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Abstract
Na+/H+ Exchanger 9 (NHE9) is an endosomal membrane protein encoded by the Solute Carrier 9A, member 9 gene 
(SLC9A9). SLC9A9 has been implicated in attention deficit hyperactivity disorder (ADHD), autism spectrum disorders 
(ASDs), epilepsy, multiple sclerosis and cancers. To better understand the function of NHE9 and the effects of disease-
associated variants on protein–protein interactions, we conducted a quantitative analysis of the NHE9 interactome using 
co-immunoprecipitation and isobaric labeling-based quantitative mass spectrometry. We identified 100 proteins that interact 
with NHE9. These proteins were enriched in known functional pathways for NHE9: the endocytosis, protein ubiquitination 
and phagosome pathways, as well as some novel pathways including oxidative stress, mitochondrial dysfunction, mTOR 
signaling, cell death and RNA processing pathways. An ADHD-associated mutation (A409P) significantly altered NHE9’s 
interactions with a subset of proteins involved in caveolae-mediated endocytosis and MAP2K2-mediated downstream signal-
ing. An ASD nonsense mutation in SLC9A9, R423X, produced no-detectable amount of NHE9, suggesting the overall loss 
of NHE9 functional networks. In addition, seven of the NHE9 interactors are products of known autism candidate genes 
(Simons Foundation Autism Research Initiative, SFARI Gene) and 90% of the NHE9 interactome overlap with SFARI protein 
interaction network PIN (p < 0.0001), supporting the role of NHE9 interactome in ASDs molecular mechanisms. Our results 
provide a detailed understanding of the functions of protein NHE9 and its disrupted interactions, possibly underlying ADHD 
and ASDs. Furthermore, our methodological framework proved useful for functional characterization of disease-associated 
genetic variants and suggestion of druggable targets.

Keywords  ASDs · ADHD · SLC9A9/NHE9 · Protein–protein interaction · Network · Mass spectrometry · Endocytosis · 
Drug targets

Introduction

Genome-wide association studies (GWAS) show that hun-
dreds or possibly thousands of common and rare genetic 
variants contribute to the risk for attention deficit hyper-
activity disorder (ADHD) and autism spectrum disorders 
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(ASDs) (Lee et al. 2013; Faraone and Mick 2010). Both 
disorders are highly heritable and share many common 
and rare genetic risks (Hultman et al. 2007; Zafeiriou et al. 
2013; Antshel et al. 2013; Williams et al. 2012). One such 
shared risk gene is SLC9A9. SLC9A9 was first implicated in 
ADHD by a report of an extended family in which ADHD 
co-segregated with a pericentric inversion of chromosome 
3 which disrupted the gene (de Silva et al. 2003). Several 
association studies of ADHD reported significant findings in 
SLC9A9 (Brookes et al. 2006; Lasky-Su et al. 2008b; Marku-
nas et al. 2010; Zayats et al. 2015; Demontis et al. 2017). 
A homozygous deletion near the 5′ transcription initiation 
region of SLC9A9 was found in a patient with both autism 
and epilepsy (Morrow et al. 2008), and several other rare 
mutations in SLC9A9 have been reported (Kondapalli et al. 
2013; Wagle and Holder 2014). SLC9A9 was also found 
nominally associated with nicotine dependence (Uhl et al. 
2007), which is also associated with ADHD (Biederman 
et al. 2009; Monuteaux et al. 2007). In addition, SLC9A9 
was found associated with multiple sclerosis (MS) disease 
activity (Liu et al. 2017; Esposito et al. 2015) and several 
forms of cancers (Ng et al. 2008; Chen et al. 2015; Esposito 
et al. 2018).

SLC9A9 protein (NHE9) localizes on the membranes 
of late recycling endosomes (Nakamura et al. 2005), criti-
cal cellular component for recycling and degradation of 
neurotransmitter receptors and transporters (Melikian 
and Buckley 1999; Park et al. 2004; Hirling 2009; Mar-
tin-Negrier et al. 2006; Daniels and Amara 1999). This 
pathway is implicated in synaptic long-term potentia-
tion (Park et al. 2004, 2006), which underlies learning 
and memory, cognitive functions frequently disrupted in 
ADHD and ASDs (Sowerby et al. 2011; Martinussen and 
Tannock 2006; Solomon et al. 2015; Patak et al. 2016). 
The Slc9a9 knockout mouse exhibits ASD-like behav-
ioral deficits (Yang et al. 2016; Ullman et al. 2018) and 
rats with Slc9a9 mutations showed inattentive ADHD 
and ASD-related phenotypes (Zhang-James et al. 2011, 
2014; Sagvolden et al. 2008). However, the NHE9 interac-
tome is not well characterized. Two proteins, calcineurin 
homologous protein (CHP) (Zhang-James et al. 2011) and 
receptor for activated C-kinase 1 (RACK1) (Ohgaki et al. 
2008; Zhang-James et al. 2011), were reported to bind to 
NHE9 C-terminal in co-IP and western blot experiments. 
Additional two proteins, tumor protein P53 (Daakour et al. 
2016) and zinc finger, DHHC-type containing 17 (Butland 
et al. 2014) were found to bind to NHE9 in yeast-two-
hybrid screenings. The Slc9a9 mutations in the inattentive 
ADHD rats were found to increase the interactions with 
CHP (Zhang-James et al. 2011), and potentially resulted 
in a host of coordinated gene expression changes involv-
ing the predicted binding partners and their downstream 
targets in these animals (Zhang-James et al. 2012). These 

observations suggested that disease-relevant variants in 
SLC9A9 could alter the functional protein networks that 
are relevant to the disease pathophysiology.

