used for the quantification at each time
point (mean = SEM).

(I) RT-qPCR analysis of mRNA levels in hiPSCs, NPCs and hiPSCd neurons differentiated for 4, 6 or 7 weeks from NPCs
with primers targeting the indicated genes. mRNA levels relative to the levels measured from iPSCs are shown for each
gene. The values marked with asterisks designate the log, fold changes measured with RNA-Seq in the respective genes’
mRNA levels in hiPSCd neurons differentiated for 7 weeks from NPCs relative to the levels measured from iPSCs. Two or
three biological replicates were used at each time point (mean = SEM).

(J) GO term over-representation analysis with ToppGene (Chen et al., 2009) among genes up- or downregulated more than
8-fold in hiPSCd neurons differentiated for 7 weeks from NPCs relative to the expression levels in iPSCs. Most
significantly enriched GO terms are shown. See also Table S1.

(K) Spearman correlation between the transcriptomes of the iPSCs (n = 2) and hiPSCd neurons (iPSCd n) produced in this
study (7w and 10w, 7th and 10th week of differentiation from NPCs, respectively, both n = 4), hiPSCd neuron samples
from Wen et al., 2014 (iPSCn**, four weeks of differentiation, n = 3), and human fetal (13th to 16th week postconception)
ventricular zone (VZ, n = 3), inner or outer subventricular zone (i/o SVZ, n = 6) or cortical plate (CP, n = 3) samples

from Fietz et al., 2012. 4497 genes with log-transformed RNA-Seq read counts per million standard deviation > 1 were
used for the analysis. Correlation between all our hiPSCd neuron samples, p 0.968 to 0.998. Our hiPSCd neurons vs
hiPSCd neurons produced by Wen et al. (p up to 0.712). Our hiPSCd neurons vs human 13th to 16th week postconception
fetus cortical plate, which contains mostly postmitotic neurons (p up to 0.646). Our hiPSCd neurons vs human 13th to

16th week postconception fetus ventricular and subventricular zones, which contain proliferating cells (p up to 0.509).

(L) mRNA levels of selected marker genes in hiPSCd neurons differentiated for 7 weeks according to RNA-Seq (n =4,
mean + SEM). Marker genes were selected based on single-cell transcriptomes of in vivo and in vitro human neurons (Camp
et al., 2016), and additionally, some classical brain region-specific markers, used for example to identify regional specificity
of human PSC-derived neurons (Imaizumi et al., 2015), were included. This data indicates that the hiPSCd neuron cultures
are a heterogeneous population of neurons representing dorsal as well as ventral developing forebrain.

A brief description of markers whose expression was assessed in panels other than L: OCT4 (POUS5FI) and LIN284,
pluripotency markers; PAX6 and BRNI (POU3F3), neuron/brain development-associated genes; RTN/ and STMN2, neuron-
specifically expressed genes; DCX and MAP2, postmitotic neuron markers; TUBB3, neuronal lineage-expressed protein;
SOX2 and NES, NPC-expressed proteins; COUP-TFI (NR2F1), developing forebrain-enriched protein; DLG3, VAMP2 and
SYNI1, synaptic proteins; VGLUT2 (SLC17A6), excitatory neuron marker; GABA, inhibitory neuron marker; FOXP2 and
BRN2 (POU3F2), forebrain-enriched/cortical layer markers; SOX1, NPC marker; CUX]I, cell differentiation regulator.



Figure S2
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Figure S2.
(A) Rhod2 Ca2* imaging of responses to bicuculline (Bic, 50 pM) or 4-aminopyridine (4AP, 250 pM).
Related to Figure 2

Ca2* response amplitudes (peak minus baseline, mean = SEM) in the number of cells indicated for EGFP* (+) and EGFP- (-)
cells in the 7w Hs+Mm or Hs cultures and in the 10w Hs cultures. 7w and 10w, NPCs were differentiated for 7 weeks and 10
weeks, respectively. Hs+Mm, co-culture of hiPSCd neurons with mouse primary hippocampal neurons; Hs, human iPSCd
neuron-only culture.

(B - D) Excitatory synaptic input to hiPS 3-derived hiPSCd neurons upregulates human IE genes.

Related to Figures 3 and 4

RT-qPCR (B and C) and nCounter (D, Kulkarni et al., 2011) analyses of changes in human IE gene mRNA levels after
treatment with Bic/4AP (bicuculline, 50 pM and 4-aminopyridine, 250 pM) of hiPS 3-derived 7 week hiPSCd neuron/mouse
primary hippocampal neuron co-cultures.

(B) Temporal profiles of IE gene mRNA levels in response to enhancement of synaptic activity.

(C and D) Analysis of the effects of blocking action potentials (TTX, tetrodotoxin, 1 pM), VGCCs (C, Nif, Nifedipine, 10 uM)
or NMDARs (C, APV/MK, 2-amino-5-phosphonovalerate, 50 uM and MK801, 10 uM), or both VGCCs and NMDARs
(Nif/APV/MK) on the increase in IE gene mRNA levels in response to Bic/4AP-tretament. In C, IE gene mRNA level

changes in hiPS 3-derived hiPSCd neurons differentiated for 7 weeks and maintained without addition of mouse primary
hippocampal neurons (- Mm cells) are also shown. In D, + shows that the indicated substances were present in the culture
medium in addition to Bic/4AP.

