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Gephyrin Interacts with the K-Cl Cotransporter KCC2 to
Regulate Its Surface Expression and Function in Cortical
Neurons
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The K*-CI” cotransporter KCC2, encoded by the SlcI2a5 gene, is a neuron-specific chloride extruder that tunes the strength
and polarity of GABA, receptor-mediated transmission. In addition to its canonical ion transport function, KCC2 also regu-
lates spinogenesis and excitatory synaptic function through interaction with a variety of molecular partners. KCC2 is enriched
in the vicinity of both glutamatergic and GABAergic synapses, the activity of which in turn regulates its membrane stability
and function. KCC2 interaction with the submembrane actin cytoskeleton via 4.IN is known to control its anchoring near
glutamatergic synapses on dendritic spines. However, the molecular determinants of KCC2 clustering near GABAergic synap-
ses remain unknown. Here, we used proteomics to identify novel KCC2 interacting proteins in the adult rat neocortex. We
identified both known and novel candidate KCC2 partners, including some involved in neuronal development and synaptic
transmission. These include gephyrin, the main scaffolding molecule at GABAergic synapses. Gephyrin interaction with endogenous
KCC2 was confirmed by immunoprecipitation from rat neocortical extracts. We showed that gephyrin stabilizes plasmalemmal
KCC2 and promotes its clustering in hippocampal neurons, mostly but not exclusively near GABAergic synapses, thereby control-
ling KCC2-mediated chloride extrusion. This study identifies gephyrin as a novel KCC2 anchoring molecule that regulates its mem-
brane expression and function in cortical neurons.
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Fast synaptic inhibition in the brain is mediated by chloride-permeable GABA, receptors (GABA,Rs) and therefore relies on trans-
membrane chloride gradients. In neurons, these gradients are primarily maintained by the K/Cl cotransporter KCC2. Therefore,
understanding the mechanisms controlling KCC2 expression and function is crucial to understand its physiological regulation and
rescue its function in the pathology. KCC2 function depends on its membrane expression and clustering, but the underlying mecha-
nisms remain unknown. We describe the interaction between KCC2 and gephyrin, the main scaffolding protein at inhibitory synap-
ses. We show that gephyrin controls plasmalemmal KCC2 clustering and that loss of gephyrin compromises KCC2 function. Our
data suggest functional units comprising GABA,Rs, gephyrin, and KCC2 act to regulate synaptic GABA signaling. /
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Introduction

Fast inhibitory synaptic transmission in the brain is medi-
ated by chloride-permeable GABA, and glycine receptors.
To maintain a hyperpolarizing driving force for transmem-
brane chloride fluxes through these receptors, neurons are
equipped with a unique chloride extrusion capacity mediated by
the K/Cl cotransporter KCC2, a member of the Slc12 cation-
coupled chloride transporters (Chamma et al., 2012; Kaila et al,
2014a). The delayed expression onset of KCC2 is responsible for the
progressive hyperpolarizing shift in the polarity of GABA signaling
in the developing brain (Rivera et al., 1999). Conversely, downregu-
lation of KCC2 expression in a variety of neurologic and neuro-
psychiatric conditions is associated with paradoxical, depolarizing
actions of GABA signaling that may underlie pathologic network
activities (Cohen et al., 2002; Coull et al., 2003; Huberfeld et al.,
2007; Kahle et al., 2008; Boulenguez et al., 2010; Pallud et al., 2014;
Tyzio et al,, 2014; Kaila et al,, 2014a; Banerjee et al., 2016).

In addition to its canonical role in regulating transmembrane
chloride gradients, KCC2 is involved in numerous biological
processes, independently of its ion transport function (Chamma
et al., 2012; Blaesse and Schmidt, 2015; Chevy et al., 2020). Thus,
KCC2 expression is required for spinogenesis during neuronal
maturation (Li et al, 2007; Fiumelli et al., 2013; Awad et al,,
2018), controls the confinement of postsynaptic glutamate recep-
tors within dendritic spines (Gauvain et al., 2011), and gates
long-term potentiation at glutamatergic synapses (Chevy et al,,
2015). These effects involve the interaction of the large C-termi-
nal domain (CTD) of KCC2 with actin-related proteins, such as
the FERM domain, spectrin/actin-binding protein 4.IN (Li et al.,
2007), and the Racl-specific guanine nucleotide exchange factor
BPIX (Chevy et al,, 2015; Llano et al., 2015), which controls actin
dynamics through regulation of cofilin activity. In addition,
KCC2 regulates neuronal excitability through interaction
with the two-pore leak potassium channel Task-3 (Goutierre
et al.,, 2019) and is involved in molecular interactions that
regulate its traffic and membrane expression (Ivakine et al.,
2013; Mahadevan et al., 2017; Pressey et al., 2017).

The multiple functions of KCC2 imply that its membrane
expression is tightly regulated at the subcellular level. Although
KCC2 shows diffuse expression throughout the somatodendritic
plasma membrane (Gulyds et al, 2001; Baldi et al, 2010;
Gauvain et al., 2011; Chamma et al., 2013), it also forms perisy-
naptic but not postsynaptic aggregates near both GABAergic
(Gulyas et al,, 2001; Chamma et al, 2013) and glutamatergic
(Gulyas et al., 2001; Gauvain et al., 2011) synapses. Such cluster-
ing may be directly related to KCC2 function, as its specific dis-
ruption with no change in total membrane expression results in
a loss of KCC2 transport activity in hippocampal neurons
(Watanabe et al., 2009). The interaction of KCC2-CTD with
4.1N near glutamatergic synapses hinders KCC2 membrane dif-
fusion and likely participates in its clustering. Blocking KCC2-
4.1N interaction by overexpressing KCC2-CTD, knocking down
4.1N expression, or pharmacologically disrupting actin polymer-
ization results in reduced dwell time of KCC2 in the vicinity of
glutamatergic synapses (Chamma et al., 2013). However, these
manipulations do not affect KCC2 dwell time near GABAergic
synapses, suggesting the existence of synapse-specific molecular
interactions contributing to the formation of perisynaptic KCC2
clusters. Although KCC2 was shown to interact with both
GABA, (Huang et al, 2012; Wan et al, 2020) and GABAg
(Wright et al., 2017) receptors, the molecular mechanisms of
KCC2 clustering near GABAergic synapses remain to be identi-
fied. Here, we addressed this issue using proteomic analysis of
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the KCC2 interactome in cortical principal neurons. Of the 271
candidate KCC2 partners identified, we focused on the scaffold-
ing protein gephyrin, which is known to stabilize GABA, and
glycine receptors at inhibitory synapses (Feng et al., 1998;
Kneussel et al., 1999; Lévi et al., 2004; Jacob et al., 2005; Yu et al.,
2007). We confirmed gephyrin interaction with native KCC2 in
cortical neurons and showed that gephyrin tightly regulates
KCC2 membrane expression and clustering, notably but not
exclusively near GABAergic synapses. Furthermore, gephyrin
knockdown was associated with a significant reduction in trans-
membrane chloride extrusion. These results identify gephyrin as
a major KCC2 interacting protein that regulates its membrane
expression and function in cortical neurons.

Materials and Methods

Animals. Adult male Sprague Dawley rats were obtained from
Janvier Labs. All procedures conformed to the International Guidelines
on the ethical use of animals and to the French Agriculture and Forestry
Ministry guidelines for handling animals (decree 87 849, license A 75—
05-22), and were approved by the Charles Darwin Ethics Committee
(APAFIS2015111011588776v3). All efforts were made to minimize ani-
mal suffering and to reduce the number of animals used.

Virus and stereotaxic viral injection. Rat KCC2-Flag sequence
(Chamma et al., 2013) was introduced in a pAAV vector under CaMKII
promoter (pAAV-CW3SL-EGFP; plasmid #61463, Addgene) and used
to produce purified adenoviral particles (Atlantic Gene Therapy).

The 4- to 5-week-old rats were anesthetized by intraperitoneal injec-
tion of ketamine/xylazine (75/10 mg/kg) and subcutaneous injection of
buprenorphine (0.05 mg/kg) for analgesia. Animals were then head fixed
in a stereotaxic apparatus. One microliter of adeno-associated virus
(AAV) suspension (concentrated at 7.3 X 10" transduction units/ml)
was injected unilaterally in the cortex at four injection sites [(1) antero-
posterior (AP), +2 mm; mediolateral (ML), =2.5 mm; dorsoventral
(DV), —2 mm; (2) AP, —0.5 mm; ML, £2.5 mm; DV, —1.8 mm; (3) AP,
—3 mm; ML, =2.5 mm; DV, —1.2 mm; (4) AP, —5.5 mm; ML, *2.5
mm; DV, —1.2 mm] at a rate of 125 nl/min.