Indeed, studies of complex multifactorial genetic dis-
orders often find that risk variants tend to converge on 
protein network clusters and functional pathways. Exome 
sequencing studies of ASDs show that genes with rare 
single-nucleotide variants (SNVs) encode proteins that 
are significantly enriched in specific protein–protein inter-
action (PPI) networks relevant to brain function (Neale 
et  al. 2012; Sanders et  al. 2012; O’Roak et  al. 2011, 
2012). Other work shows substantial overlap in the neu-
ronal networks implicated by rare SNVs, rare copy number 
variations (CNVs) and common DNA variants for ASDs 
(Ben-David and Shifman 2012). The genes implicated in 
ASDs by rare variants are in the same pathways as known 
genes implicated by syndromic ASDs, particularly those 
involved in synaptic functions (Sakai et al. 2011); stud-
ies of the ASD transcriptome have drawn the same con-
clusion (Lanz et al. 2013). GWAS of ADHD presented 
enrichment of genes from similar neurodevelopmental 
pathways as of ASDs, such as those involved in synaptic 
development and functioning (Poelmans et al. 2011; Yang 
et al. 2013). In the past, a number of proteomic studies 
in ASDs were published in an attempt to identify pro-
teomic biomarkers (Ngounou Wetie et al. 2014; Woods 
et al. 2013; Ngounou Wetie et al. 2015). In particular, one 
study has examined the impact of alternative splicing iso-
forms on PPI networks for ASDs genes using yeast-two-
hybrid method (Corominas et al. 2014). Proteomic studies 
of ADHD are more limited (Pivac et al. 2011; Taurines 
et al. 2010). However, to the best of our knowledge, no 
study has examined how the disease-associated variants 
alter the protein–protein interactions in a high-throughput 
quantitative fashion.

Here, we extend our prior work of SLC9A9 by using 
co-immunoprecipitation (Co-IP) and mass spectrometry to 
assess the impact of protein coding mutations on NHE9’s 
PPI network. We set out to investigate two known human 
disease-associated mutations in this study: (1) a nonsense 
mutation (R423X), found in an autistic patient with epi-
lepsy (Morrow et al. 2008); and (2) a non-synonymous 
mutation (A409P) found in an ADHD patient with obe-
sity in a genome-wide association study sample (Lasky-
Su et al. 2008a, b). Our overarching hypothesis is that 
rare single-nucleotide variants in SLC9A9 increase the 
risk for ADHD and ASDs by disrupting PPI networks. By 
describing these PPI networks and examining the effects 
of functional variants, we expected to gain insight into 
the molecular pathophysiology of these disorders. Fur-
thermore, investigation of mutant-induced alterations in 
the PPI network can suggest targets for drug discovery.



93Effect of disease‑associated SLC9A9 mutations on protein–protein interaction networks:…

1 3

Experimental procedures

Cloning, transfection and Co‑IP

Rat SLC9A9 coding sequence (NM_001271438) with stop 
codon was amplified by PCR and cloned into a mamma-
lian expression vector (pDsRed1-N1) with an N-terminal 
C-Myc-tag as described previously (Zhang-James et al. 
2011). Mutations were made by site-directed mutagenesis. 
Two constructs for the R423X mutation were created. One 
had a single-point mutation in the full-length cDNA to 
replace the 423aa with a stop codon. The other contains a 
truncated cDNA (TRK) for the first 422 amino acids. 48 h 
post-transfection using Lipofectamine®2000 reagents (Life 
Technologies, Grand Island, NY), HEK293 cells were lysed 
in phosphate-buffered saline (PBS) buffer supplemented 
with 1% Lauryl-β-D-maltoside (DDM) and 1 × Halt pro-
tease and phosphatase inhibitor cocktails (Piercenet, Rock-
ford, IL). Expression of tagged NHE9 protein was veri-
fied by western blot (WB) using both anti-Myc (Abcam, 
Cambridge, MA) and anti-NHE9 antibodies (ProteinTech, 
Rosemont, IL). Empty vectors were transfected in negative 
control groups (CT).

Experimental design for Co‑IP and tandem mass tag 
(TMT)‑labeled MS samples

5 mg of cell lysate was used for each co-IP with 15 μl Anti-
c-Myc Agarose (Piercenet, Rockford, IL) overnight at 4 °C, 
followed by four gentle washes using PBS with 0.1% DDM. 
Proteins were eluted with 50 μl 2 × Lane Marker reducing 
sample buffer (Piercenet, Rockford, IL). 2 μl was used for 
western blot to verify the pull down of c-Myc-tagged NHE9, 
and 48 μl was stored at − 20 °C until use. CT lysates served 
as no-bait negative controls. Two independently processed 
and verified eluates were combined as one co-IP sample 
(96 μl total) to provide ~ 20 μg total proteins/sample for 
TMT labeling. A total of 15 co-IP samples were produced 
and were partitioned into four TMT-labeled MS samples 
according to Supplementary Figure 1A. Three pairs of wild 
type (WT) versus CT co-IP samples were labeled with 6-plex 
TMT reagents and grouped as one sample for MS acquisi-
tion. Three additional MS samples were each composed of 
one set of three parallel-processed IP samples: WT, A409P 
(AP) mutant and CT. These samples were also labeled with 
6-plex TMT reagents with a balanced design.