Two biological replicate measurements were performed for all data points (B and C, mean + SEM; C, data range with average).
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Figure S3. Analysis of RNA levels of the indicated human genes with the nCounter method (Kulkarni et al., 2011).
Related to Figure 4

(A) 7 week hiPSCd neuron/mouse primary hippocampal neuron co-culture was left untreated or treated with Bic/4AP
(bicuculline, 50 uM and 4-aminopyridine, 250 uM) for the time indicated. RNA expression levels were normalized to

the levels of three “housekeeping” genes: EIF2B4, FCFland HPRTI (normalized counts). The names of human IE genes
according to RNA-Seq data are in green. Three biological replicate measurements were performed for each data point.
Box plots show data range with median. Significance (one-way ANOVA and Dunnett’s multiple comparison test) is
indicated compared to untreated control, #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001. Values above boxes are p values
(shown if <0.2 and > 0.1).

(B and C) Correlation of gene expression fold change log, [FC(log,)] values of 26 human genes measured using the
nCounter method after a one-hour Bic/4AP-treatment (B) or after a four-hour Bic/4AP-treatment (C) with the corresponding
values measured with RNA-Seq. The dots denote the mean values of three biological replicate experiments. Pearson’s r
two-tailed p < 0.0001. The mean fold changes in gene expression obtained with the two methods at both the one hour and
the four hours time point are very similar, verifying the reliability of the mixed-species RNA-Seq analysis.
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Figure S4. Analysis of RNA levels of the indicated mouse genes with the nCounter method (Kulkarni et al., 2011).
Related to Figure 4

(A) 7 week hiPSCd neuron/mouse primary hippocampal neuron co-culture was left untreated or treated with Bic/4AP
(bicuculline, 50 uM and 4-aminopyridine, 250 uM) for the time indicated. RNA expression levels were normalized to

the levels of three “housekeeping” genes: Eif2b4, Fcfl and Hprtl (normalized counts). The names of the mouse orthologs
of human IE genes are in green. Three biological replicate measurements were performed for each data point. Box plots
show data range with median. Significance (one-way ANOVA and Dunnett’s multiple comparison test) is indicated
compared to untreated control, #p < 0.1, *p < 0.05, **p < 0.01, ***p <0.001. 0.15, p value for the respective data point.
All 9 mouse orthologs of human IE genes analysed, including genes that were not significantly induced at the one hour
time point in RNA-Seq analysis, showed significantly upregulated RNA levels at 30 minutes and/or one hour after
Bic/4AP addition.

(B and C) Correlation of gene expression fold change log, [FC(log,)] values of 13 mouse genes measured using the
nCounter method after a one-hour Bic/4AP-treatment (B) or after a four-hour Bic/4AP-treatment (C) with the corresponding
values measured with RNA-Seq. The dots denote the mean values of three biological replicate experiments. Pearson’s r
two-tailed p < 0.0001. The mean fold changes in gene expression obtained with the two methods at both the one hour and
the four hours time point are very similar, verifying the reliability of the mixed-species RNA-Seq analysis.



Figure S5
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Figure S5. Analysis of RNA levels of the indicated human genes with the nCounter method (Kulkarni et al., 2011)
in hiPS 3-derived 7 week hiPSCd neuron/mouse primary hippocampal neuron co-culture. Related to Figure 4

The cells were left untreated or treated with Bic/4AP (bicuculline, 50 uM and 4-aminopyridine, 250 uM) for the time
indicated. RNA expression levels were normalized to the levels of three “housekeeping” genes: EIF2B4, FCF1 and
HPRTI (normalized counts). The names of the human IE genes according to RNA-Seq data obtained with the hiPS D1-
derived hiPSCd neurons are in green. Two biological replicate measurements were performed for each data point. Box
plots show data range with average.
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Figure S6. Assessment of potential lineage-specific control of synaptic activity-regulated genes.

Related to Figures 5 and 7

(A) Luciferase reporter assay with the firefly luciferase (FFluc) under the control of the indicated promoter or without a
promoter (pCNTR) in mouse primary cortical neurons. Change in FFluc activity in response to Bic/4AP-treatment
(bicuculline, 50 puM and 4-aminopyridine, 250 pM) is shown. Arrows denote transcription start sites (TSSs). Numbers
specify bps upstream (-) or downstream (+) of the most 5° or 3 TSS, respectively. Red or green dots represent CRE and
CREhs or PasRE cis-elements, respectively. n = 3; mean = SEM; one-way ANOVA and Dunnett’s multiple comparison
test, **p < 0.01, ***p < 0.001. The asterisks indicate significance compared to pPCNTR.