Immunohistochemistry. KCC2-Flag expression was verified at least 2
weeks following viral injections. Rats were anesthetized by intraperito-
neal ketamine/xylazine injection (110/15 mg/kg) and perfused transcar-
dially with ice-cold choline-based solution containing the following (in
mm): 110 choline Cl, 25 glucose, 25 NaHCO3, 11.6 ascorbic acid, 3.1 py-
ruvic acid, 1.25 NaH,POy, 2.5 KCl, 0.5 CaCl,, and 7 MgCl, saturated
with 95% O,/5% CO,. Brains were removed, postfixed in 4% parafor-
maldehyde for 48 h and stored at 4°C in 30% sucrose PBS. Parasagittal
sections (40 um thick) were obtained using a cryotome. After washes,
brain slices were incubated for 3 h with 0.3% Triton X-100 and 10% goat
serum in PBS, and then for 48 h at 4°C with primary antibodies: KCC2
(rabbit, 2.5 pg/ml; catalog #07-432, Merck) and Flag (mouse, 2.5 ug/ml;
M2 clone, catalog #F3165, Merck). After washing in PBS, slices were
incubated for 3 h with secondary antibodies (Cy3-coupled goat anti-
mouse and Alexa Fluor 647-coupled goat anti-rabbit, 3 pg/ml; Jackson
ImmunoResearch), washed with PBS and mounted with Mowiol/Dabco
(25 mg/ml). Images were acquired with a DM6000-2 upright epifluores-
cence microscope with a 12 bit cooled CCD camera (Micromax, Roper
Scientific) run with MetaMorph software (Roper Scientific).

Ex vivo KCC2 coimmunoprecipitation. Rat cortices were dissected
and homogenized by sonication in coimmunoprecipitation buffer (1 ml/
100 mg tissue) containing (in mm): 50 Tris-HCI pH 7.4, 150 NaCl, 1
EDTA, as well as 1% Triton X-100 and protease inhibitors, and solubi-
lized by rotation for 4-6 h at 4°C. After centrifugation at 20,000 x g for
40 min at 4°C, the protein content of the supernatant was measured by
BCA Protein Assay (Thermo Fisher Scientific). Solubilized proteins
(10 mg) were incubated overnight at 4°C with 50 pl of anti-Flag magnetic
beads (Sigma-Aldrich). After two 30 min washes at 4°C with coimmuno-
precipitation buffer containing 1% Triton X-100, beads were washed
twice with detergent-free coimmunoprecipitation buffer, first for 30 min
at 4°C and then overnight at 4°C. Immunoprecipitated proteins were
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gently eluted by rotating beads for 1 h at room temperature in 57 ul of
elution buffer containing 250 mm Tris-HCI, pH 6.8, 1% SDS, 20% glyc-
erol, and bromophenol blue, to limit the amount of bait in the eluate
(EL), reduce the concomitant elution of IgGs and avoid interference
with subsequent identification of partners by MS. Eluates were trans-
ferred in a new tube where SDS and S -mercaptoethanol were added for
a 1 h denaturation at 37°C. A control Western blot was performed with
50 pg of lysate as input (IN), 10% of the EL, 5% of the total flow-through
(FT) fraction, and all material remaining bound to the beads after mild
elution. The latter was obtained by denaturing solubilization for 1 h at
37°C in Laemmli buffer.

Mass spectrometry analysis. Proteins were separated by SDS-PAGE
(4-15% polyacrylamide; Mini-PROTEAN TGX Precast Gels, BIO-RAD)
and stained with Protein Staining Solution (Euromedex). Gel lanes were
cut into five gel pieces and destained with 50 mu triethylammonium bi-
carbonate/50% acetonitrile and three washes in 100% acetonitrile.
Proteins were digested In-Gel using trypsin (1 pg/band; Gold, Promega)
as described previously (Thouvenot et al., 2008).

The generated peptides were analyzed online by nano-flow liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS)
using a Quadrupole-Orbitrap mass spectrometer (Q-Exactive +,
Thermo Fisher Scientific) coupled to an Ultimate RSLC (Thermo Fisher
Scientific). Peptides were introduced onto the column in buffer A (0.1%
formic acid) and separated with a 103 min gradient of 5-40% of buffer B
(80% acetonitrile, 0.1% formic acid), both at a flow rate of 300 nl/min.
Eluted peptides were electrosprayed online at a voltage of 1.8 kV into the
Q-Exactive+ programmed in data-dependent acquisition mode. Full
scans [375-1500 mass/charge ratio (m/z)] were acquired in the Orbitrap
mass analyzer with a resolution of 70,000 at 200 m/z. For the full scans,
3E6 ions were accumulated within a maximum injection time of 60 ms
and detected in the Orbitrap analyzer. The 12 most intense ions with
charge states >2 were sequentially isolated to a target value of 1e5 with a
maximum injection time of 45 ms and fragmented by HCD in the colli-
sion cell (normalized collision energy, 28%) and detected in the Orbitrap
analyzer at 17,500 resolution.

Raw MS spectra were processed using the MaxQuant environment
(version 1.5.5.1; Cox and Mann, 2008) and Andromeda for database search
(Cox et al,, 2011). The MS/MS spectra were matched against the UniProt
Reference Proteome (Proteome ID UP000002494) of Rattus norvegicus
(release 2017_12; http://www.uniprot.org) and 250 frequently observed con-
taminants, as well as reversed sequences of all entries. The following settings
were applied: spectra were searched with a mass tolerance of 7 ppm (MS)
and 0.5 m/z (MS/MS). Enzyme specificity was set to trypsin/P, and the
search included oxidation of methionine and acetylation (protein N-term)
as variable modifications. Up to two missed cleavages were allowed for pro-
tease digestion. The false discovery rate was set at 0.01 for peptides and pro-
teins, and the minimal peptide length was set at 7.

The representative protein ID in each protein group was automati-
cally selected using the in-house developed Leading tool (version 3.2;
Raynaud et al., 2018). Experiments were repeated three times to assess
biological reproducibility. Only proteins with agreater than twofold
enrichment (based on the MS/MS ratio) and one unique peptide per
protein were considered as potential partners of KCC2 (Table 1).

Venn diagrams were generated using the Venny tool (http:/
bioinfogp.cnb.csic.es/tools/venny/). Gene ontology enrichment in the
KCC2 interactome (271 candidate partners) was analyzed using the
Cytoscape (version 3.6.1) ClueGO plugin (version 2.5.0; Shannon et al.,
2003; Bindea et al., 2009), and the 2464 proteins identified in the three
biological replicates as a reference dataset. The GO domains (GO
Biological Processes, GO Cellular Components, and GO Molecular
Functions) from EBIQuickGO-GOA (updated on April 4, 2018) were
used. The UniProt identifiers were mapped to the selected annotations
(GO evidence without inference from electronic annotations) with
default ClueGO options in addition to the following selection criteria: 3—
8 GO tree interval, a minimum of 10 genes from the list of 271 KCC2
candidate partners found to be associated to a term and that these genes
represent at least 13% from the total number of associated genes. The
statistical test used was an enrichment right-sided hypergeometric test
with the Benjamini-Hochberg correction method.
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Coimmunoprecipitation from rat cortical homogenates. Cortices
were dissected from adult Sprague Dawley male rats and homogenized
by sonication in coimmunoprecipitation buffer (1 ml/100 mg tissue)
containing the following (in mwm): 50 Tris-HCI, pH 7.4, 150 NaCl, 1
EDTA, 1% Triton X-100, and protease inhibitors, and solubilized by
rotation for 4-6 h at 4°C. After centrifugation at 20,000 x g for 40 min at
4°C, the protein content of the supernatant was measured using the
BCA Protein Assay (Thermo Fisher Scientific). Solubilized proteins
(5 mg/assay) were incubated with 5 ug of primary antibody [mouse anti-
KCC2 (Merck); or mouse anti-gephyrin (Synaptic System)] or nonim-
mune IgG from the same species (Jackson ImmunoResearch) overnight
at 4°C under rotation and immune complexes were precipitated with
20 pl of protein-G magnetic beads (Thermo Fisher Scientific) for 2 h at
4°C. Beads were then washed twice with 1 ml coimmunoprecipitation
buffer and once with Triton-free coimmunoprecipitation buffer.
Immunoprecipitated proteins were eluted in Novex NuPAGE LDS (4x)
sample buffer for 1 h at 37°C separated by SDS-PAGE and analyzed by
Western blotting.

