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The architecture of dendritic arbors contributes to neuronal connec-
tivity in the brain. Conversely, abnormalities in dendrites have been
reported in multiple mental disorders and are thought to contribute
to pathogenesis. Rare copy number variations (CNVs) are genetic
alterations that are associated with a wide range of mental disorders
and are highly penetrant. The 16p11.2 microduplication is one of the
CNVs most strongly associated with schizophrenia and autism,
spanning multiple genes possibly involved in synaptic neurotrans-
mission. However, disease-relevant cellular phenotypes of 16p11.2
microduplication and the driver gene(s) remain to be identified.
We found increased dendritic arborization in isolated cortical py-
ramidal neurons from a mouse model of 16p11.2 duplication (dp/+).
Network analysis identified MAPK3, which encodes ERK1 MAP ki-
nase, as the most topologically important hub in protein–protein
interaction networks within the 16p11.2 region and broader gene
networks of schizophrenia-associated CNVs. Pharmacological targeting
of ERK reversed dendritic alterations associated with dp/+ neurons,
outlining a strategy for the analysis and reversal of cellular pheno-
types in CNV-related psychiatric disorders.
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The architecture of the dendritic arbors defines a pyramidal
neuron’s dendritic receptive field (1). Moreover, patterns of

dendritic arborization are essential to the computational ability of
the neuron (1). Generating and maintaining proper dendritic re-
ceptive fields is therefore crucial for neural circuit function that
underlies complex behaviors. Conversely, alterations in dendrites
occur in psychiatric disorders, including schizophrenia and autism
spectrum disorder (ASD) (2).
Psychiatric disorders have complex genetic architecture that is

partly explained by rare variants with high penetrance (3, 4). Though
incidences of these rare mutations are low (4–7), the accrued burden
of rare variants on disease risk may account for a significant pro-
portion of cases in linked disorders (8). The most well-characterized
forms of rare variations are large genomic regional duplications or
deletions known as copy number variations (CNVs). CNVs repre-
sent large genomic alterations, often encompassing multiple genes,
which confer significant risk (odds ratio = 3–30) (9). The increased
rare CNV burden is associated with numerous neurodevelopmental
psychiatric conditions, including schizophrenia, ASD, and intellec-
tual disability (5, 7, 10, 11). However, due to the large number of
genes within CNVs, understanding the relationship between geno-
type and phenotypes and the rational identification of potential
targets for reversing pathologically relevant phenotypes in CNV
disorders has been challenging.
Recently, much attention has been paid to recurrent micro-

duplication or deletion at the 16p11.2 locus. The ∼600-kb 16p11.2
CNV region encompasses 29 known protein-coding genes and is a
hot spot for chromosomal rearrangement (3); 16p11.2 CNVs have
been linked to multiple disorders and phenotypes; CNVs of this

region are associated with schizophrenia (12–14), bipolar disorder
(13), mental retardation, seizure disorders (15), ASD (13, 16–18),
psychosis in Alzheimer’s disease (19), and obesity (20, 21). Mouse
models of 16p11.2 deletion and duplication have been generated,
and heterozygotes of both the duplication and the deletion exhibit
dosage-dependent alterations in gene expression, behavioral
phenotypes, and brain morphology (22). Mice with deletion of the
16p11.2 syntenic region have been studied much more extensively
than mice with duplication of this region. Mice with the 16p11.2
syntenic region deletion had cortical and striatal anatomical and
cellular abnormalities (23), including elevated numbers of striatal
medium spiny neurons expressing the dopamine D2 receptor,
fewer dopamine-sensitive neurons in the cortex and synaptic de-
fects in striatal medium spiny neurons. These mice also displayed
behavioral deficits, including hyperactivity, circling, deficits in
movement control as well as complete lack of habituation, suggesting
abnormal basal ganglia circuitry function.
However, because multiple organ systems and brain regions are

affected by the CNV (22, 23), it is difficult to distinguish cell type-
autonomous from systemic effects. To address this confound, here
we examined cortical pyramidal neurons from primary cultures
from mice heterozygous for the 16p11.2-orthologous duplication
(dp/+) and their wild-type littermates (+/+).
The complexity of the genetic architecture of psychiatric disorders