(B) RT-qPCR analysis of HIC1/Hicl mRNA levels in hiPS 3-derived hiPSCd neuron/mouse primary hippocampal neuron
co-culture. Changes in human (Hs) HICI and mouse (Mm) Hicl mRNA levels after treatment with Bic/4AP (bicuculline,
50 uM and 4-aminopyridine, 250 uM) for the time indicated are shown. n = 2, mean + SEM.
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Figure S7. Core set of human iPSC-derived neuron synaptic activity-regulated genes.

Related to Figures 4 and 6, and to Discussion

Heat map of the expression level changes of 30 human genes with the most consistent responses [> two-fold expression
change with p,4; < 0.01 both in the mixed-species culture (+Mm) and in the hiPSCd neuron-only culture (-Mm)] to
synaptic activity in hiPSCd neurons after one hour and/or four hours of Bic/4AP-treatment. The temporal profiles of the
expression level changes (Response type) in the mixed-species culture is specified for both the human gene and its
mouse ortholog with a separation of the two by a slash (human/mouse). IE, immediate-early; LR, late response; Tra,
transient upregulation; Sus, sustained upregulation; Amp, amplified upregulation; NA, not applicable; Hs, upregulated
hiPSCd neuron-specifically; com, upregulated in hiPSCd neurons and in mouse neurons. Each genes’ status in regard

to neuron-enriched open chromatin-associated promoter mark (Neuron enr.) and human-specific promoter or enhancer
epigenetic regulatory gain (Hs-sp. gain) in the human brain in vivo (see main text for details) is indicated. (P) specifies
promoter gain. The asterisk indicates that there is no ortholog in rodents. Mean gene expression level changes (log, fold
change, log,FC, determined with RNA-Seq; n =4 or n =3, for one hour or four hours of Bic/4AP-treatment, respectively)
were used to generate the heat map together with Euclidean distance Ward clustering.



Table S1 (Excel worksheet). Related to Experimental Procedures

(Table S1A) Results of the ToppGene Suite analysis of GO category over-representation among genes more than
8-fold upregulated after generation of NPCs from iPSCs and 7 weeks of neuronal differentiation of NPCs (2106
genes).

(Table S1B) Results of the ToppGene Suite analysis of GO category over-representation among genes more than
8-fold downregulated after generation of NPCs from iPSCs and 7 weeks of neuronal differentiation of NPCs (2105
genes).

Table S2 (Excel worksheet). Related to Figure 4

(Table S2A) DESeq?2 results showing human genes with significantly (pagj < 0.1) changed RNA expression levels
in response to one hour of Bic/4AP-treatment of 7 weeks differentiated hiPSCd neurons in co-culture with mouse
primary hippocampal neurons.

(Table S2B) DESeq?2 results showing human genes with significantly (pag < 0.1) changed RNA expression levels
in response to one hour of Bic/4AP-treatment of 10 weeks differentiated hiPSCd neurons.

Table S3 (Excel worksheet). Human synaptic activity-regulated immediate early genes. Related to Figure 4
Shown are DESeq2 results for human IE genes in response to one hour of Bic/4AP-treatment of 7 weeks
differentiated hiPSCd neurons in co-culture with mouse primary hippocampal neurons.

Table S4 (Excel worksheet). Results of the ToppGene Suite analysis of GO category and transcription factor
binding site over-representation among human synaptic activity-regulated IE genes. Related to Figure 4

Table S5 (Excel worksheet). Related to Figure 6

(Table SS5A) DESeq2 results showing human genes with significantly (pagj < 0.1) changed RNA expression levels
in response to four hours of Bic/4AP-treatment of 7 weeks differentiated hiPSCd neurons in co-culture with mouse
primary hippocampal neurons.

(Table S5B) DESeq?2 results showing human genes with significantly (pag < 0.1) changed RNA expression levels
in response to four hours of Bic/4AP-treatment of 10 weeks differentiated hiPSCd neurons.

Table S6 (Excel worksheet). Human synaptic activity-regulated late response genes. Related to Figure 6
Shown are DESeq?2 results for human late response genes in response to one hour of Bic/4AP-treatment of 7
weeks differentiated hiPSCd neurons in co-culture with mouse primary hippocampal neurons.



Table S7

hiPSCd n.-specific LR genes FC Hs(+Mm) FC Hs(-Mm) neuron-enriched Hs -specific gain
RTLI 4.36 2.26 no no
RASGRP3 3.79 2.14 no yes(promoter)
AGPAT9 (GPAT3) 3.07 2.11 yes no
DIO3 2.92 2.56 no yes(promoter)
TNFRSF9 2.64 4.08 no no
NAB?2 2.36 1.55 yes no
ADRAIB 2.35 2.11 yes yes
NKD2 1.86 1.52 yes yes
F2RLI 1.77 1.43 no no
CALCB 1.67 2.65 no yes(promoter)
NPHP4 1.67 1.41 yes yes
CEMIP 1.65 3.05 yes no
DNMBP 1.60 1.24 yes no
TUNAR 1.59 1.59 yes no
PRPF4 1.47 1.27 no no
CAMTAI 1.47 1.34 yes yes
MAKI16 1.39 1.32 no no
ZNF330 1.36 1.26 no no
ATGI6LI 1.36 1.31 yes no
POLD3 1.35 1.35 no yes
GORASP1 1.31 1.22 yes no
CPOX 1.29 1.41 yes no
FAM134C 0.79 0.81 yes yes
SORBS?2 0.77 0.78 yes yes
PLCHI 0.73 0.73 no no
JMY 0.72 0.74 yes yes
ARID5B 0.70 0.69 no no
CNTN3 0.69 0.71 no no
DNAJC27-A4S1z 0.64 0.59 no no
RTPI 0.61 0.46 no no
TMEMI1872 0.57 0.70 yes yes