Transfection of Neuro2a cells. Neuro2a cells were grown in DMEM
GlutaMAX (Thermo Fisher Scientific) supplemented with 1 g/L glucose
and 10% fetal bovine serum. For biochemical assays, cells (60-70% con-
fluent) were cotransfected using a ratio of 1:3 DNA and polyethylenei-
mine (PEI), respectively (5 g of DNA and 15 pg of PEI; Polysciences),
with plasmids encoding full-length, Flag-tagged rat KCC2b or
KCC2 CTD (Chamma et al., 2013; Chevy et al,, 2015) and EGFP-tagged
rat gephyrin (1:1 ratio; Battaglia et al., 2018) or EGFP as control (4:1 ra-
tio). For immunocytochemistry, cells at 60-70% confluence were
cotransfected using transfectin (BIO-RAD) according to manufacturer
instructions with plasmids encoding full-length Flag-tagged rat KCC2
and either EGFP-tagged rat gephyrin (1:1 ratio) or EGFP (3:1 ratio).
Coimmunoprecipitation and immuncytochemistry experiments were
performed 2 d post-transfection.

Coimmunoprecipitation from Neuro2a cells. Forty-eight hours after
transfection, cells were homogenized by brief sonication in coimmuno-
precipitation buffer containing the following (in mm): 50 Tris-HCI, pH
74, 150 NaCl, 1 EDTA, 0.5% Triton X-100, and protease inhibitors.
Cells were then solubilized by rotation for 2 h at 4°C and centrifuged at
20,000 x g for 30 min at 4°C. Solubilized proteins were incubated with
20 pl of prewashed anti-GFP-coupled beads (Chromoteck) overnight at
4°C under rotation. Beads were then washed twice with 1 ml of coimmu-
noprecipitation buffer and once with Triton-free coimmunoprecipita-
tion buffer. Immunoprecipitated proteins were eluted in Novex
NuPAGE LDS (4x) sample buffer for 1 h at 37°C, separated by SDS-
PAGE and analyzed by Western blotting.

Western blotting. Proteins were separated on a 4-12% SDS polyacryl-
amide gradient gel (Invitrogen) and transferred onto a nitrocellulose
membrane (GE Healthcare). For coimmunoprecipitation assays from rat
cortical homogenates, blots were probed with antibodies against KCC2
(rabbit, 1 pg/ml; catalog #MABN88, Merck) and gephyrin (mouse, 2 pug/
ml; clone 3B11, Synaptic Systems). For coimmunoprecipitation assays
from Neuro2a cells, blots were probed with GFP (mouse, 1 pig/ml; 4B10
clone, Cell Signaling Technology) and KCC2 (rabbit, 1 pg/ml; Merck)
antibodies. Primary antibodies were detected with fluorescent secondary
antibodies (0.3-1 pg/ml; DyLight 700 or 800, Rockland; or 0.07 ug/ml;
IR700 or 800, LI-COR) using an Odyssey infrared imaging system (LI-
COR). All biochemical assays were repeated at least three times on inde-
pendent cortical extracts or cultures.

Immunocytochemistry. Immunocytochemistry was used to deter-
mine the surface/total KCC2 ratio. To stain the surface pool of KCC2,
Neuro2a cells were incubated with anti-Flag antibody (mouse, 1 ug/ml;
Merck) at 4°C for 30 min in HEPES-based medium, fixed with parafor-
maldehyde (4% w/v) supplemented with 4% (w/v) sucrose in PBS and
incubated for 30 min in blocking buffer (10% normal goat serum in
PBS). Then cells were incubated with goat anti-mouse Cy3 for 1 h at
room temperature (0.75 pig/ml; Jackson ImmunoResearch) in blocking
buffer. To reveal total (surface + intracellular) KCC2 pools, cells were
then permeabilized for 4 min with 0.25% (v/v) Triton X-100 in PBS.
After washes in PBS, cells were incubated for 30 min in blocking buffer
and then with the anti-Flag antibody (mouse, 1 pg/ml; Merck) for 1 h at
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Table 1. KCC2 Protein partners identified by MS
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Ratio KCC2/sham

ME-MS count Mean ratio KCC2/sham.
Gene name UniProt ID Protein name ™ N N2 N3 MS-MS count
*Slc12a5 063633 Solute Carrier Family 12 Member 5 X 2140 n7s 774 101.0
*Canx P35565 (alnexin X 44 19 270 1.1
Npepps FIMOV7 Aminopeptidase Puromycin Sensitive X 3.0 1.7 28.0 10.9
Dpysl5 Q9JHUO Dihydropyrimidinase-Like 5 2.0 15 21.0 8.2
*Jagn1 Q4KMo4 Jagunal Homolog 1 X 5.0 17.0 2.0 8.0
Tkt G3V826 Transketolase 17 21 20.0 79
Opal Q2TA68 Opa1, Mitochondrial Dynamin Like Gtpase X 25 1.0 200 7.8
*Sfpq AOA0G2K8KO  Splicing Factor Proline and Glutamine Rich 4.0 1.1 18.0 1.7
Immt AOAOG2JVH4  Inner Membrane Mitochondrial Protein X 20 1.0 200 7.7
Slc3a2 AOAOH2UHQO  Solute Carrier Family 3 Member 2 27 13 19.0 7.6
*(psfe D3ZPL1 (leavage and Polyadenylation Specific factor 6 40 1.6 15.0 6.9
Hsp90b1 Q66HDO Heat Shock Protein 90 3 Family Member 1 5.0 1.1 14.0 6.7
Eef2 P05197 Eukaryotic Translation Elongation factor 2 35 1.6 14.0 6.4
Qars Q66H61 Glutaminyl-Trna Synthetase 20 1.0 160 6.3
Ptprs 064605 Protein Tyrosine Phosphatase, Receptor Type, S X 1.6 33 14.0 6.3
Jup Q6POK8 Junction Plakoglobin 3.0 0.7 15.0 6.2
Slc25a12 F1LX07 Solute Carrier Family 25 Member 12 X 25 0.8 15.0 6.1
Adam22 FIM542 Adam Metallopeptidase Domain 22 3.0 1.0 14.0 6.0
Uggt1 Q9JLA3 Udp-Glucose Glycoprotein Glucosyltransferase 1 3.0 1.0 13.0 5.7
Hspa4l F7F2F3 Heat Shock Protein 4-Like 35 1.4 12.0 5.6
Acslé P33124 Acyl-Coa Synthetase Long-Chain Family Member 6 X 3.0 13 12.0 5.4
Gucy1b3 P20595 Guanylate Cyclase 1 Soluble Subunit B 3 4.0 1.2 1.0 5.4
Gys1 A2RRU1 Glycogen Synthase 1 4.0 0.9 11.0 53
Dhx36 D4A2Z8 Deah-Box Helicase 36 6.0 14 8.0 5.1
*Slc8a2 P48768 Solute Carrier Family 8 Member A2 X 7.0 13 7.0 51
Sle27a1 Q6GMM8 Solute Carrier Family 27 Member 1 3.0 13 10 5.1
Letm1 Q5XING Leucine Zipper and Ef-Hand Containing Transmembrane Protein 1 X 1.0 2.1 12.0 5.0
Aldh111 P28037 Aldehyde Dehydrogenase 1 Family, Member L1 5.0 1.1 9.0 5.0
Mars D37941 Methionyl-Trna Synthetase 20 09 120 5.0
*Sec23a A0A0G2JZM2  Sec23 Homolog A, Coat Complex Il Component 2.0 0.9 12.0 5.0
Rph3a F1LPBY Rabphilin 3A 37 09 100 49
Sirpa P97710 Signal-Regulatory Protein « X 2.0 38 8.0 4.6
Trim28 008629 Tripartite Motif-Containing 28 1.0 2.5 10.0 45
Kpnb1 F22308 Karyopherin Subunit 8 1 13 2.0 10.0 44
Agol D4AC38 Argonaute 1, Risc Catalytic Component 33 0.8 9.0 44
Elob P62870 Transcription Elongation factor B Subunit 2 10.0 23 0.7 43
Slitrk5 MOR9U3 Slit and Ntrk-Like Family, Member 5 3.0 0.9 9.0 43
Exoc3 Q62825 Exocyst Complex Component 3 3.0 0.8 9.0 43
Syn3 070441 Synapsin Il 2.0 0.8 10.0 43
Sf3b1 G3V7T6 Splicing factor 3B, Subunit 1 4.0 0.7 8.0 42
Syl Q5MIF8 Scy1 Like Pseudokinase 1 2.7 0.9 9.0 42
Srp72 D4A7RO Signal Recognition Particle 72 2.0 15 9.0 42
*Gls P13264 Glutaminase 4.0 14 7.0 41
Pspci Q4KLH4 Paraspeckle Component 1 1.0 2.0 9.0 4.0
Mta2 B2GV01 Metastasis Associated 1 Family, Member 2 4.0 0.9 7.0 4.0
Dig4 P31016 Discs Large Maguk Scaffold Protein 4 2.0 0.9 9.0 4.0
Rpn2 P25235 Ribophorin II X 4.0 1.4 6.0 3.8
N/A A0A0G2JY03 Uncharacterized protein 2.0 1.2 8.0 3.7
Fbx0,1 F1IM5Q6 F-Box Protein 21 45 0.7 6.0 3.7
Trim32 Q66H79 Tripartite Motif-Containing 32 2.0 1.2 8.0 3.7
Cadm2 QIWIM2 Cell Adhesion Molecule 2 X 4.0 3.0 4.0 37
Copg1 Q4AEF8 Coatomer Protein Complex, Subunit -y 1 2.0 1.0 8.0 37
Pygm G3V8V3 Phosphorylase, Glycogen, Muscle 2.0 0.9 8.0 3.6
Hnrnpl F1LQ48 Heterogeneous Nuclear Ribonucleoprotein L 4.0 0.7 6.0 3.6
Raplgap F1LV89 Rap1 Gtpase-Activating Protein 2.7 0.8 7.0 3.5
(ttn Q66HL2 Cortactin 35 0.9 6.0 35
Plaa P54319 Phospholipase A2, Activating Protein 6.0 1.4 3.0 35
Vps33a Q63615 Vps33A Corvet/Hops Core Subunit 23 0.9 7.0 3.4
Khsrp Q99PF5 Kh-type Splicing Regulatory Protein 2.0 1.1 7.0 34
Upf AOAOUTRS25  Upf1, Rna Helicase and Atpase 2.0 1.1 7.0 34
Ndufs2 Q641Y2 Nadh Dehydrogenase Ubiquinone Fe-S Protein 2 6.0 2.0 2.0 33
HyouT Q63617 Hypoxia Up-Regulated 1 1.0 2.0 7.0 33