poses a serious challenge for the identification of experimentally
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approachable mechanisms. Though determining causation may be
complex and experimentally difficult to approach, even within the
same CNV, we reasoned that phenotype reversal may be more
accessible experimentally. It has been hypothesized that disease
phenotypes are a consequence of altered gene pathways or net-
works, and the optimal therapeutic targets should be nodes that are
highly influential to the function of the entire network (24). Because
use of network-based approaches have been speculated to be able to
help to identify major drivers of pathogenesis or candidate thera-
peutic targets (25), we further reasoned that use of network analysis
might provide an approach to reduce complexity and identify salient
mechanisms that can be harnessed therapeutically.
Here we used network analysis to identify potential candidate

drivers of phenotype reversal in dp/+ mice, and followed up by ex-
perimental validation of the hypothesized mechanism.We found that
dp/+ neurons showed significantly increased dendritic complexity
compared with +/+ neurons. Network analysis identified MAPK3,
which encodes ERK1 MAP kinase, as the most topologically im-
portant node in the protein–protein interaction (PPI) network re-
lated to schizophrenia-associated CNV genes, including 16p11.2.
Pharmacological inhibition of ERK signaling resulted in a reversal of
dendritic alterations, suggesting potential approaches for treatment.

Results
Increased Dendritic Arborization in dp/+ Neurons.Dendrites constitute
the receptive field of neurons, and alterations in dendritic mor-
phology could contribute to abnormalities in cortical connectivity
(26). We therefore examined dendrite morphology in cortical pyra-
midal neurons from mice heterozygous for the 16p11.2-orthologous
duplication (dp/+) and their wild-type littermates (+/+). To en-
hance interspecies phenotype conservation, and to avoid confounds
caused by the effects of CNV on multiple organ systems, we ex-
amined dendrites in cultured primary neurons. At 21–24 d in vitro,
we transfected cultured neurons with GFP-expressing plasmid
DNA to allow us to visualize cell morphology (Fig. 1 A and B).
Single-plane images were taken using a 10× objective and traced
and used for Sholl analysis. We found that dp/+ pyramidal neurons
exhibited a significant increase in dendritic complexity compared
with +/+ neurons [genotype: F(1, 25) = 6.21, P = 0.02; genotype by
distance: F(49, 1225) = 1.63, P = 0.005] (Fig. 1C).

Network Analyses Identifies MAPK3 in the 16p11.2 CNV as a Central
Hub in Schizophrenia-Associated CNV Gene Networks. Past research
has consistently related psychiatric disorders, including schizo-
phrenia and ASD, to aberrations in neurodevelopment and syn-
aptic function (27–29). A number of genes from within the 16p11.2
microduplication region have been shown to play pertinent roles in
neurodevelopmental and synaptic processes (Fig. 2A); however,
establishing their relative importance is challenging. We reasoned
that an alternative strategy could be to identify genes that may
“drive” phenotype reversal. Such “reversal drivers” could be highly
connected nodes in PPI networks within and outside of this region.
We first investigated changes in 16p11.2 gene expression and con-
nectivity in schizophrenia. Using microarray-based transcriptomic
data of frontocortical tissues of schizophrenia subjects and con-
trols (from the Stanley Medical Research Institute), we found
relatively little case-control differential expression for 16p11.2
CNV genes (with false discovery rate correction; Fig. 2B, y axis).
Likewise, differential connectivity network analysis (DCNA)
(30) did not show significant changes in 16p11.2 CNV gene con-
nectivity (Fig. 2B, x axis). We reasoned that these expression-based
analyses may be underpowered due to small sample size. We next
analyzed PPI networks to identify highly connected network hubs
within the 16p11.2 CNV. Because of the relative high penetrance
of rare CNVs in schizophrenia, we attempted to identify the gene
networks connected by five major schizophrenia-associated CNVs
(1q21.1, NRXN1, 15q13.2, 16p11.2, and 22q11.2) (14). We used
PINA2 (31) to construct a PPI network. The 107 Refseq genes

within these CNV regions formed 1,261 PPIs, involving 1,110
nodes (Fig. 2C). Of all genes from the five included CNVs, ERK1
showed the highest betweenness, closeness, and degree centrality
(CB = 0.30; CC = 0.17; CD = 0.168) and degree of connectivity (D =
186) of any CNV gene (Fig. 2D). Our analysis indicates that
MAPK3/ERK1 is the most topologically important node in
the PPI network related to the 16p11.2 network and broader
schizophrenia-associated CNV gene networks.