ano ortholog in rodents

Table S7. hiPSCd neuron-specifically synaptic activity-regulated late response genes. Related to Figure 6

31 human late response (LR) genes detected here to be significantly regulated by synaptic activity only in hiPSCd
neurons (hiPSCd n.) without published evidence for neuronal activity-dependent regulation of the mouse ortholog.
Mean expression level changes (fold change, FC, determined with RNA-Seq) in response to four hours of
Bic/4AP-treatment of the hiPSCd neuron/mouse primary neuron co-culture [Hs(+Mm)] and the hiPSCd neuron-only
culture [Hs(-Mm)] is shown. Each genes’ status in regard to neuron-enriched open chromatin-associated promoter
mark (neuron-enriched) and human-specific promoter or enhancer epigenetic regulatory gain (Hs-specific gain) is
indicated, (promoter) indicates promoter gain (see main text for details).



Supplemental Experimental Procedures

Human iPSCs. Both iPSC lines used in this study, hiPS D1 (Horschitz et al., 2015) and iPS 3 (Utikal et al., 2009),
have been fully characterized to be pluripotent by standard methods, including teratoma formation assay. In this study,
if not indicated otherwise, experiments were performed with hiPS D1-derived neurons.

Generation of NPCs. iPSC colonies, grown on Matrigel (BD Biosciences) in mTesR1 (STEMCELL Technologies),
were pretreated with the ROCK inhibitor Y-27632 (10 uM, EMD Millipore) and dissociated with Accutase
(eBioscience). 10,000 cells were aggregated to form embryoid bodies (EBs) in V-bottom 96-well plates (Thermo
Fisher Scientific) by centrifugation at 400 RCF in mTeSR1 with Y-27632 (30 uM). After 16 h EBs were transferred
into neural induction (NI) medium [DMEM:F12, Glutamax (2 mM), N2 (1 %), B27 -vitamin A (4%), B-
mercaptoethanol (50 uM) (all Thermo Fisher Scientific), Dorsomorphin (500 nM, Tocris), recombinant mouse
Noggin (100 ng/mL, R&D Systems), SB431542 (10 uM, Tocris) and Pen/Strep (Thermo Fisher Scientific, 1:200)] as
free floating EBs for two days. Then, the EBs were plated onto Matrigel-coated dishes in NI medium with FGF2 (20
ng/mL, PeproTech). After four days, neural rosettes were microdissected from EBs and replated onto Matrigel in NI
medium with FGF2 for another four days. Until this stage the medium was changed every day. Then, cells were
treated with Accutase and replated as a monolayer on poly-ornithine (0.1 mg/mL) and laminin (10 pg/mL) coated
(PO/Lam, both Sigma Aldrich) dishes in NI medium with FGF2. After two days, or when fully confluent, cells were
Accutase-treated and split 1:3 onto PO/Lam dishes in NPC medium [DMEM:F12, Glutamax (2 mM), N2 (1 %), B27
-vitamin A (2 %), B-mercaptoethanol (50 uM), Pen/Strep (1:200), EGF (10 ng/mL) (all Thermo Fisher Scientific)
and FGF2 (10 ng/mL, PeproTech)]. These cells were termed passage 1 (P1) NPCs. NPCs were maintained on
PO/Lam dishes in NPC medium, split 1:3 or 1:4 with Accutase when confluent and used for neuronal differentiation
at passage 4 to 10. NPCs can be frozen in NPC medium without Pen/Strep in the presence of 10 % DMSO.

Neuronal differentiation. When plating cells to differentiate, CHIR99021 (2.5 uM, Cellagen Technology) was added
to the NPC medium without EGF and FGF2 to increase viability of cells. Cells were maintained in this medium for
7 days with full medium change every other day. Then, cells were treated with Accutase and replated 75,000 cells/cm?
on PO/Lam dishes or coverslips in neuronal differentiation (ND) medium [Neurobasal (Thermo Fisher Scientific),
Glutamax (1 mM), B27 -vitamin A (2 %), ascorbic acid (200 pM, Sigma Aldrich), Pen/Strep (1:200) and BDNF (10
ng/mL, PeproTech)] and allowed to differentiate for up to 9 more weeks with full medium changes three times per
week. NPCs differentiated for 7 days can be frozen in NPC medium without EGF, FGF2 and Pen/Strep in the presence
of 10 % DMSO, re-thawed and plated into ND medium to differentiate.

hiPSCd neuron/mouse primary hippocampal neuron co-culture. All medium was changed at mouse cell day in vitro
(DIV) 1, 3, 6 and half of the medium was changed at DIV 8.