(Table continues.)
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Gene name UniProt ID Protein name ™ N N2 N3 MS-MS count
lars A0A0G2JVL8 Isoleucyl-Trna Synthetase 2.0 1.0 7.0 33
Mut D3ZKG1 Methylmalonyl Coa Mutase 2.0 1.0 7.0 33
Faah P97612 Fatty Acid Amide Hydrolase X 1.0 3.0 6.0 33
*Adgrl2 088923 Adhesion G Protein-Coupled Receptor L2 X 1.0 3.0 6.0 33
Eif2ak3 Q92121 Eukaryotic Translation Initiation factor 2 Alpha Kinase 3 X 4.0 0.9 5.0 33
Rangap1 FIMAAS Ran Gtpase Activating Protein 1 2.0 0.7 7.0 3.2
*Prrt2 D3ZFB6 Proline-Rich Transmembrane Protein 2 X 2.0 2.6 5.0 3.2
Aak1 POC1X8 Ap2 Associated Kinase 1 2.0 18 5.8 3.2
Palm Q920Q0 Paralemmin 3.0 1.1 55 32
Apoe P02650 Apolipoprotein E 3.0 6.0 0.3 31
IvnsTabp AOA0G2K427  Influenza Virus Ns1A Binding Protein 24 0.8 6.0 31
Slain2 G3V6A2 Slain Motif Family, Member 2 2.0 3.0 4.0 3.0
Dnm3 Q08877 Dynamin 3 1.0 20 6.0 3.0
Sdha Q92012 Succinate Dehydrogenase Complex Flavoprotein Subunit A 3.0 0.9 5.0 3.0
Slc6all P31647 Solute Carrier Family 6 Member 11 X 1.0 3.7 4.0 2.9
Madd 008873 Map-Kinase Activating Death Domain 1.0 2.6 5.0 29
Ptpn1l P41499 Protein Tyrosine Phosphatase, Non-Receptor type 11 4.0 1.6 3.0 2.9
(amk2b P08413 (alcium/Calmodulin-Dependent Protein Kinase Il Beta 53 1.2 2.0 2.8
*Actn4 Q9QXQo Actinin « 4 25 1.0 5.0 2.8
Mcccl Q510G3 Methylcrotonoyl-Coa Carboxylase 1 2.0 0.4 6.0 2.8
Gps1 P97834 G Protein Pathway Suppressor 1 4.0 13 3.0 2.8
Vps45 008700 Vacuolar Protein Sorting 45 2.0 13 5.0 2.8
Dig1 062696 Discs Large Maguk Scaffold Protein 1 3.0 13 4.0 2.8
Sort1 054861 Sortilin 1 X 3.0 13 4.0 2.8
Ubxné AOA0G2KO012 Ubx Domain Protein 6 4.0 1.2 3.0 2.7
Edf1 P69736 Endothelial Differentiation-Related factor 1 4.0 2.8 14 2.7
*Ndufs1 Q66HF1 Nadh Dehydrogenase Ubiquinone Fe-S Protein 1 2.0 1.1 5.0 2.7
Soga3 D4A0A1 Soga Family Member 3 23 0.8 5.0 2.7
(ops3 Q68FW9 Cop9 Signalosome Subunit 3 5.0 23 0.8 27
(ds2 Q91XU8 (Cdp-Diacylglycerol Synthase 2 3.0 2.0 3.0 2.7
Sy P29101 Synaptotagmin 2 X 2.0 2.0 4.0 2.7
Hint1 P62959 Histidine Triad Nucleotide Binding Protein 1 2.0 5.0 1.0 27
Psmb6 P28073 Proteasome Subunit B 6 1.0 3.0 4.0 2.7
*Dhx9 D4A9D6 Dexh-Box Helicase 9 5.0 1.0 2.0 2.7
Lmna G3V8L3 Lamin A/C 2.0 1.0 5.0 2.7
Rpl12 P23358 Ribosomal Protein L12 4.0 1.0 3.0 2.7
Pank4 Q92358 Pantothenate Kinase 4 2.0 1.0 5.0 2.7
Cult B1WBY1 Cullin 1 3.0 1.0 4.0 2.7
Psma3 P18422 Proteasome Subunit Alpha 3 3.0 3.5 1.5 2.7
Epb4112 D3ZAY7 Erythrocyte Membrane Protein Band 4.1-Like 2 2.0 17 43 2.7
Mpp2 D3ZAA9 Membrane Palmitoylated Protein 2 23 15 42 27
Napb F8WFM2 Nsf Attachment Protein 3 5.0 23 0.4 2.6
(ntn1 Q63198 Contactin 1 15 2.7 35 26
Ehd1 Q64176 Eh-Domain Containing 1 2.0 27 3.0 2.6
Add1 Q63028 Adducin 1 20 1.0 4.6 25
Usp15 AOAOAOMYO07  Ubiquitin Specific Peptidase 15 23 0.8 45 2.5
Synj1 062910 Synaptojanin 1 3.0 1.7 28 2.5
Rbmx Q4V898 Rna Binding Motif Protein, X-Linked 5.0 2.0 0.5 25
Slc24a2 054701-2 Sodium/potassium/calcium exchanger 2 X 1.0 45 2.0 25
Hepacam D3ZEl4 Hepatic and Glial Cell Adhesion Molecule 2.0 15 4.0 25
Brsk2 D3ZML2-2 Serine/threonine-protein kinase BRSK2 2.0 1.4 4.0 2.5
Epb4113 G3V874 Erythrocyte Membrane Protein Band 4.1-Like 3 2.0 13 4.0 24
Kihi22 D37:(3 Kelch-Like Family Member 22 2.0 13 4.0 24
Map3k7 POC8E4 Mitogen Activated Protein Kinase Kinase Kinase 7 2.0 13 4.0 24
Wdr48 D3z8C7 Wd Repeat Domain 48 3.0 13 3.0 24
Acadvl P45953 Acyl-Coa Dehydrogenase, Very Long Chain 2.0 13 4.0 24
Gpd1 035077 Glycerol-3-Phosphate Dehydrogenase 1 3.0 33 0.9 24
Kit77 Q61601 Keratin 77 50 20 0.2 24
Gphn Q03555 Gephyrin 2.0 1.2 4.0 24
PpmTe Q80230 Protein Phosphatase, Mg2-+/Mn2+ Dependent, 1E 2.0 1.1 4.0 24
Cadm3 QIWIM3 Cell Adhesion Molecule 3 X 2.0 3.0 2.0 23