Dosage-Dependent Increased ERK1 Expression and Phosphorylation
in dp/+ Neurons. Because MAPK3 emerged as a central hub in
the 16p11.2 network and broader gene networks of schizophrenia-
associated CNVs, we examined the levels of ERK1 expression and
phosphorylation, as well as their relation to the expression and
activation of ERK2. Phosphorylation of ERK1 and ERK2 on the
T202 and Y204 residues is reflective of their activation by upstream
MEK. Homogenates were generated from individual coverslips of
+/+ and dp/+ cultured neurons and analyzed for expression of
ERK1, ERK2, phosphorylated ERK1 (pERK1), and phosphory-
lated ERK2 (pERK2) by Western blotting (Fig. 3 A and B). There
was a significant effect of genotype on total ERK expression
[F(1,150) = 12.53, P < 0.001], as well as an interaction between
genotype and type of ERK protein [ERK1 vs. ERK2; F(2, 150) =
5.16, P = 0.007]. This effect was primarily driven by 44% and 55%
increases in ERK1 [t(12.7) = 2.73, P = 0.03] (Fig. 3C) and pERK1
[t(13.5) = 2.73, P = 0.02] (Fig. 3C), respectively, in dp/+ samples.
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Fig. 1. Increased dendritic arborization in dp/+ neurons. (A) Representative
low-magnification images of wild-type (+/+) and duplication (dp/+) pyramidal
neurons used in analyses. (B) Representative traces of +/+ and dp/+ pyramidal
neurons. (C) Sholl analysis of total dendrites in +/+ (n = 11) and dp/+ (n = 16);
significant effect of genotype (P = 0.02) and genotype–distance interaction (P =
0.005). Values are means ± SEM. Individual data points that were significant
after Bonferroni correction are indicated: *P < 0.05; **P < 0.01; ***P < 0.001.
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These shifts also reversed ERK1-to-ERK2 and pERK1-to-pERK2
ratios to a significant extent [t(17.9) = 2.39, P = 0.03; and t(17.3) =
2.54, P = 0.02, respectively] (Fig. 3D). Though reduced, pERK-
to-ERK ratios were not significantly altered in the dp/+ samples,
suggesting that increases in phosphorylated ERK1 was pro-
portionate to increases in total ERK1 expression (Fig. 3D).

Reversal of Cellular Phenotypes by Pharmacological Inhibition of ERK
Signaling. ERK signaling has been implicated in dendrite growth
and maintenance. Because our network analysis suggested MAPK3
as the most highly connected hub in the PPI network related to
genes within schizophrenia-associated CNVs, including the 16p11.2

CNV, we reasoned that inhibiting ERK function might reverse
some of the cellular phenotypes observed in dup/+ neurons. We
tested the efficacy of a known ERK signaling inhibitor (U0126)
in reducing ERK activation in cultured neurons. Treatment with
U0126 did not affect ERK1 expression but, as expected, strongly
reduced ERK phosphorylation (Fig. 4A). We therefore incubated
dup/+ neurons with the ERK signaling inhibitor and examined
dendritic arborization, as described previously (Fig. 4B). Treatment
with ERK inhibitor reduced dendritic complexity over whole dendritic
content, compared with DMSO-treated dp/+ neurons [treatment–
distance interaction: F(49, 2989) = 1.44, P = 0.0238] (Fig. 4C).

Fig. 2. MAPK3 is a central hub in schizophrenia-associated CNV networks. (A) Schematic of the 16p11.2 CNV region and the synonymous region in mouse
chromosome 7. Green bars represent the low-copy repeat sequences flanking the 16p11.2 and 7F4 regions. A number of genes from within the 16p11.2
microduplication region have been shown to play pertinent roles in neurodevelopmental and synaptic processes. (B) DCNA. Shaded region in the center (con-
taining the majority of genes) is comprised of genes that are neither significantly different in expression or connectivity between schizophrenia and control
networks; all 16p11.2 CNV genes are located within this shaded region. (C) PPI network for genes from five schizophrenia-associated CNVs. Nodes are color-scaled
by betweenness centrality score (CB). (D) The primary CNV PPI network from C; nodes are size-scaled by degree (D) and color-scaled by CB.
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Discussion
Here we used network analysis to identify a candidate driver gene
within a CNV, capable of cell-autonomous phenotype reversal.
We followed up our predictions by experimental validation using
targeted pharmacology. Though network analysis has been com-
monly used in large-scale psychiatric genomics studies, such as the
genome-wide association study (GWAS), to implicate specific bi-
ological pathways, it has rarely been used to generate and exper-
imentally validate specific hypotheses.
We chose a highly simplified system where individual neurons