Lentivirus production. 60 % confluent HEK293FT (Invitrogen) cells on a 15 c¢m cell culture dish in high glucose
DMEM (Thermo Fisher Scientific), supplemented with 10 % heat-inactivated fetal bovine serum (Thermo Fisher
Scientific), non-essential amino acids (Thermo Fisher Scientific, 1:100) and sodium pyruvate (Thermo Fisher
Scientific, 1:100), were transfected with plasmids pLP1 (11 pg), pLP2 (5.75 png), pVSVG (6.5 pg) and pRRL (17.75
ng) (Follenzi et al., 2000) containing either EGFP or mCherry under the control of the human SYN/ promoter using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. DNA
(png):Lipofectamine 2000 (ul) ratio of 1:2.5 in a total of 625 pl DMEM was used for preparing the transfection
solution. Medium was changed 16 h after transfection. Then, the medium was collected twice after 24 h and 48 h.
After centrifugation (4 °C, 2500 % g, 10 min) the collected medium was filtered (0.45 um pore, PVDF, Millex-HV,
Merck Millipore), purified (Speedy Lentivirus Purification, abm) and concentrated (Amicon-Ultra 100K column,
Merck Millipore), all according to the manufacturer’s recommendations, respectively. Viral particles in PBS were
aliquoted and frozen in a cell freezing container for storage at -80 °C.

NPC infection. 75 % confluent NPCs (P2 to P4) were infected overnight with the addition of a 1:500 dilution of
concentrated lentivirus into NPC medium. Infected NPCs were used for neuronal differentiation after no more than
two passages.

Immunocytochemistry. Cells grown on glass coverslips for the time indicated were fixed with 4 % PFA/4 % sucrose
in PBS, treated with 50 mM NH4CI in PBS, permeabilized with 0.25 % — 0.5 % Triton X-100 in PBS (or with 0.1 %
saponin in PBS if anti-VGLUT2 was used, then all subsequent solutions contained 0.1 % saponin), blocked with ICC



blocking buffer (2 % BSA in PBST) and incubated with the following primary antibodies diluted in ICC blocking
buffer: goat anti-BRN2 (C-20) (Santa Cruz Biotechnology, sc-6029, 1:50), mouse anti-COUP-TFI [H8132] (Abcam,
ab41858 1:200), goat anti-DCX (C18) (Santa Cruz Biotechnology, sc-8066, 1:100), rabbit anti-FOXP2 (Abcam,
ab16046, 1:400), rabbit anti-GABA (Sigma-Aldrich, A2052, 1:2000), rabbit anti-JUNB (C37F9) (Cell Signaling
Technology, #3753, 1:200), mouse anti-MAP2 (Millipore, MAB3418, 1:500), mouse anti-NES (10C2) (Millipore,
MABS5326, 1:400), goat anti-OCT4 (N-19) (Santa Cruz Biotechnology, sc-8628, 1:100), rabbit anti-PAX6 (Covance,
PRB-278P, 1:200), mouse anti-TUBB3 (Covance, MMS-435P, 1:500) and rabbit anti-VGLUT2 (Synaptic Systems,
135 402, 1:500). Dylight488- or Dylight594-conjugated anti-IgG secondary antibodies, all produced in donkey by
Dianova (anti-goat, 705-515-003; anti-mouse, 715-485-150; or anti-rabbit 711-585-152) were diluted in ICC blocking
buffer 1:1000. Coverslips were mounted using Mowiol 4-88 (Merck Millipore) with Hoechst 33258 (Serva). Images
were obtained with DM IRB/E inverted microscope (Leica) with a 40x objective, or with TCS SP2 confocal laser-
scanning microscope (Leica) equipped with DM IRE2 inverted microscope (Leica) with a 100x objective (JUNB
immunostainings).

RNA isolation, cDNA synthesis, RT-PCR and RT-gPCR. At the time of differentiation indicated and/or after the
treatment specified, total RNA was purified from cultured cells (3.5 cm dish) with RNeasy Mini (hiPSCd
neuron/mouse primary neuron co-cultures) or Micro (hiPSCd neuron-only cultures) Kit (Qiagen) along with on-
column RNase-Free DNase (Qiagen) digestion of DNA according to manufacturer’s instructions. cDNA was
produced with SuperScript III Reverse Transcriptase (Thermo Fisher Scientific) using 100 - 1000 ng of total RNA.
Semiquantitative RT-PCR was performed with NEB Taq DNA Polymerase (New England Biolabs). RT-qPCR
analysis was performed in triplicates with Power SYBR Green Master Mix (Thermo Fisher Scientific) and 7300 Real-
Time PCR System (Applied Biosystems). TBP and GAPDH or Gapdh were used for expression normalization in
hiPSCd neuron differentiation and synaptic activity-regulated transcription experiments, respectively. All primers
used here are listed in a table available at the end of the Supplemental Experimental Procedures.