(Table continues.)
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Gene name UniProt ID Protein name ™ N N2 N3 MS-MS count
Agyp2 P35745 Acylphosphatase 2 2.0 3.0 2.0 23
Aplp1 FI1LRS5 Amyloid Beta Precursor Like Protein 1 X 2.0 3.0 2.0 23
Poldip2 E9PT51 Dna Polymerase & Interacting Protein 2 2.0 3.0 2.0 23
Brec3 B2RYM5 Brca1/Brca2-Containing Complex, Subunit 3 3.0 2.0 2.0 23
Gria? P19491 Glutamate lonotropic Receptor Ampa type Subunit 2 X 1.0 2.0 4.0 23
Ggt7 Q99Mz4 y-Glutamyltransferase 7 X 1.0 2.0 4.0 23
(pne7 H1UBNO Copine 7 1.0 3.0 3.0 23
Mtmr9 Q5XIN4 Myotubularin Related Protein 9 3.0 1.0 3.0 23
Gsta3 P04904 Glutathione S-Transferase 3 1 1.0 2.0 4.0 23
Lrpprc Q55GE0 Leucine-Rich Pentatricopeptide Repeat Containing 4.0 0.7 23 23
Phgdh 008651 Phosphoglycerate Dehydrogenase 2.0 37 1.2 23
Plec Q65399 Plectin 4.0 0.8 20 23
Eifs Q07205 Eukaryotic Translation Initiation factor 5 4.0 20 0.8 23
Gap43 P07936 Growth Associated Protein 43 3.2 13 23 23
Pdela A0A0G2JZX9 Phosphodiesterase 1A 3.0 2.5 13 23
Sell Q80270 Sel1L Erad E3 Ligase Adaptor Subunit X 2.0 1.7 3.0 2.2
Rab3d 063942 Rab3D, Member Ras Oncogene Family 3.0 2.0 1.7 2.2
Ndrg2 Q8VBU2-2 Protein NDRG2 4.0 23 03 22
Prag1 D3ZMK9 Pragma Of Rnd2 4.0 0.5 2.0 2.2
Kenj10 P49655 Potassium Voltage-Gated Channel Subfamily J Member 10 X 15 2.0 3.0 2.2
Ngef Q5BKC9 Neuronal Guanine Nucleotide Exchange Factor 25 1.0 3.0 2.2
Rps5 P24050 Ribosomal Protein S5 3.0 3.0 0.4 2.1
Wasf3 MOR7F3 Was Protein Family, Member 3 3.0 0.4 3.0 21
Tnrc6b AOAOG2K6RO  Trinucleotide Repeat Containing 6B 4.0 0.3 2.0 2.1
Dnajb12 Q5FVC4 Dnaj Heat Shock Protein Family Hsp40 Member B12 X 3.0 2.0 13 2.1
Dnajc5 P60905 Dnaj Heat Shock Protein Family (Hsp40) Member 5 3.0 27 0.6 21
Gdap1 D4A5X7 Ganglioside-Induced Differentiation-Associated-Protein 1 2.0 35 0.7 21
Aldh2 P11884 Aldehyde Dehydrogenase 2 Family Mitochondrial 3.0 2.5 0.7 21
(opg2 D4ABY2 Coatomer Protein Complex, Subunit y 2 2.0 1.2 3.0 21
Phactr1 P62024 Phosphatase and Actin Regulator 1 25 1.0 2.7 21
Nipsnap2 Q5RK08 Glioblastoma Amplified Sequence 3.0 1.1 2.0 2.0
Lsm4 D4A2C6 Lsm4 Homolog, U6 Small Nuclear Rna and Mrna Degradation Associated 2.0 2.0 2.0 2.0
Dnajb14 AOA0G2JTM9  Dnaj Heat Shock Protein Family Hsp40 Member B14 X 2.0 2.0 2.0 2.0
Lin7b Q97252 Lin-7 Homolog B, Crumbs Cell Polarity Complex Component 1.0 3.0 2.0 2.0
Ndrg3 Q6AYR2 Ndrg Family Member 3 1.0 3.0 2.0 2.0
Hspa2 P14659 Heat Shock Protein Family A Member 2 2.0 3.0 1.0 2.0
Zwint Q8vIL3 Zw10 Interacting Kinetochore Protein 3.0 20 1.0 20
Synm AOAQ96MK54  Synemin 2.0 3.0 1.0 2.0
Gad? Q05683 Glutamate Decarboxylase 2 1.0 2.0 3.0 2.0
*Fasn P12785 Fatty Acid Synthase 2.0 0.8 3.0 2.0
Vars Q04462 Valyl-Trna Synthetase 2.0 1.6 23 19
Aspscri AOA0OG2JWF4  Aspscr1, Ubx Domain Containing Tether For Slc2A4 2.0 0.8 3.0 1.9
*Lgi3 D3ZN61 Leucine-Rich Repeat Lgi Family, Member 3 2.0 3.0 0.8 19
Rtnl 064548 Reticulon 1 X 2.1 1.2 24 1.9
Pitona P16446 Phosphatidylinositol Transfer Protein, c 2.0 33 0.4 19
Dync1i2 Q62871 Dynein cytoplasmic 1 intermediate chain 2 2.0 0.7 3.0 19
Magi2 AOA0G2JXR9 Membrane Associated Guanylate Kinase, Ww AND Pdz Domain Containing 2 25 0.2 3.0 19
Ubxn2b pPoc627 Ubx Domain Protein 2B 20 17 20 19
Vps16 Q642A9 Vps16 Corvet/Hops Core Subunit 2.0 0.6 3.0 19
Vsni1 P62762 Visinin-Like 1 3.0 2.1 0.4 1.8
Adgrl1 088917 Adhesion G Protein-Coupled Receptor L1 X 2.0 0.9 2.6 1.8
Gatad2b Q4V8E1 Gata Zinc Finger Domain Containing 2B 2.0 0.5 3.0 1.8
Fbxl16 Q5MJ12 F-Box and Leucine-Rich Repeat Protein 16 3.0 2.0 0.5 18
*Ddx17 E9PT29 Dead-Box Helicase 17 20 0.5 3.0 18
Mgp P08494 Matrix Gla Protein 2.0 1.0 2.5 1.8
Abi1 Q9QZM5 Abl-Interactor 1 2.0 15 2.0 18
*Ccts Q68FQ0 Chaperonin Containing Tcp1 Subunit 5 22 1.1 2.1 1.8
Elav1 B5DF91 Elav Like Rna Binding Protein 1 3.0 2.0 0.4 1.8
Sec22b Q4KM74 Sec22 Homolog B, Vesicle Trafficking Protein X 2.0 13 2.0 18
Raplgds1 A0A0G2K1D2  Rap1 Gtpase-Gdp Dissociation Stimulator 1 23 22 0.8 1.8
Serpinh1 Q5RJR9 Serpin Family H Member 1 2.0 2.7 0.5 1.7