can be directly manipulated and examined without confounding
effects of the mutation on other brain regions or organ systems;
this is particularly important, because the 16p11.2 CNV is associ-
ated with abnormalities in other brain regions or organ systems,
such as striatal defects, head size abnormalities, and obesity, which
could have indirect effects on the phenotypes of cortical neurons.
In addition, pharmacological treatments of mice with MAPK in-
hibitor will also have effects on multiple organ systems, making it
difficult to discern direct effects on cortical neuronal phenotypes.
Future studies will therefore be needed to extend our cellular
findings to whole animals.
Our network analysis shows thatMAPK3 is the most topologically

central hub in a highly connected network consisting of genes and
encoded proteins within schizophrenia-associated CNVs. Expres-
sion of ERK1 in its active (pERK1) and inactive (ERK1) states
were increased in homogenates of dp/+ neurons, as would be
expected by the gene dosage effect of the microduplication. Be-
cause ERK1 is encoded by the MAPK3 gene located within the
16p11.2 region, and all genes in this region are duplicated in the
dup/+ mouse, it is predicted that the protein expression level of
ERK1 will be increased relative to ERK2, encoded by a gene on a
different chromosome. This increased level of ERK1 will, when
phosphorylated, result in an increased level of pERK1, relative to
pERK2; indeed, this is what we found in our Western blots of dp/+
mouse brains. Increased ERK1 expression is consistent with in-
creased dendrite complexity, because ERK1 promotes dendritic
growth (32, 33). Furthermore, a possible role of ERK1 in psychiatric-
related phenotypes is also supported by the most recent schizo-
phrenia GWAS (34), where common variants spanning MAPK3
(and other adjacent genes) showed genome-wide significant associ-
ation to schizophrenia. Interestingly, MAPK3 and MAP kinase sig-
naling in general is also a central hub in gene networks implicated by

ASD-associated CNVs and SNVs (35). Based on the network cen-
trality of MAPK3 and the physiological functions of ERK1 in regu-
lating dendrites, we reasoned that targeting this highly connected
and central hub could alter the output of the entire network and
thus modify specific phenotypes. A similar theoretical approach
has been proposed to target MAP kinase signaling in cancer (24).
Interestingly, chronic treatment with a negative allosteric mod-
ulator of mGluR5 reversed the cognitive deficits in 16p11.2 de-
letion model mice (36). ERK and mGluR5 signaling converge on
disease phenotypes in the ASD-related Fmr1 knockout mouse
model, suggesting these pathways may be important cellular
targets for reversing neuropsychiatric phenotypes (37).
Our findings show, to our knowledge for the first time, that

duplication of the mouse chromosomal region syntenic with hu-
man 16p11.2 results in cortical pyramidal neuronal dysregulation,
manifested at the level of dendrites. We found that dp/+ neurons
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Fig. 3. ERK1 protein levels and phosphorylation parallel gene dosage.
(A) Western blot of ERK1 and ERK2 in +/+ (n = 11) and dp/+ (n = 9) neuronal
homogenates. (B) Western blot of pERK1 and pERK2. (C) Quantification of
blots in A and B. (D) Quantification of ERK1/ERK2 and pERK1/pERK2 ratios.
Values are means ± SEM. *P < 0.05.
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Fig. 4. Reversal of dendritic phenotypes in dp/+ neurons. (A) Effect of MEK
inhibitor (U0126) on ERK phosphorylation in dp/+ neurons. Western blotting of
two representative samples are presented for each condition (n = 3 for quan-
tification) (B) Representative neuron traces. (C) Sholl analysis of total dendrites
in vehicle-treated (DMSO, n = 14) or inhibitor-treated (U0126, n = 49) dp/+
neurons. Significant effect of treatment–distance interaction (P = 0.02). Values
are means ± SEM. Individual data points that were significant after Bonferroni
correction are indicated: *P < 0.05.
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showed increased dendritic arborization over whole dendritic
content in comparison with +/+ neurons. However, we did not
detect dendritic alterations in pyramidal neurons from 16p11.2
deletion model mice, similar to recent reports of lack of dendritic
alterations in MSN in 16p11.2 deletion model mice (Fig. S1) (23).
This finding is unexpected, because deletions have been thought
of as having more severe consequences than the duplication, and
the phenotypes have been thought as being opposite, or mirrored,
in duplication and deletion models (22). For example, head cir-
cumference is reduced in duplication carriers, and increased in
deletion carriers (38). Body mass index is reduced in duplication
and increased in deletion (20). However, further analysis of phe-
notypes in human subjects and mouse models revealed several
phenotypes that do not conform to this pattern. For example,
verbal memory encoding and verbal memory delayed recall are
increased in duplication carriers, but are not altered in deletion
carriers (39). In mice, hippocampal long-term potentiation is re-
duced in dp/+ but is unaltered in del/+ (40). Moreover, some
other phenotypes, such as full-scale intelligence quotient or fre-
quency of ASD, are altered in the same direction in duplication
and deletion carriers (38). We have not detected dendritic ab-
normalities in del/+ neurons, but found increased arborization in
dp/+ neurons. Our data are consistent with no changes in dendrite
morphology in medium spiny neurons reported by Portmann et al.
(23), which suggests that genes in this region may not be required
for the maintenance of dendritic arborization, and their reduced
expression does not affect dendrites; however, their abnormally
increased expression may promote dendrite overgrowth.
Abnormalities in dendrite arborization have been reported in