TMT labeling and MS acquisition

Co-IP samples were first precipitated with 6 × volumes of 
cold acetone at − 20 °C overnight and fully re-suspended 

in 4.2 μl of 10 M urea. Urea was gradually diluted with dis-
solution buffer, reducing agent tris-(2-carboxyethyl) phos-
phine (TCEP) and alkylating agent iodoacetamide (IAM) 
to a final concentration of 4.9 M prior to a 6 h predigestion 
with 200 ng recombinant Lys-C (Promega) at 37 °C. Sam-
ples were then added with 0.7 µl denaturant (2% SDS) and 
diluted with dissolution buffer to obtain 1.5 M urea concen-
tration for an overnight digestion with 2 μg trypsin. Dissolu-
tion buffer was then removed in a SpeedVac concentrator, 
and dried peptide pellets were shipped to the Proteomics 
Unit at the University of Bergen (PROBE, Bergen, Norway) 
for TMT labeling and MS/MS acquisition. TMT 6-plex™ 
reagents were used to label the digested peptides following 
manufacturing protocols (Piercenet, Rockford, IL) accord-
ing a balanced design in the Supplementary Figure 1A 
(Mahoney et al. 2011). After pooling, the resulting four MS 
samples were subsequently cleaned using Cation Exchange 
cartridges and desalted using a reversed phase Oasis® HLB 
Elution plate (2 mg sorbent per well, 30 µm particle size; 
Waters Assoc, MA) before LC–MS/MS analysis using an 
Ultimate 3000 RSLCnano system in line with an LTQ Orbit-
rap ELITE (Thermo Fisher Scientific).

LC–MS/MS analyses were conducted as described previ-
ously (Aasebo et al. 2014; Guldbrandsen et al. 2014) with 
minor modifications (Supplementary File 1). The full-scan 
MS and MS/MS spectra were searched against reviewed 
human protein sequences (Uniprot, downloaded April 
2013) using the SequestHT search engine implemented in 
Proteome Discoverer 1.4 (Thermo Fisher Scientific). The 
search settings are described in Supplementary file 1. Only 
master proteins from each group were considered for the sta-
tistical analysis. Calculations of fold change were performed 
on Extracted Ion Chromatograms (XIC) of the reporter ions 
corrected for isotopic impurities. Reported TMT ratios 
include each bait protein IP channel (WT and Mut) versus 
the CT channel as well as the Mut versus WT ratios (Sup-
plementary Figure 1A, B).

Statistical analysis for PPI filtering

TMT ratios (WT vs CT or AP vs CT) were calculated for 
each MS acquisition. We followed the general statistical rec-
ommendations for data normalization and statistical analysis 
by Oberg and Mahoney (2012) and Oberg and Vitek (2009). 
First, the TMT ratios were log2 transformed and quantile 
normalized. We then used the “removeBatchEffect” func-
tion from LIMMA (version 3.26.9), an R(version 3.2.4)/
Bioconductor package, to remove batch effect between MS 
runs (Smyth and Speed 2003; Ritchie et al. 2015). Results 
were further standardized and subjected to a Z test for PPI 
filtering. Raw TMT ratios, log2 transformed and normal-
ized ratios are plotted in Supplementary Figure 1B. The 
main hypothesis for PPI filtering is: if a protein is present 
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in higher abundance in the IP sample than the CT sample, 
then it is likely due to a real interaction with the bait protein; 
non-specific pull down would result in a similar (or lower) 
yield for the IP samples than for CT. Therefore, we used a 
one-tailed Z test to determine if a protein has a log IP versus 
CT ratio above 0 (Fig. 1a, b).

The AP versus WT ratios were also normalized and 
scaled using the same methods. We used a two-tailed Z test 
to determine if a protein has a log AP versus WT ratio that 
is statistically significantly different from 0, which sug-
gests that protein is precipitated in different amount with 
the mutant bait from that with the WT bait (Fig. 1c). We 
define these proteins as interactors with either increased or 
decreased interactions with NHE9 due to the mutation.

For both sets of analysis described above, only proteins 
identified in two or more MS samples were subjected to the 
Z tests. An alpha level of 0.05 was used with Bonferroni 
correction based on total numbers of available comparisons 
for each test.

Network pathways and functional analysis

Ingenuity Pathway Analysis software (IPA®, QIAGEN, Red-
wood City, CA) identified the canonical pathways implicated 
by the WT and AP PPIs, as well as the AP-changed PPIs. 
IPA uses Fisher’s Exact Test with Benjamini–Hochberg cor-
rection to determine whether a pathway is enriched within a 

list. We compared our PPI networks with the ASD PPI net-
work curated by SFARI (https​://gene.sfari​.org/autdb​/PINHo​
me.do) and tested for overlap using Fisher’s Exact Test. To 
ensure that our overlapping analyses were not capitalizing on 
chance variation, we used IPA’s database to derive PPI net-
works implicated by other ASD risk genes and then again for 
non-ASD genes, derived from bone mineral density (BMD) 
studies (Ralston and de Crombrugghe 2006), as a negative 
control. These protein networks were compared with our 
NHE9 PPIs for their overlap with the SFARI network. We 
also used IPA to retrieve drugs targeting the PPIs. These 
were based on drug-target relationships from the Ingenuity 
Knowledge Base curated from multiple sources.

Network topology analysis

We used IPA protein–protein interaction databases to con-
struct the known relationship between the identified pro-
teins. The resulted IPA PPI networks were then imported to 
Cytoscape (v3.2.1) (Shannon et al. 2003) for visualization 
and topology analysis using the Cytoscape Network Ana-
lyzer plugin (Assenov et al. 2008).