(Table continues.)
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Gene name UniProt ID Protein name ™ N2 N3 MS-MS count
Tmx1 Q52KJ9 Thioredoxin-Related Transmembrane Protein 1 1.0 2.0 2.0 1.7
L0C367746 FILPW6 Similar To Spindlin-Like Protein 2, Spin-2 2.0 1.0 2.0 1.7
Fn3k D377U8 Fructosamine 3 Kinase 2.0 2.0 1.0 17
Purb Q68A21 Purine Rich Element Binding Protein B 2.0 1.0 2.0 1.7
Gstm5 Q92182 Glutathione S-Transferase, Mu 5 20 0.8 20 1.6
Napg AOA0G2K350  Nsf Attachment Protein y 2.0 2.2 0.5 1.6
Rab10 Q5RKJ9 Rab10, member Ras oncogene family 2.0 2.0 0.6 15
Naca B2RYX0 Nascent Polypeptide-Associated Complex c Subunit 2.0 2.0 0.6 15
*Ina G3V8Q2 Internexin Neuronal Intermediate Filament Protein, « 20 0.5 20 15
(psf7 Q5X129 (leavage and Polyadenylation Specific Factor 7 2.0 0.5 2.0 15
Habp4 A1L1K8 Hyaluronan Binding Protein 4 2.0 0.3 22 15
Vps26b BT1WBS4 Vps26 Retromer Complex Component B 2.0 2.0 0.4 15
Hapin4 D3Z9H2 Hyaluronan and Proteoglycan Link Protein 4 2.0 2.0 0.3 1.4
Tst P24329 Thiosulfate Sulfurtransferase 2.0 2.0 03 14
Acsm3 Q65KG1 Acyl-Coa Synthetase Medium-Chain Family Member 3 0.0 12.0 5.0 5.7
Adly P16638 Atp Citrate Lyase 0.0 2.5 10.0 4.2
Ezr P31977 Ezrin 0.0 5.0 7.0 4.0
Acad9 B1WC61 Acyl-Coa Dehydrogenase Family, Member 9 0.0 2.0 9.0 37
Fip1I1 Q5U317 Factor Interacting With Papola and Cpsf1 0.0 3.0 8.0 3.7
Ehd4 Q8R377 Eh-Domain Containing 4 0.0 6.0 4.0 33
Dpp10 Q6Q629 Dipeptidylpeptidase 10 X 0.0 2.0 8.0 33
Pdia3 P11598 Protein Disulfide Isomerase Family A, Member 3 0.0 2.8 7.0 33
Ubat Q5U300 Ubiquitin-Like Modifier Activating Enzyme 1 0.0 2.8 7.0 33
Tf AOA0G2QC06  Transferrin 0.0 25 7.0 32
Plxnb1 D3ZDX5 Plexin B1 X 0.0 3.0 6.0 3.0
NomoT D3ZSA9 Nodal Modulator 1 0.0 5.0 4.0 3.0
Stxbp5 Q9WuU70 Syntaxin Binding Protein 5 0.0 2.0 7.0 3.0
Ogt P56558 0-Linked N-Acetylglucosamine Glcnac Transferase 0.0 23 6.0 2.8
(spg5 Q9ERQ6-2 Chondroitin Sulfate Proteoglycan 5 X 0.0 23 6.0 2.8
Efr3b FILTW9 Efr3 Homolog B 0.0 5.0 3.0 2.7
Kif21a D4ATVS Kinesin Family Member 21A 0.0 2.0 6.0 2.7
Tpp2 Q64560 Tripeptidyl Peptidase 2 0.0 37 4.0 2.6
Alcam 035112 Activated Leukocyte Cell Adhesion Molecule X 0.0 23 5.0 24
Lingo? G3V881 Leucine Rich Repeat and Ig Domain Containing 1 0.0 4.0 3.0 23
ATP8 P11608 Atpase Subunit 8 X 0.0 3.0 4.0 23
ltfg1 Q5U355 Integrin Alpha Fg-Gap Repeat Containing 1 X 0.0 2.0 5.0 23
Pik3r4 POCORS Phosphoinositide-3-Kinase, Regulatory Subunit 4 0.0 3.0 4.0 23
Scamp5 Q9JKE3 Secretory Carrier Membrane Protein 5 X 0.0 3.0 4.0 23
Mogs 088941 Glucosidase 1 X 0.0 2.0 5.0 23
(d200 A0A5DO (d200 Molecule 0.0 5.0 20 23
Gpméb Q9JIK1 Glycoprotein M6B X 0.0 4.0 2.5 2.2
Pithd1 D4ABS5 Pith Domain Containing 1 0.0 25 4.0 2.2
51006 P04631 $100 Calcium Binding Protein B 0.0 4.0 2.5 22
Pak1 P35465 P21 Activated Kinase 1 0.0 3.0 3.0 20
Abcb7 Q704E8 Atp Binding Cassette Subfamily B Member 7 X 0.0 4.0 2.0 2.0
*Hk1 MORAQ6 Hexokinase 1 0.0 4.0 2.0 2.0
Arl3 P37996 Adp Ribosylation factor Like Gtpase 3 0.0 4.0 2.0 2.0
Pfkl P30835 Phosphofructokinase, Liver Type 0.0 2.0 4.0 2.0
Pex5l Q925N3 Peroxisomal Biogenesis factor 5-Like 0.0 2.0 4.0 2.0
Ligh Q8K4K5 Llgl1, Scribble Cell Polarity Complex Component 0.0 4.0 2.0 2.0
RGD1307235  D3ZJ01 Similar to Riken Cdna 2310035C23 0.0 25 35 20
Ppp2r5d FIMAA3 Serine/Threonine-Protein Phosphatase 2A 56 kDa Regulatory Subunit & Isoform-Like 0.0 2.0 4.0 2.0
Hgs Q9150 Hepatocyte Growth Factor-Regulated Tyrosine Kinase Substrate 0.0 4.0 2.0 2.0
Tgm3 D4A5U3 Transglutaminase 3 4.0 2.0 0.0 2.0
Cadps 062717 (alcium Dependent Secretion Activator 0.0 2.0 33 1.8
(9 P40241 (d9 Molecule X 0.0 3.0 2.0 17
Map2k6 Q925D6 Mitogen-Activated Protein Kinase Kinase 6 0.0 3.0 2.0 1.7
Vps33b Q63616 Vps33B, Late Endosome and Lysosome Associated 0.0 2.0 3.0 1.7
(cdc47 Q5U2X6 Coiled-Coil Domain Containing 47 0.0 2.0 3.0 17
Agypl D4A6X4 Acylphosphatase 1 0.0 2.0 3.0 1.7
Trappc8 FIM9W9 Trafficking Protein Particle Complex 8 0.0 2.0 3.0 1.7

(Table continues.)
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Nup85 040058 Nucleoporin 85 3.0 2.0 0.0 1.7
Stxbp5! D3zU84 Syntaxin Binding Protein 5-Like 0.0 3.0 2.0 17
Hectd3 F1LVZ9 Hect Domain E3 Ubiquitin Protein Ligase 3 0.0 3.0 2.0 1.7
Rtca Q68FS8 Rna Terminal Phosphate Cyclase Domain 1 0.0 3.0 2.0 1.7
Slc12a2 E9PTX9 Solute Carrier Family 12 Member 2 X 0.0 3.0 2.0 1.7
Hbs1l Q6AXM7 Hbs1-Like Translational Gtpase 0.0 2.0 3.0 1.7
Pidk2a Q99IM64 Phosphatidylinositol 4-Kinase type 2 v 2.0 3.0 0.0 1.7
Padi2 P20717 Peptidyl Arginine Deiminase 2 0.0 2.0 3.0 1.7
Lypla1 P70470 Lysophospholipase | 0.0 2.0 25 15
Gnpnat1 B1H249 Glucosamine-Phosphate N-Acetyltransferase 1 0.0 2.0 2.0 13
Nub1 F7ES73 Negative Regulator of Ubiquitin-Like Proteins 1 0.0 2.0 2.0 13
Nolc1 Pa1777 Nucleolar and Coiled-Body Phosphoprotein 1 2.0 2.0 0.0 13
Pkp1 D3zY51 Plakophilin 1 2.0 0.0 2.0 13
Ddt P80254 p-Dopachrome Tautomerase 0.0 2.0 2.0 13
Ptpn9 064122 Protein Tyrosine Phosphatase, Non-Receptor Type 9 0.0 2.0 2.0 13
Exoc8 054924 Exocyst Complex Component 8 0.0 2.0 2.0 13
Carm1 Q4AE70 Coactivator-Associated Arginine Methyltransferase 1 0.0 2.0 2.0 13
Rapgef2 FIM386 Rap Guanine Nucleotide Exchange Factor 2 0.0 2.0 2.0 13
*Acatl P17764 Acetyl-Coa Acetyltransferase 1 0.0 20 20 13
Dnajc19 MOR6L8 Dnaj Heat Shock Protein Family Hsp40 Member (19 0.0 2.0 2.0 13
Shoc2 Q6AYI5 Shoc2 Leucine-Rich Repeat Scaffold Protein 0.0 2.0 2.0 13
Nrbp2 A0A0G2JT23 Nuclear Receptor Binding Protein 2 0.0 2.0 2.0 13
(ul4a B2RYJ3 Cullin 4A 0.0 2.0 2.0 13
Anxa6 P48037 Annexin A6 0.0 2.0 2.0 13
Fabp3 P07483 Fatty Acid Binding Protein 3 0.0 2.0 2.0 13
Wasl 008816 Wiskott-Aldrich Syndrome-Like 0.0 2.0 2.0 13

Gene name, corresponding UniProt ID, and protein name are indicated for each candidate. TM, Single or multiple predicted transmembrane domains, based on UniProt (04/2020). Only candidate protein partners with MS/MS
ratio KCC2/sham >2 in at least two of the three replicates are shown, ranked first by the number of replicates in which they were identified and then by the descending mean MS-MS count in the three replicates.