several neuropsychiatric disorders. Surprisingly, our findings of
increased dendrite arborization did not parallel previous post-
mortem findings in schizophrenia (41); despite this, the increased
dendrite arborization associated with 16p11.2 duplication during
development may lead to premature maturation of synapses, as has
been shown when schizophrenia-associated MIR137 expression is
reduced (42, 43). However, 16p11.2 duplications are also associ-
ated with ASD and seizure disorder, and the cellular phenotypes
we identified may be more reflective of these disorders (16, 44, 45),
such as the hypothesized increased brain connectivity in ASD.
Alternatively, 16p11.2 microduplication carriers may have
specific cellular phenotypes that are unique manifestations of
this microduplication syndrome.
It is important to note that here we did not address mechanisms

that contribute to the causation of 16p11.2 CNV; rather, we fo-
cused on “drivers” of the cellular phenotype reversal. Our network
analysis and pharmacological phenotype reversal suggests MAPK3
could be such a driver gene. Causal etiological mechanisms may be
overlapping or distinct from our findings. For example, a network
analysis study that found that dysregulation of the KCTD13-
Cul3-RhoA pathway in layer 4 of the inner cortical plate may be
a potential determinant of 16p11.2 CNV brain size and con-
nectivity phenotypes (46). Another important point to make is
that networks that control dendrites may be similar, overlapping,
or different from networks controlling other phenotypes, such as
head size. For example, KCTD13 has been shown to be a driver
of head size phenotypes in zebrafish (47).
Taken together, our data provide novel insight into the cellular

phenotypes of CNV-associated psychiatric disorders, and suggest
modalities to reverse such cellular phenotypes by targeting central
network nodes.

Materials and Methods
Expression Plasmids and Antibodies. Empty pEGFP-N2 expression plasmidswere
purchased from Clontech and overexpressed in cultured neurons to outline the
cells for morphometric analysis. Primary antibodies against ERK1 (Santa Cruz)
and pERK1/2 (Cell Signaling) were used in these studies.

Mouse Model. Male dp/+ (C57-Black 6/129S7 mixed background) mice, bearing
an ∼0.39-Mb duplication of the mouse chromosome 7 region between Giyd2
and Sept1 genes (22), were purchased from Jackson Laboratories and bred to
wild-type C57-Black 6/129S7 (+/+) females. Offspring were housed according
to gender, with mixed populations of dp/+ and +/+ animals. The colony was
maintained via +/+ female–dp/+ male crosses to obviate the need to control
for maternal strategy in subsequent generations.