PPI validation

We verified NHE9 and two binding partners in the Co-IP 
products by western blot (WB). Antibodies used were: 

Fig. 1   PPI filtering using a one-sided Z test for WT PPIs (a) and AP 
PPIs (b) and a two-sided Z test for AP induced changes (c). Results 
were plotted as negative log p values (y) versus the averaged normal-
ized log ratios (x), which are the ratios of WT versus control (CT) IP 
(a), the ratios of AP versus CT (b) and the ratios of AP versus WT 

(c). Proteins highlighted in red were those met Z test p < 0.05, and 
names were labeled for the top findings. We also notate the total num-
ber of PPI that met Z test p < 0.05, as well as those were remained 
significant after Bonferroni corrections (BF)

https://gene.sfari.org/autdb/PINHome.do
https://gene.sfari.org/autdb/PINHome.do
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NHE9 (ProteinTech, Chicago IL), transferrin receptor 
(TFRC) and HRP-conjugated c-Myc (Myc-HRP) antibod-
ies from Abcam (Cambridge, MA), RACK1 antibodies from 
Novus Biologicals (Littleton, CO), MAP2K2 from Thermo 
Scientific (Waltham, MA). RACK1 was one of previously 
known NHE9 PPIs. MAP2K2 was chosen because it was 
one of the AP altered PPIs and because of its interesting 
role in the MAPK signaling pathways and its relationship 
with the autism genes EIF4E. TFRC was chosen for its role 
in endosomes. Bands were visualized using chemilumines-
cent substrate and imaged in BioRad ChemiDoc MP system 
(Hercules, CA). Each protein was verified in at least two 
independent co-IP experiments. Band intensities were meas-
ured using ImagJ (Schneider et al. 2012) and subtracted from 
the background and normalized to the ratios to that of the 
CT lanes. Differences in band intensities were evaluated by 
Fisher’s PLSD post hoc test following ANOVA.

Endocytosis assays

Endocytosis pathways were examined in Neuro-2a (N2a) 
cells transfected with WT or A409P mutant SLC9A9 using 
FITC-conjugated transferrin (TF) and Alexa Fluor 488-con-
jugated Cholera Toxin Subunit B (CTB, Thermo Fisher). TF 
binds to TF receptors and is internalized via the clathrin-
medicated endocytosis pathway (Mayle et al. 2012). CTB 
binds to membrane ganglioside GM1 within the lipid rafts 
and can be internalized mainly via the caveolae-mediated 
pathways, and also the clathrin-mediated, and clathrin-/cav-
eolae-independent endocytosis pathways (Chinnapen et al. 
2007). Transfected N2a cells were plated at 2 × 105 cells/
well in 24 well plates for overnight adherence prior to the 
labeling. Labeling is initiated by incubating cells in serum-
free DMEM medium (Thermo Fisher) for 1 h and followed 
by incubation with 50 μg/ml TF or 2 μg/ml CTB for 10, 
30 or 60 min at 37 °C. Non-labeled cells were incubated 
with only serum-free medium (0 min labeling). Non-inter-
nalized ligands were removed by two changes of cold acid 
wash (0.2 M acetic acid, 0.2 M NaCl in PBS), and two PBS 
rinses. Cells were then fixed with 4% paraformaldehyde in 
PBS, stained with 4′,6-diamidino-2-phenylindole (DAPI) for 
nuclei and imaged in an inverted fluorescence microscope. 
Two replicates wells were labeled for each transfection group 
and each time point. Eight full-field images were obtained 
for each replicate using a grid-guided systematic random 
sampling technique. Each field was imaged with both a GFP 
filter for the internalized ligands and a DAPI filter for nuclei. 
All fields were imaged using a 10 × objective with the same 
optimized settings, including the cells that were not labeled 
with TF or CTB, the intensity of which was used as back-
ground and was subtracted from those with the internalized 
ligands. Fluorescence intensities were measured following a 
“rolling ball” algorithm using the batch-processing function 

in ImageJ software (Schneider et al. 2012). We calculated 
the endocytosis index for each image as the ratio of the cor-
rected TF or CTB intensities vs those of the DAPI intensity, 
with the denominator used to correct for different cell densi-
ties. Differences between transfection groups were evaluated 
by Fisher’s PLSD post hoc test following ANOVA.

Results

Bait protein expression, Co‑IP verification and MS 
protein identification

The WT and mutant A409P proteins were expressed equally 
abundantly in 48 h post-transfected cells and migrated to 
approximately 70 and > 150 kDa on the SDS-PAGE gel 
(Fig. 2). Although both bands contain multiple species of 
proteins, likely from various post-translational modifications 
of monomers, dimers and aggregates, they were verified 
by both anti-Myc-tag and anti-NHE9 antibodies (Figs. 2, 
4) (Zhang-James et al. 2011). Modified and dimerized are 
functional forms for NHEs (Hisamitsu et al. 2006; Malo 
and Fliegel 2006). Detergent-resistant aggregates of high 

Fig. 2   Western blot verification of NHE9 expression and IP prod-
ucts. Top. WT and A409P constructs were expressed as both mon-
omers and dimers in the cell lysates; whereas the R423X mutant 
(not shown) and a truncated (1-422aa) construct were not detected. 
Bottom IP elutes detected a similar yield of bait proteins with more 
dimers than monomers for WT and both mutants. These bands were 
detected using anti-Myc-tag antibody, but also confirmed using an 
anti-SLC9A9 antibody later (see Fig. 4). WT = wild type NHE9 bait 
protein. DsRed is the empty vector used in the negative control sam-
ples
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molecular weight are often observed in SDS-PAGE gels for 
NHE proteins due to their propensity to form strong hydro-
phobic interactions (Bullis et al. 2002). In our IP eluates, a 
majority of NHE9 are higher molecular weight products, 
suggesting that the IP procedure may have promoted dimer-
ized and aggregated forms. The full-length cDNA with 
R423X mutation failed to produce detectable protein by 
antibodies (not shown). A truncated version (1-422aa) was 
not detectable by western blot either. Thus, the R423X muta-
tion was not included in subsequent studies.

From the four MS samples consisting of 15 TMT-labeled 
co-IP samples (Supplementary Figure 1A), 1483 proteins 
met protein identification criteria (listed in Supplementary 
file 2). Among them, 288 proteins were identified from all 
four MS samples and 539 proteins were identified in two or 
three samples.