*Candidates identified in the previous KCC2 interactome (Mahadevan et al., 2017).

room temperature. After washes in PBS, cells were incubated with
secondary antibodies (goat anti-mouse Alexa Fluor 647; 1.5 pg/ml;
Jackson ImmunoResearch) for 1 h at room temperature. Coverslips
were washed in PBS and mounted in Mowiol/Dabco (25 mg/ml) so-
lution. Quantification of surface (Cy3) to total (A647) KCC2 inte-
grated immunofluorescence ratio was computed after background
subtraction using Image].

Primary hippocampal cultures. Neurons were prepared as described
previously (Gauvain et al., 2011). Briefly, hippocampi were dissected
from embryonic day 18-19 Sprague Dawley rats of both sexes. Tissue
was then trypsinized (0.25% v/v), and mechanically dissociated in 1x
HBSS (Thermo Fisher Scientific) containing 10 mm HEPES (Invitrogen).
Neurons were plated at a density of 120 x 10> cells/ml onto 18-mm-di-
ameter glass coverslips (Assistent) precoated with 55 pg/ml poly-p,L-or-
nithine (Sigma-Aldrich) in plating medium composed of Minimum
Essential Medium (Sigma-Aldrich) supplemented with horse serum
(10% v/v; Thermo Fisher Scientific), L-glutamine (2 mum), and Na-pyru-
vate (1 my; Thermo Fisher Scientific). After attachment to coverslips for
3-4 h, cells were incubated in culture medium composed of Neurobasal
Medium supplemented with B27 (1x), L-glutamine (2 mwm), and antibi-
otics (penicillin, 200 U/ml; streptomycin, 200 pg/ml; Thermo Fisher
Scientific) for up to 4 weeks at 37°C in a 5% CO, humidified incubator.
Each week, one-third of the culture medium was renewed. For pharma-
cological silencing (see Figs. 3, 4), tetrodotoxin (TTX, 1 um; Latoxan),
(RS)-a-methyl-4-carboxyphenylglycine (MCPG; 500 um), 2,3-dihy-
droxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX; 10 um), and p-2-
amino-7-phosphonovalerate (D-APV; 50 um; all from HelloBio) were
directly added to the culture medium, and neurons were used 12-16 h
later for immunocytochemistry or electrophysiology.

Transfection of primary hippocampal cultures. Transfections were
conducted at day in vitro (DIV_ 13-14 using transfectin, according to
the manufacturer instructions (DNA/transfectin ratio, 1pg:3 pl), with

1 pg of plasmid DNA per 20 mm well. Plasmids encoding Flag-KCC2
(Chamma et al., 2013), EGFP, and shRNA sequences (either nontarget
or gephyrin specific; Battaglia et al., 2018) were cotransfected in a ratio
of 0.4:0.2:0.4 ug. Immunocytochemistry experiments were performed
8d post-transfection. For chloride imaging, neurons were cotransfected
with a vector expressing cyan fluorescent protein (CFP)-yellow fluores-
cent protein (YFP)-based chloride sensor (a gift from P. Bregestovski,
Institut de Neurosciences des Systemes, Marseille, France; Markova et
al,, 2008; Chamma et al., 2013) and shRNA plasmids as above, at a ratio
of 1:3 for Cl-sensor and shRNA vectors, respectively.

Immunocytochemistry of KCC2 surface clusters in neurons. For
KCC2 surface immunostaining, neurons were incubated with anti-Flag
antibody (mouse; 1 ng/ml; Merck) at 13°C for 20 min in conditioned
culture medium (Friedel et al., 2015), rinsed with HEPES-based
buffer, fixed with paraformaldehyde (4% w/v) supplemented with
4% (w/v) sucrose in PBS, and incubated for 30 min in blocking
buffer (10% v/v normal goat serum in PBS). Then cells were incu-
bated with goat anti-mouse Cy3 for 1 h at room temperature
(0.75 pg/ml; Jackson ImmunoResearch) in blocking buffer and per-
meabilized with 0.25% (v/v) Triton X-100 in PBS. After washing in
PBS, cells were incubated for 30 min in blocking buffer and then
with anti-Flag antibody (mouse; 1 pg/ml; Merck), anti-VGAT anti-
body (rabbit; 2 pg/ml; catalog #131002, Synaptic Systems), and anti-
GFP antibody (chicken; 2 pg/ml; catalog #AB16901, Merck) at 4°C over-
night. After washing in PBS, cells were incubated with secondary antibodies
[donkey anti-mouse 7-amino-4-methylcoumarin-3-acetate (AMCA), goat
anti-rabbit Alexa Fluor 647, and donkey anti-chicken Alexa Fluor 488,
all at 1.5 pg/ml; Jackson ImmunoResearch] for 1 h at room temperature.
Coverslips were washed in PBS and mounted in Mowiol-DABCO (25 mg/
ml) solution.

Fluorescence image acquisition and analysis. Image acquisition was
performed using an upright epifluorescence microscope (model
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DM6000 or DM6000-2, Leica) equipped with a 63x objective [numeri-
cal aperture (NA), 1.32] and a 12 bit cooled CCD camera (Micromax,
Roper Scientific) run by MetaMorph software (Roper Scientific).
For analysis, image exposure time was set on bright cells to maximize
fluorescence to noise ratio and avoid saturation. All cells from the same
culture were then imaged using these acquisition parameters. For illus-
tration, stacks (z-step: 0.2 um) of immunofluorescence images were
acquired with an upright confocal microscope (Leica TCS SP5), using a
63x 1.40-N.A (zoom, 5-6x) objective and lasers set at 405, 488, 561
and 633 nm for excitation of DAPI or AMCA, EGFP, Cy3 and Alexa
647, respectively.

Analysis of VGAT and KCC2 clusters was performed using
MetaMorph software (Roper Technologies). Image files were first
randomized before analysis. For each neuron, a well focused dendrite
was chosen and a region of interest (ROI) surrounding the dendrite was
manually selected. Only primary dendrites were considered. The region
of interest started after the cell body and, when possible, the entire den-
drite (~20-130 um) was considered so that no cluster was excluded
from the analysis. Images were then flattened, background filtered (core
size, 3 X 3 X 2) to enhance cluster contours, and a user-defined intensity
threshold was applied to select clusters and avoid their coalescence. A
VGAT cluster was only considered if it exceeded a size of three pixels.
This excluded most of the mobile, nonsynaptic VGAT clusters or back-
ground. Clusters were then delineated, and the corresponding regions
were transferred to the raw images to determine the average number of
clusters, and their area and fluorescence intensity. For quantification
of perisynaptic KCC2 clusters, only clusters comprising at least three
pixels and colocalized over at least 1 pixel with clusters of VGAT were
considered. Then, the ROI area was measured to determine the number
of clusters per unit area. For each culture, we analyzed ~10 cells per ex-
perimental condition. Because of variability in synapse density between
cultures, cluster density in each culture was normalized to control values,
allowing for comparisons between cultures. The density, area, and inte-
grated intensity of all clusters in the ROI was then computed. For sur-
face/total KCC2 ratios, 2-5 dendritic sections per neuron were selected
using Image] based on GFP fluorescence of transfected neurons. These
ROIs were then copied to Cy3 (surface KCC2) or Cy5 (total KCC2)
images to extract mean fluorescence intensities that were then corrected
for background.