Western blotting. Cells grown on 3.5 cm dishes for the time indicated were washed once with ice-cold PBS, collected
and pelleted in PBS at 4 °C and lysed on ice in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1 % Triton X-100,
0.5 % Na-deoxycholate and 0.1 % SDS, supplemented with | mM PMSF and 1x Roche complete EDTA-free protein
inhibitor cocktail) for 30 min. After centrifugation with a table-top centrifuge at 4 °C with 13,000 rpm for 10 min,
the supernatant was collected on ice. 50 ng of protein/sample was separated in 10 % SDS-PAGE and transferred to
nitrocellulose blotting membrane (GE Healthcare). Membranes were blocked in blocking buffer (5 % skim milk in
PBST). The primary antibodies used and their dilutions in blocking buffer applied were: mouse anti-ACTB (Santa
Cruz Biotechnology, sc-47778, 1:2000), mouse anti-COUP-TFI [H8132] (Abcam, ab41858 1:800), mouse anti-DLG3
(N19-2) (antibodies-online, ABIN1304941, 1:2000), mouse anti-MAP2 (Millipore, MAB3418, 1:2000), mouse anti-
NES (10C2) (Millipore, MABS5326, 1:2000), goat anti-SOX2 (Y-17) (Santa Cruz Biotechnology, sc-17320, 1:400),
mouse anti-TUBB3 (Covance, MMS-435P, 1:2000) and rabbit anti-VAMP2 (anti-Synaptobrevin 2) (Synaptic
Systems, 104202, 1:2000). HRP-conjugated anti-IgG secondary antibodies used, diluted in blocking buffer 1:5000,
were from Dianova: donkey anti-goat (705-035-147), goat anti-mouse (115-035-003) or goat anti-rabbit (111-035-
144). Chemiluminescence, produced with the ECL Western Blotting Detection system (GE Healthcare), was detected
by exposing membranes to High Performance Chemiluminescence film (GE Healthcare).

RNA-Seq. Poly(A)+ RNA was isolated from total RNA with the NEBNext Poly(A) mRNA Magnetic Isolation
Module (New England Biolabs). cDNA libraries were prepared with NEBNext Ultra Directional RNA Library Prep
Kit for Illumina (New England Biolabs). NEBNext Multiplex Oligos for Illumina (New England Biolabs) were used.
All the preparatory work was performed by CellNetworks Deep Sequencing Core Facility in Heidelberg, Germany.
The libraries were sequenced in EMBL Genomics Core Facility in Heidelberg, Germany, on HiSeq 2000 or NextSeq
500 (Illumina) to generate 50 bp single-end reads for iPSC and 7 weeks- or 10 weeks-differentiated hiPSCd neuron
samples and 50 bp or 75 bp paired-end reads for 7-weeks-differentiated hiPSCd neuron/mouse primary neuron co-
culture samples.

Differential gene expression analysis. Before the final read alignment and differential gene expression analysis, in
order to discriminate human and mouse reads, the sequencing data from hiPSCd neuron/mouse primary neuron co-
culture samples was processed similar to what has been described for tumour xenograft RNA-Seq data analysis
(Bradford et al., 2013). Paired-end reads were aligned independently, without pairing, to either the human genome
assembly GRCh37/hg19 or to the mouse genome assembly GRCm38/mm10 with Bowtie2 version 2.1.0 (Langmead
and Salzberg, 2012). Unaligned read pairs were joined and split again (Blankenberg et al., 2010) to eliminate pairs



with one aligned read. Then, genome-unaligned paired-end reads were aligned to either GRCh37/hgl9 or
GRCm38/mm10 transcriptomes (UCSC Genes/knownGene), respectively, with Bowtie2 (2.1.0). The reads that were
not aligned to the human genome and transcriptome, or not aligned to the mouse genome and transcriptome, were
then handled as reads obtained from single-species samples and used as mouse or human RNA-seq data input to
TopHat, respectively. Both, processed mixed-species sample reads and human-cells-only sample reads, were aligned
to gene model annotations of the human genome assembly GRCh37/hg19 (or, if appropriate, the mouse genome
assembly GRCm38/mm10) with TopHat version v2.0.9 (Kim et al., 2013). Mapped reads per gene were counted
strand-specifically with HTSeq-count (HTSeq version 0.6.0 or 0.6.1) in the union overlap resolution mode (Anders
etal., 2015). All aligning and counting were done via the Galaxy platform (Goecks et al., 2010; http://usegalaxy.org/;
http://galaxeast.fr/). Differentially expressed genes were determined with the DESeq2 package version 1.8.1 (Love
et al,, 2014) in R (3.2.1) environment (http://www.R-project.org/). Cook's distance flagging functionality was
disabled. Benjamini-Hochberg adjusted p < 0.1 was considered significant for synaptic activity-regulated gene
expression analysis.