Statistical filter of PPIs

Z tests of standardized and normalized log2 TMT ratios of 
IP versus CTs identified 100 proteins significantly precipi-
tated with WT NHE9 proteins and 77 with the AP mutant. 
These are highlighted in red in Fig. 1a, b where the nega-
tive log p values are plotted against the mean IP versus CT 
ratios. We confirmed that bait protein NHE9 was the most 
abundant protein in the IP samples. It had the highest IP 
versus CT ratios and the most significant p values. Fifty 
proteins were in common for WT and AP NHE9. Among the 
total of 127 proteins that are either WT or AP interactors, 8 
showed significantly increased precipitation and 5 showed 
significantly decreased precipitation due to the AP mutation 
(Fig. 1c). Supplementary File 2 lists the Z test results for 
all proteins. Supplementary Figure 2 plots the distribution 
of percentage of protein coverage, the numbers of Peptide 
Spectrum Matches (PSMs) and peptides identified for each 
protein against the normalized mean WT versus CT ratios 
and the Z test negative log p values, showing that these fac-
tors do not influence the Z test-based PPI filtering.

Functional analysis of the PPIs

PPI lists were imported into IPA for functional pathway 
analysis. Supplementary File 3 lists the negative log p val-
ues for the top canonical pathways. A number of known 
endosome-related pathways were significantly enriched for 
WT or AP PPIs: the clathrin- and caveolae-dependent endo-
cytosis signaling, phagosome maturation, unfolded protein 
response and protein ubiquitination pathways. Several of the 
most enriched pathways, such as mitochondrial dysfunction, 
oxidative phosphorylation, apoptosis and cell adhesion, had 
not previously been associated with NHE9. IPA’s drug-
target database listed eight WT or AP PPIs as druggable 
targets (MAP2K2, XPO1, TXN, PRKDC, CA2, SLC25A5, 

SLC25A6, PKM). MAP2K2, a PPI that is significantly 
decreased by the AP mutant, and TXN, an AP increased 
PPI, are targets of several FDA-approved anti-cancer drugs.

The SFARI Gene Base curates all known genes impli-
cated in ASD and provides a comprehensive protein inter-
action network (PIN) derived from all known/published 
interactions with the products of these genes. Among the 
100 WT PPIs, seven were coded by SFARI ASD candidate 
genes: ACTN4, EIF4E, ETFB, PRKDC, RBM27, RHEB 
and XPO1. RHEB and EIF4E were also AP PPIs. Further-
more, 90% of both the WT and AP PPIs overlap with the 
SFARI PIN (Fisher’s exact test p < 0.0001). To assess if 
these significant findings were spurious, we took a two-
stage approach. First, we determined if a similar analysis 
would show a significant overlap of known ASD candidate 
genes with the SFARI network, which would be expected. 
To test this hypothesis, we examined four known ASDs 
genes, FMR1, CACNA1C, MECP2 and SHANK3. Second, 
we expected that the SFARI network would not show sig-
nificant overlap with PPI networks derived from six proteins 
implicated in bone mineral density (BMD):SOST, OPG/
TNFSF11, PPARG, IGF1, ALOX12 and AR (Ralston and 
de Crombrugghe 2006). For each gene, we generated a PPI 
network from proteins extracted from IPA’s database. Each 
PPI network (one derived from each gene) was examined for 
overlap with the SFARI PPI network. Figure 3 shows that the 
networks derived from autism candidate genes have a highly 
significant overlap with the SFARI network, similar to what 
we found for NHE9’s PPI network. In contrast, the BMD 
PPI networks had a lower and nonsignificant overlap with 
the SFARI network. The only exception was for the BMD 
gene, androgen receptor (AR), which is also a SFARI ASD 
candidate gene (Henningsson et al. 2009).

Network topology results

Based on the IPA PPI database, 71 WT proteins were con-
nected by known interactions to form a single clustered 
network (Supplementary Figure 3A). The majority of the 
remaining proteins were singletons that were not known to 
connect with any other proteins in the NHE9 PPI network. 
Since the proteins in the NHE9 network are all precipi-
tated with NHE9, we hypothesize that the singletons bind 
to NHE9 directly, while proteins in the main cluster may 
have indirect interactions with NHE9 via macromolecular 
complexes. AP proteins also formed a single cluster. Only 
47 AP proteins were connected (Supplementary Figure 3B).

Following network naming convention, we refer here 
to the proteins in the network as nodes and the interac-
tions as edges. Network topology analysis of the WT and 
AP connected networks showed that both main clusters of 
the networks have a diameter of 7 (the maximal shortest 
path between two nodes, corresponding to the maximum 
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eccentricity of the nodes) and a radius of 4 (minimum of 
the nonzero eccentricity of the nodes). Topologically, both 
networks have the typical characteristics of most biological 
networks, which consist of a few hubs of high degree and 
a majority of nodes that only connect to a few hub nodes.

In contrast to the above similarities shared between the 
WT and AP network, the WT network had a substantially 
higher clustering coefficient (0.255) than the AP network 
(0.091). The network clustering coefficient is the average 
of clustering coefficients of all nodes (from 0 to 1), which 
measures the ratio of total connections between the neigh-
bors to the maximum possible such links. Therefore, this 
finding suggests that nodes in the AP network are less con-
nected compared to the WT network. Indeed, on average the 
nodes in WT network had 3.92 neighbors and nodes in AP 
network had 3.06 neighbors. We graphed the WT and AP 
networks in Supplementary Figure 3, with the size of the 
nodes corresponding to their degrees (numbers of connected 
neighbors) and the color highlighting those significantly 
changed by the A409P mutation (Z test p < 0.05). Note that 
VIM, one of the most connected nodes (degree of 8), was 
the most significantly decreased PPI. The loss of VIM and 
its neighbors in the AP network may account for the reduced 
connectivity within the network. Other notable changes are 

the loss of MAP2K2 and acquired interactions with FLOT1 
and other proteins.