Primary Neuronal Cultures and Transfection. Dissociated cultures of primary
cortical neurons from dp/+ and +/+ animals were procured according to pre-
viously described procedures (48). Each individual experiment was derived from
one litter of P1 mouse pups. Briefly, brains were extracted from P1 pups in ice-
cold HBSS (Corning), and cortical tissues were isolated and kept separate from
one another. Following digestion in papain (Sigma-Aldrich) [diluted in Neuro-
basal (Thermo Fisher Scientific) with 0.5 mM EDTA (Sigma-Aldrich), DNaseI
(Sigma-Aldrich) at 2 units/mL, and activated with 1 mM L-cysteine (Sigma-
Aldrich) at 37 °C], cortical cells were mechanically dissociated in neuronal
feeding media [Neurobasal + B27 supplement (Thermo Fisher Scientific) +
0.5 mM glutamine (Thermo Fisher Scientific) + penicillin/streptomycin (Thermo
Fisher Scientific)] and plated on poly-D-lysine-coated (Sigma-Aldrich) coverslips.
After 1 h, media was replaced with fresh media to remove dead or non-
adherent cells. Neuronal cultures were maintained at 37 °C in 5% (vol/vol)
CO2. After 4 d, neuronal media was supplemented with 200 μM DL-2-
amino-5-phosphonopentanoic acid (APV; Abcam Biochemicals), and 100 μM
APV supplemented media was used for feeding every 3 d hence.

Plasmids (1–10 μg total DNA) and Lipofectamine 2000 (Thermo Fisher Sci-
entific) were diluted in DMEM (Corning) and Hepes (10 mM; Corning), mixed
thoroughly, and incubated for 20–30min at 37 °C, after which the mixture was
added to cultured cells at 21–24 d in vitro in antibiotic-free medium. Following
transfection, coverslips were replaced into feeding media containing half-
conditioned, half-fresh media with antibiotics, and cells were allowed to ex-
press constructs for 3 d.

Dendrite Analysis. To examine dendritic morphology, neurons expressing GFP
were fixed, visualized with an antibody against GFP, and imaged as previously
described (48). Confocal images of healthy immunostained neurons with intact
secondary and tertiary dendrites were obtained with a Zeiss LSM5 Pascal con-
focal microscope. Single-plane images were taken using the 10× objective (N.A.
0.17) with 1,024 × 1,024 pixel resolution as previously described (49) and im-
ported into Fiji (NIH) for analysis. Twenty-seven neurons (11 +/+ and 16 dp/+)
from three separate cultures of P1 mouse litters were used in analyses of
dendritic complexity. Binary images were created in Fiji frommanual tracings of
the entire dendritic arbor for each neuron and analyzed using the Fiji Sholl
analysis plug-in. Sholl analysis was performed on total dendritic content using
10-μm incremental increases in concentric circular diameter. Distributions of
these measures were assessed for normality, and group differences were
assessed via repeated measures two-way ANOVA, followed by Bonferroni cor-
rection for multiple comparisons. For phenotype reversal experiments, 63 dp/+
neurons (14 treated with DMSO and 49 treated U0126) with were used for Sholl
analysis. Two days after GFP transfection, neurons were treated with either
DMSO or 0.5 μMU0126 (dissolved in DMSO) for 24 h and subsequently fixed for
image analysis.

Western Blotting. Quantification of total protein expression was measured
using Western blotting methods as previously described (48). Homogenates
were generated from individual coverslips of +/+ and dp/+ cultured neurons
and analyzed for expression of ERK1, ERK2, pERK1, and pERK2 by Western
blotting (Figs. 3 A and B and 4A). Phosphorylation of ERK1 and ERK2 on the
T202 and Y204 residues is reflective of their activation by upstream MEK.
Western blotting experiments were carried out on 20 samples (11 +/+ and
9 dp/+) from five separate cultured litters. For ERK inhibition experiments,
dp/+ neurons were treated with DMSO (n = 3) or 0.5 μM U0126 (dissolved
in DMSO, n = 3) for 24 h. A one-tailed Mann–Whitney t test was used to
determine statistical significance of inhibition.

Protein–Protein Interaction Network Analysis. Lists of the proteins encoded by
genes within five rare schizophrenia-linked CNVs (1q21.1, NRXN1, 15q13.2,
16p11.2, and 22q11.2) (14) were assembled from gene lists adapted to protein
accession numbers using DAVID (50, 51). Protein lists were imported into PINA2
for analysis (31, 52). Protein–protein interactions were uploaded from PINA2
into Cytoscape (53, 54) to visualize network topology. Values of degree (D) and
centrality (betweenness centrality, CB; closeness centrality, CC; and degree cen-
trality, CD) were extracted using Cytoscape’s integrated network analysis module.

Differential Connectivity Network Analysis. See SI Materials and Methods.
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