Spearman correlation between transcriptomes. Analysis was performed using R (3.2.1). Gene expression levels in
RNA-seq read counts per million were used to compare datasets. Counts with added pseudocount of 1 were log-
transformed. 4497 genes with variable expression levels between samples, defined by standard deviation > 1 within
all samples shown in Figure 1K, were used to calculate Spearman correlation coefficients.

Hierarchical clustering. Size factor normalized RNA-Seq counts from not treated and one hour and four hours
Bic/4AP-treated samples were scaled per gene in the range of 0 to 1, and used to compute a Euclidean distance matrix.
Agglomerative hierarchical clustering was performed using R (3.2.1) with Ward's clustering criterion (method
ward.D2).

GO term enrichment analyses. Over-represented GO terms within gene lists were acquired with ToppGene (Chen et
al., 2009).

Patch clamp recordings. Cells were viewed with differential interference contrast optics and infrared illumination
through a 40x objective (LUMPLFL40xW, N.A. 0.8, Olympus) on a wide field upright microscope (BX51WI,
Olympus) equipped with a digital camera (sSCMOS, Andor, BFi OPTiLAS) connected to a computer monitor through
a PC interface using Andor 1Q2 software. EGFP" or mCherry" cells were identified using appropriate LEDs
(CoolLEDs, Andover, UK) and filters (AHF Analysetechnik). Patch electrodes (3-4 MQ) were made from
borosilicate glass (1.5 mm, WPI) and filled with intracellular solution [HEPES pH 7.35 (10 mM), KGluconate (122
mM), KCI (12 mM), NaCl (8 mM), EGTA (5 mM), CaCl, (0.25 mM), Na3-GTP (0.5 mM), Mg,-ATP (4 mM), K2-
phosphocreatine (10 mM)]. Extracellular solution was an artificial cerebrospinal fluid, ACSF [NaCl (125 mM), KCl
(3.5 mM), MgCl, (1.3 mM), NaH,PO4 (1.2 mM), CaCl, (2.4 mM), glucose (25 mM), NaHCO; (26 mM), gassed with
95 % Oz and 5 % CO;]. Whole-cell patch clamp recordings were made with a Multiclamp 700A amplifier, digitised
through a Digidata 1322A A/D converter and acquired using pClamp 10 software (Molecular Devices). Spontaneous
postsynaptic currents were recorded in voltage clamp at a -70 mV holding potential. Stock solutions of Bic (Enzo
Life Sciences) were dissolved in DMSO and gabazine-hydrobromide (SR95531, Biotrend), 4AP (Sigma), 2,3-dioxo-
6-nitro-1,2,3 4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX, Biotrend) and TTX (Biotrend)
in water. Cell numbers are given in the figures and their legends.

Ca’* imaging. For multi-cellular Ca®" imaging experiments, cells were loaded at 36 °C with membrane permeable
Rhod2-AM [1.5 uM (stock dissolved at 1.5 mM in pluronic acid and DMSO)] for 30 min followed by 10 min washout
for de-esterification of the dye. Somatic Ca®" levels were quantified as (F-Fupin)/(Fmax-F) where F represents the
average fluorescence intensity, Fuax represents the maximal F after incubation in 50 pM ionomycin, and Fyin
represents the minimal F after subsequent application of a 1:500 dilution of saturated manganese solution.

Nanostring nCounter analysis (Kulkarni et al., 2011). Custom designed nCounter Elements code set targeting human-
specifically 30 human genes and mouse-specifically 17 mouse genes was used. Probe sequences are available upon
request. The nSolver Analysis Software (version 2.5) was used to analyse RNA expression data produced by
CellNetworks nCounter Core Facility in Heidelberg, Germany. Geometric means were used to perform background
subtraction, to compute normalization factors for positive control normalization and perform code set content



normalization. Count ratio (log,) was used for assessing differential expression between the analysed conditions with
one-way ANOVA and Dunnett’s multiple comparisons tests.