Western blot (WB) validation

Western blots verification of bait protein NHE9 and two tar-
gets TFRC and MAP2K2 all showed that bands in WT co-IP 
lanes were stronger than those in the CT lanes (Fig. 4a, b), 
confirming the validity of our quantitative mass spectrom-
etry methods in identifying PPIs. TFRC had both ~ 90 kDa 
(monomer) and ~ 180 kDa (dimer) bands in the Co-IP lanes 
(Turkewitz et al. 1988), which were both almost absent in 
the CT lane (Fig. 4b). Consistent with the MS results, WB 
confirmed that MAP2K2 was pulled down with WT NHE9 
(compared with CT, p = 0.02) and that it was markedly 
reduced in the AP eluates. However, the difference between 
WT and AP for WB results was not statistically significant 
(Fig. 4e). We also verified one of previous known interac-
tors, RACK1. Figure 4d showed that RACK1 was present in 
both WT and AP eluates. However, RACK1 was also pre-
sent abundantly in the CT eluates, although at lower level, 
suggesting that our IP procedures did not remove all non-
specific bindings.

Fig. 3   The degree of overlap of protein interaction networks with 
the SFARI ASD gene PPI network. The PPI networks derived from 
IPA database for each gene on the horizontal axis are compared 
with the SFARI ASD PPI network. The percentages of proteins that 
overlap with the SFARI network are plotted as bars, and the overlap 
p values are labeled for each gene. Six BMD genes, derived from a 

review of genetic regulation of bone mineral density and four well-
known ASDs genes, are examined in comparison with the NHE9 
WT PPI network. Note that one BMD risk gene, AR, is also a SFARI 
ASD candidate gene. Fisher’s exact test p values are used to evalu-
ate the degree of overlap. All the ASDs genes are highly significant 
(p < 0.0001). None of the BMD genes, except AR, are significant
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Functional validation

Transferrin (TF) and CTB underwent rapid endocytosis in 
N2a cells. The fluorescent ligands were readily observed in 
endosomes as punctuated patches at 10 min. Supplemen-
tary Figure 4A shows the uniform labeling pattern for TF. 
But CTB endocytosis appeared to be more heterogeneous 
among cells. Representative images for each time point 
are shown in Supplementary Figure 4B, C. Quantifica-
tion (Fig. 5) showed that both WT and A409P transfected 
N2a cells demonstrated greater TF endocytosis than non-
transfected and empty-vector transfected control groups. 
This effect peaked at 30 min (group effect F(3,60) = 7.84, 
p = 0.0002). On the contrary, CTB endocytosis was 
reduced in WT and A409P transfected groups similarly at 
10 and 30 min. However, A409P cells showed persistently 
lower CTB intensity at 60 min, while WT-transfected cells 

were similar to the empty-vector transfected groups. The 
difference between A409P and WT groups was significant 
at 60 min (t = 2.29, p = 0.026).

Discussion

GWAS and sequencing studies are providing an increas-
ing number of disease-associated variants. One step toward 
understanding how these variants lead to disease etiology 
is through understanding how they affect functional protein 
networks. Our study is one of the first to use quantitative 
MS with Co-IP to study PPI networks for disease-associated 
genetic variants. We identified ~ 100 proteins that directly or 
indirectly interact with NHE9, some of which were signifi-
cantly changed by disease-associated mutation.

Fig. 4   Western blot verification 
of bait (NHE9) and selected 
binding partners. CT, no-bait 
control IP; WT, WT NHE9; AP, 
the A409P mutation. a Top WB 
confirmed the successful pull 
down of the bait NHE9 using 
anti-SLC9A9 antibody and 
the bottom portion showed the 
co-precipitation of MAP2K2 
preferentially in the WT IP lane. 
b. Top portion showed another 
IP verification of NHE9 with 
the anti-SLC9A9 antibody, and 
the co-precipitation of TFRC in 
the same prep. c Band intensity 
quantification was shown for 
NHE9. d Verification of co-
precipitated RACK1 protein in 
the IP elute. e Quantification of 
MAP2K2 and TFRC. For both 
C and E quantifications, band 
intensities were subtracted from 
the background and normalized 
to the ratios to that of the CT 
lanes. In E, star (*) indicates 
the significant difference 
between WT and CT intensities 
(p < 0.05). The difference was 
lost in AP lane
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PPI networks provide molecular evidence for further 
understanding NHE9’s functions and potential 
mechanisms relevant to ADHD

NHE9 is a pH-regulator for endosomes, and mutations in 
SLC9A9 alter the endosome pH level and change the traf-
ficking of proteins that depend on this pathway (Kondapalli 
et al. 2013). However, the molecular mechanisms regulating 
this function are unknown. The identification of many endo-
somal vesicle trafficking proteins such as small GTPases, 
cargo transporters and receptors, and intracellular chaper-
ones supports the role of NHE9 in endocytic protein traffick-
ing. In our work, both the clathrin- and caveolae-mediated 
endocytosis pathways were significantly enriched for both 
WT and AP PPIs. Our observation that transferrin endocy-
tosis, an indicator of the clathrin-mediated pathways, was 
similarly up-regulated in WT and AP transfected cells, was 
consistent with the pathway enrichment result and previous 
report (Kondapalli et al. 2013). However, the A409P muta-
tion seemed to preferentially affect the caveolae-mediated 
endocytosis pathways based on our enrichment results. 
Caveolae are cholesterol- and sphingolipid-rich, flask-shaped 
invaginations of the plasma membrane. Caveolae-mediated 
endocytosis maintains membrane lipid composition and 
acts as a signaling system. We identified one of the major 
components of caveolae, flotillin-1(FLOT1) precipitated 
with the WT NHE9 and an increased precipitation with 

the A409P mutant protein. This is of particular interest to 
ADHD because FLOT1 interacts with dopamine transporter 
(DAT) and is essential for PKC-regulated DAT endocytosis 
(Sager and Torres 2011; Cremona et al. 2011). Furthermore, 
our CTB endocytosis assay provided evidence to suggest 
that the caveolae-mediated endocytosis was preferentially 
more inhibited by the ADHD-linked A409P mutation. How-
ever, CTB can also internalize via other pathways than the 
caveolae-mediated pathway (Chinnapen et al. 2007). Thus, 
additional work will be needed to clarify the relationship of 
NHE9, FLOT1 and caveolae-mediated endocytosis and their 
roles in ADHD.

Roles of NHE9 PPIs in ASDs

The lack of protein expression of the R423X variant suggests 
loss of NHE9 function in ASDs. Indeed, two independently 
developed knockout mice lines both showed autism-like 
phenotypes (Yang et al. 2016; Ullman et al. 2018). Jacunski 
(2015) reported that the R423X variant failed to express 
detectable protein and thus was not studied further. When 
we examined the overlap of the whole NHE9 network with 
the SFARI protein interaction network (PIN) for autism, 
we found that > 90% of NHE9 PPIs were present in the 
SFARI PIN, a phenomenon similarly observed with other 
well-known ASD genes, but not with our negative controls 
(bone marrow density genes). We do not know if the lack 

Fig. 5   Quantification of endocytosis of transferrin and cholera toxin 
subunit B endocytosis. Two replicates/wells were labeled for each 
transfection group and each time point. For each replicate, eight full-
field images were acquired for quantification using a grid-guided sys-
tematic random sampling technique. The endocytosis index for each 
image was calculated as the ratio of the corrected transferrin (TF) or 
CTB intensities versus those of the DAPI intensity, with the denomi-
nator used to correct for different cell densities. Differences between 
transfection groups were evaluated by Fisher’s PLSD post hoc test 

following ANOVA. Left showed that both WT and A409P transfected 
N2a cells demonstrated greater TF endocytosis than non-transfected 
and vector control groups. This effect peaked at 30 min (group effect 
F(3,60) = 7.84, p = 0.0002). Right showed that CTB endocytosis was 
reduced in WT and A409P transfected groups at both 10 and 30 min. 
However, A409P cells showed persistently lower CTB intensity at 
60 min, while WT-transfected cells were similar to the empty control 
groups. The difference between A409P and WT groups was signifi-
cant at 60 min (t = 2.29, p = 0.026)
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of detectable protein was due to nonsense-mediated mRNA 
decay or unstable protein degradation, or both.

Notably, MAP2K2, a significantly decreased PPI by 
ADHD variant A409P, has been linked to cardio-facio-
cutaneous syndrome (Karaer et al. 2015; Nowaczyk et al. 
2014), one of a family of disorders known as RASopa-
thies that often show autism traits (Adviento et al. 2014). 
MAP2K2 is a dual specificity protein kinase that belongs to 
the MAP kinase family (Zheng and Guan 1993a). MAP2K2 
phosphorylates and activates MAPK1/ERK2 and MAPK2/
ERK3, which subsequently activate MAP kinase-interacting 
kinases (Mnk1 and Mnk2) (Zheng and Guan 1993b). Inter-
estingly, Mnks are known for phosphorylating EIF4E, an 
ASD risk gene that was also detected in both WT and AP 
IP eluates. Phosphorylation of EIF4E by Mnks promotes 
the dissociation of EIF4E from the FMRP-CYFIP1 com-
plex and the initiation of cap-dependent translation (Beggs 
et al. 2015; Naegele and Morley 2004; Raught and Gingras 
1999), a molecular process disrupted in fragile × mental 
retardation syndrome (Kremer et al. 1991). Our finding of 
interaction between NHE9, MAP2K2 and EIF4E may sug-
gest a potential mechanism shared between some ASD and 
ADHD cases.

Other functions implicated for SLC9A9

Pathway analysis of PPIs suggested putative novel functions 
for NHE9, such as oxidative stress and mitochondrial dys-
function (Supplementary file 3), both of which have been 
implicated in ADHD (Joseph et al. 2015) and ASDs (Smaga 
et al. 2015). Oxidative stress and mitochondrial dysfunc-
tion are also associated with inflammatory demyelination 
in multiple sclerosis (MS) (Mahad et al. 2008), and a phar-
macogenetic GWAS found that SLC9A9 was significantly 
associated with MS disease activity (Esposito et al. 2015), 
supporting the potential roles of SLC9A9 in these novel 
functions. Indeed, proteins in NHE family can often interact 
with many proteins and participate a variety of cellular func-
tions. For example, NHE1 was involved in cellular signal-
ing in response to calcium (Bertrand et al. 1994) and serum 
(Lehoux et al. 2001), cell survival (Schelling and Abu Jaw-
deh 2008), oxidative stress (Prasad et al. 2013), dopamine 
transmission (Rocha et al. 2008), nociception (Castaneda-
Corral et al. 2011) and immune responses (De Vito 2006). 
Proteins and pathways identified from our study suggest that 
NHE9 may also participate in a variety of cellular functions.