Luciferase reporter assays. Haman BRE-AS1, LINC00473 and ZNF331 and mouse Hicl genomic proximal promoter
sequences were PCR-amplified (Phusion High-Fidelity DNA Polymerase, New England Biolabs), cloned into the
pGL4.15[luc2P/Hygro] vector (Promega) and verified by sequencing. pBRE-AS1 was the only cloned promoter not
fully verified by sequencing because of sequencing problems. Instead, it was confirmed to be correct by control cuts
with several restriction enzyme combinations. The primers used for amplification of genomic DNA are listed in a
table available at the end of the Supplemental Experimental Procedures. pGL4.29[luc2P/CRE/Hygro] (Promega),
containing four CRE cis-elements and a minimal promoter (4<CRE-pmin), and pGL4.15[luc2P/Hygro]/pBDNF 1V,
containing the human BDNF promoter IV (Pruunsild et al., 2011), or pGL4.15[luc2P/Hygro] (Promega) without
promoter (pCNTR), were used as positive or negative controls, respectively, for synaptic activity-induced
transcriptional activity. pGL4.83[hRIucP/Puro] plasmid containing the human EFla promoter in front of Renilla
luciferase (Rluc) (Sepp et al., 2012) was used for normalization. At DIV 8 mouse (P0) primary hippocampal or
cortical neurons in 48-well plates, maintained thus far in Neurobasal-A supplemented with rat serum (1 %), B27 (2
%), L-glutamine (0.5 mM) and Pen/Strep (1:200) (all Thermo Fisher Scientific), were changed to transfection medium
(TM) consisting of salt-glucose-glycine solution [HEPES pH 7.4 (10 mM), NaCl (114 mM), NaHCOj3 (26.1 mM),
KCI (5.3 mM), MgCl, (1 mM), CaCl, (2 mM), glycine (1 mM), glucose (30 mM), sodium pyruvate (0.5 mM) and
phenol red (0.001 %)] and minimum Eagle's medium (with Earle's salt and without L-glutamine, Thermo Fischer
Scientific), 9:1; supplemented with insulin (6.3 pg/mL), transferrin (5.7 pg/mL) and sodium selenite (7.5 ng/mL)
(ITS, Sigma Aldrich). Lipofectamine 2000 (Thermo Fisher Scientific) was used for transfection at DIV 8 according
to the manufacturer’s instructions. Cells were transfected with a pGL4.15[luc2P/Hygro] plasmid (Promega)
containing the indicated cloned promoter in front of FFluc, or with the pGL4.29[luc2P/CRE/Hygro] plasmid, or the
pGL4.15[luc2P/Hygro] plasmid (both Promega) (all 0.5 pg/well), together with the pGL4.83[hRlucP/Puro] plasmid
containing the human EF’ /o promoter in front of Renilla luciferase (Rluc) (5 ng/well) for normalization. If mCherry,
CaMBP4, ICER or delTAD-NPAS4 was co-expressed, 0.25 pg/well of either pmCherry-N1 (Clontech),
rAAV/CaMBP4-mCherry (Lau and Bading, 2009), pcDNA3.1/ICER (Pruunsild and Timmusk, 2012) or
pcDNA3.1/delTAD-NPAS4 (Pruunsild et al., 2011), respectively, along with 0.25 pg/well of FFluc construct and 5
ng/well of Rluc construct were co-transfected. DNA (png):Lipofectamine 2000 (pl) ratio of 1:2 in total of 25 pl/well
TM was used for preparing the transfection solution. At DIV 10, Dual-Glo Luciferase Assay System (Promega) was
used to measure FFluc and Rluc levels. Background measured from non-transfected cells was subtracted and FFluc
levels were normalized to Rluc levels. Data presented in Figure 5B were autoscaled using the data obtained with the
pGL4.29[luc2P/CRE/Hygro] construct. All data presented as fold change after Bic/4AP-treatment was log-
transformed for statistical analyses.

Gene classification based on promoter/enhancer histone modifications. Data for neuron-enriched H3K4me3
promoter marks in the human prefrontal cortex in vivo is from Cheung et al. (Cheung et al., 2010) and for human-
specific promoter or enhancer H3K27ac and/or H3K4me2 gains during brain cortex development in vivo is from
Reilly et al. (2015). UMMS Brain Hist Track and 8 custom tracks with peaks for human-specifically
increased H3K27ac or H3K4me?2 marks in the human cortex at postconception week (pcw) 7 or 8.5, and in the frontal
or occipital cortex at pcw 12 (Reilly et al., 2015) were used to display data in the UCSC Genome Browser. We
assigned a gene to have a neuron-enriched H3K4me3 promoter mark if according to the data by Cheung et al. the
mark was enriched in all neuronal samples compared with lymphocyte samples and overlapped a TSS. We categorized
a gene to have a human-specific epigenetic promoter gain if in at least two of the total of 8§ ChIP-Seq tracks with
peaks for human-specifically increased H3K27ac or H3K4me2 marks (Reilly et al., 2015), the peaks were coinciding
and overlapped a TSS. A gene was considered to have a human-specific epigenetic enhancer gain if it was located in
a gain-enriched genomic hotspot (Reilly et al., 2015), and/or in at least two of the 8 tracks with human-specifically
increased H3K27ac or H3K4me2 ChIP-Seq peaks, the peaks were coinciding and not overlapping a TSS, but were
within 30,000 bps up- to 15,000 bps downstream of any of the TSSs of the gene, and were not in an adjacent gene.
Exceptionally, the gain mark inside an adjacent gene was counted if the gene of interest and the adjacent gene had a
bidirectional, “head-to-head” promoter. RefSeq genes (as in Cheung et al., 2010) and Genecode version 10 genes (as
in Reilly et al., 2015) were used to estimate chance levels of the respective promoter marks. A set of 85 random genes
were included in the comparison of proportions of genes with human-specific epigenetic enhancer gains between
different gene sets.



Statistical analyses. t-tests and ANOVA were performed using GraphPad Prism or Origin. For statistical analysis
qPCR, nCounter and luciferase assay data were log-transformed and cell proportions obtained with
immunocytochemistry were arcsine-transformed. Exact binomial tests and Fisher’s pairwise comparisons of
proportions with Holm’s p adjustment were performed using R (3.2.1).
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