We acknowledge that our methods could identify false 
positive interactions, such as those that do not happen 
in vivo. Interactions that we identified will need to be veri-
fied using other methods and preferentially verified in situ in 
the cell. However, it is possible for the intracellular C-termi-
nal of NHE9 to interact with membrane proteins from other 
organelles when in close proximity and that, subsequently, 

these interactors can recruit more proteins from those orga-
nelles. One example is the endoplasmic reticulum (ER), 
which can wrap around closely with endosomes (Friedman 
et al. 2013). Indeed, we identified many ER proteins in the 
MS results such as several signal peptidase complex (SEC) 
subunits and several types of signal sequence receptors 
(SSR).

Our findings suggest a potential role of NHE9 as a 
local multifunctional signaling scaffold and supported the 
hypothesis that the endosome functions as a signaling unit 
(Zhang-James et al. 2012; Dobrowolski and De Robertis 
2011), highlighting the potential of targeting the endosome 
in pharmacological interventions (Palfy et al. 2012).

Rare variants, common mechanisms and potential 
drug targets

One value of our study resides in testing the paradoxical 
hypothesis that studies of rare, functional genetic variation 
can lead to understanding of common mechanisms underly-
ing diseases that have a multifactorial genetic etiology. From 
a theoretical perspective, it seems reasonable to hypothesize 
that a common disease-relevant biological pathway impli-
cated by a rare variant could also be degraded by common 
variants or by environmental risk factors. More importantly, 
novel pathways and druggable targets discovered from stud-
ies of rare variants can lead to treatments that are relevant 
to patients who do not carry the rare variant. For example, 
rare variants of PCSK9 cause a rare autosomal dominant 
familial hypercholesterolemia. Drugs that inhibit PCSK9 
are viable treatments for common forms of hypercholes-
terolemia (Urban et al. 2013; Hooper and Burnett 2013). 
Canakinumab is a human monoclonal antibody used to treat 
cryopyrin-associated periodic syndrome, a rare autoinflam-
matory syndrome caused by mutations in NLRP3 (Verma 
et al. 2010). Subsequently, canakinumab was approved for 
use in common inflammatory syndromes (Onuora 2012; 
Schlesinger 2012; Alten et al. 2011). Consistent with this 
idea, our network, derived from rare ASD- and ADHD-
risk variants, significantly overlapped with the SFARI PPI 
network derived from other common and rare risk variants 
for ASDs, and contained shared functional pathways that 
may underlie both ADHD and ASDs. Our findings support 
the possibility that repurposing existing drugs to target the 
NHE9 network might be useful for treating ADHD (Faraone 
and Zhang-James 2013) and autism (Lemonnier et al. 2012). 
It is promising that we found several proteins in the NHE9 
network, which were targets of existing drugs currently used 
for other disorders. Furthermore, many key players of the 
network could be potentially targeted, such as the mutant 
altered PPIs and the network hubs. Much work is needed in 
the future to better understand those targets, and their roles 
in ADHD and ASDs.
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A quantitative proteomic pipeline for evaluation 
of disease‑associated variants: advantages 
and limitations

Our study provides proof-of-principle for using quantita-
tive MS and co-IP to characterize functional implications of 
disease-associated variants at the protein level. Our approach 
can be scaled up to many genes and variants simultaneously 
and can shed light on both normal gene functioning and 
the effects of mutations on the disease-relevant interactome. 
Such work can add valuable insights to the existing and 
expanding literature of disease-relevant functional protein 
networks (Corominas et al. 2014; Sakai et al. 2011).

Due to the amount of protein required for IP and MS, and 
to ensure the antibody used in IP is optimized and not influ-
enced by individual proteins and different mutations, tagged-
protein expression in cell lines are the methods of choice at 
the present. There are several limitations to this approach. 
First, cell lines may not express neuron-specific proteins 
such as neurotransmitter receptors and transporters. Future 
validation studies using neuronal tissue are warranted. Nev-
ertheless, we found that many of our top enriched pathways, 
such as endocytosis, intracellular signaling cascade and 
mTOR signaling, were also significantly enriched in gene 
co-expression networks of SLC9A9 constructed using brain-
based RNA-seq data downloaded from BrainSpan (Patak 
et al. 2017). Furthermore, genes coding proteins from our 
PPI lists shared significant overlap with genes comprising 
the co-expression networks of SLC9A9 in several important 
brain regions including amygdala and frontal cortex (Patak 
et al. 2017). This suggests that our proteomic findings using 
the HEK293 cells can identify meaningful functional net-
works that are important for relevant brain regions. However, 
we do need to be aware of missed interactions (false nega-
tives) due to no or low expression of target proteins in the 
cell line. There are several other reasons that we might have 
false negative findings. For example, transient interactions 
may not be successfully pulled down and will be missed. 
Non-specific binding during IP may require more stringent 
washes or more replicates to ensure that real interactions 
are not lost due to the noise in the statistical test. Finally, 
there could be false positive identifications, such as those 
interactions that do not happen in vivo. Verification of these 
interactions using different methods and preferentially func-
tional assays in situ in the cell will be needed.

In summary, we used a quantitative proteomic approach 
to describe NHE9’s PPI network and to evaluate the effects 
of coding variants. These PPI networks confirm the known 
roles of NHE9 in endosomal pathways and suggest novel 
functions of the protein. Furthermore, our study identified 
proteins and pathways affected by disease-relevant coding 
variants and provided novel hypotheses about the molecular 
mechanisms associated with ADHD and ASD. Given the 

availability of 10- and 11-plex TMT reagents, and possi-
bly higher numbers of plexes in the future, our study has 
demonstrated the feasibility of a parallel and scalable high-
throughput platform to characterize many disease-associated 
genetic variants on functional networks and their potential 
for drug development.

Note The mass spectrometry proteomics data have 
been deposited to the ProteomeXchange Consortium via 
the PRIDE partner repository with the dataset identifier 
PXD003310.
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