Chloride imaging. Transfected neurons were imaged 7-10d post-
transfection in extracellular medium containing the following (in mm):
NaCl 120, p-glucose 20, HEPES 10, MgCl, 3, KCI 2, CaCl, 2, pH 7.4, in a
temperature-controlled open chamber maintained at 31°C, mounted
onto an Olympus IX71 inverted microscope equipped with a 60x
objective (1.42 NA; Olympus). CFP and YFP were detected using a
Lambda DG-4 monochromator (Sutter Instruments) coupled to
the microscope through an optic fiber with appropriate filters (ex-
citation, D436/10x and HQ485/15x; dichroic, 505DCXR; emis-
sion, HQ510lp; CFP and YFP filters; Chroma Technology). Images
were acquired using an ImagEM EMCCD camera (Hamamatsu
Photonics) and MetaFluor software (Roper Scientific). The mean
fluorescence intensity was measured in the somatic area, and a
dendritic section on the last 10 consecutive frames. Mean back-
ground fluorescence was subtracted and the ratio Fy40/F430 Was
computed using Image] software.

Cellular electrophysiology. Neurons were maintained at 33°C in an
extracellular medium containing the following (in mm): NaCl 120, p-glu-
cose 20, HEPES 10, MgCl, 3, KCl 2, CaCl, 2, pH 7.4, p-APV 0.05
(HelloBio), NBQX 0.01 (HelloBio), CGP54626 0.1 (Tocris Bioscience),
MCPG 0.5 (HelloBio), and TTX 0.001 (Latoxan) in a recording chamber
(Luigs & Neumann) equipping an upright microscope (model BX51WI,
Olympus). Neurons were patch clamped in whole-cell configuration,
with a borosilicate glass pipette containing (in mm): K-gluconate 104,
KCI 25.4, HEPES 10, EGTA 10, MgATP 2, Na;GTP 0.4, and MgCl, 1.8,
pH 7.4, and held at —65mV. GABAergic currents were induced at the
somatic or dendritic level (~50-100 pm from the soma), by local photol-
ysis 4ms/10-50 mW on the soma, 8 ms/60-90 mW on the distal den-
drites of caged GABA (30 uM; RuBi-GABA, Abcam). The photolysis was
performed using the beam (3-5 um) of a laser diode digitally modulated
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at 405 nm (Deepstar, Omicron; Photon Lines) and focused through the
lens using a photolysis module (Prairie Technologies). Since the low
concentration of RuBi-GABA is unlikely to activate synaptic receptors,
we did not attempt to specifically target GABAergic synapses. Neurons
were voltage clamped from —85 to —5mV with 3.5 s step increments of
10mV. The current-voltage relation (I-V) of somatic and dendritic cur-
rents was then calculated from the peak amplitude of GABAergic cur-
rents recorded at each potential, corrected for the liquid junction
potential (—15.2mV in our conditions) and voltage drop across the
access resistance.

Statistics. Data were compared using the nonparametric Mann—
Whitney test using SigmaPlot13 (SPSS). If normality (Shapiro-
Wilk test) and equal variance tests passed, means were instead
compared using a f test (two tailed). Significance was determined
as p <0.05.

Results

KCC2 interactome in rat neocortex

We used an affinity-purification coupled to MS proteomic strat-
egy to identify KCC2 protein partners in rat neocortical neurons.
As antibodies raised against intracellular KCC2 domains may
prevent interaction with multiple known partners (Inoue et al.,
2004; Li et al., 2007; Mahadevan et al., 2017), we infected rat neo-
cortex with an AAV vector expressing a recombinant, extracellu-
larly Flag-tagged KCC2b construct previously validated for
normal membrane traffic and expression in hippocampal neu-
rons in vitro (Fig. 1A,B; Chamma et al., 2013). Expression was re-
stricted to principal neurons by the use of a CaMKII promoter.
Two weeks after infection, infected rat cortices showed robust
expression of recombinant KCC2, as detected by Western blot-
ting using a Flag antibody (Fig. 1C). Immunoprecipitation
with Flag antibody yielded concentrated recombinant KCC2,
in both monomeric (150 kDa) and oligomeric (>300 kDa)
forms (Fig. 1D).

The immunoprecipitated fraction was then processed for LC-
MS/MS, and detected peptides were matched to the protein data-
base (see Materials and Methods). We observed peptides corre-
sponding to both KCC2 isoforms a and b with a mean MS/MS
ratio >100 in extracts from Flag-KCC2-expressing cortices com-
pared with sham rat cortices (Fig. 1E, Table 1). A total of 2464
proteins were identified with at least one unique peptide from
the three biological replicates. Of these, 271 proteins showed at
least a twofold enrichment, assessed by spectral count, in protein
extracts from Flag-KCC2-expressing cortices, compared with
sham in at least two of three replicates, and 17 proteins were
enriched in KCC2 immunoprecipitates in the three replicates
(Fig. 1F, Table 1). The latter included the amyloid precursor pro-
tein Aplp1 recently identified as a regulator of KCC2 expression
(Doshina et al., 2017) as well as the chaperone protein Calnexin
(Canx) and the endoplasmic reticulum transmembrane protein
Jagunal Homolog 1 (Jagnl), both identified in a KCC2 interac-
tome study under native conditions using a multiepitope strategy
(Mahadevan et al., 2017), thus validating the experimental strat-
egy used in the current study.

Gene ontology analysis of the KCC2 interactome shows
enrichment in “integral component of plasma membrane” GO
annotation and, more interestingly, in “synaptic transmission”
and “dendritic spine development” annotations (Fig. 1G), two
major known functions of KCC2 in neurons (Chamma et al.,
2012; Blaesse and Schmidt, 2015). In particular, several members
of the 4.1 family known to interact with KCC2 (Li et al., 2007)
were identified in the latter. We also identified many proteins
enriched in biological processes related to vesicular trafficking,
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Figure 1. Recombinant Flag-tagged KCC2 ex vivo interactome. A, Experimental paradigm. An AAV2.1 vector expressing an extracellularly Flag-tagged, full-length rat KCC2b construct was
stereotaxically injected in the cortex of young adult rats (four injection sites per animal). Sham animals received carrier (PBS) injection. B, Confocal fluorescent micrographs (and overlay, with
DAPI staining, blue) of cortical slices of an infected rat, immunostained with Flag (red) and KCC2 (green) antibodies, showing widespread expression of recombinant Flag-KCC2 at one virus
injection site (dashed lines). Scale bar, 250 um. €, Western blots of protein extracts from cortices of rats infected with Flag-KCC2 expressing AAV (Flag-KCC2) or sham animals (sham), using
Flag and KCC2 antibodies, showing massive expression of recombinant KCC2 in the former. D, Western blots of protein extracts from cortices of rats infected with Flag-KCC2-expressing AAV
(KCC2), immunoprecipitated with Flag antibody, and probed with Flag (top) and KCC2 (bottom) antibodies, showing specific enrichment of recombinant KCC2 in the EL used for LC-MS/MS anal-
ysis. Most of solubilized Flag-KCC2 present in the total lysate (IN, here 50 j1g proteins) was immunoprecipitated (EL), as evidenced by the very low Flag signal in the FT fraction. BS, Flag-K(C2
(bait) fraction bound to the beads on elution. E, KCC2 amino acid sequence (from Protter; Omasits et al., 2014) with peptides identified by LC-MS/MS in orange. F, Venn diagram showing the
total number of Flag-KC(2 interacting proteins in the three biological replicates (N1, N2, and N3). Proteins identified in at least two of three replicates (n = 271) were considered for further
analysis. G, Gene ontology enrichment analysis of the 271-protein list using all identified proteins as a reference list performed with ClueGO. Number of genes, Number of genes from our list
that were associated with the GO term; % associated genes, number of genes from our list associated with the GO term divided by the total number of genes associated with the term. Only
GO terms with a significant enrichment (right-sided hypergeometric test, p << 0.05) are shown. GO terms comprising K(C2 are marked with an asterisk.

such as “Golgi vesicle transport,” “late endosome,”and “regulated ~ KCC2 interacts with gephyrin via its cytoplasmic C-terminal
exocytosis.” These include exocyst complex component 8  domain

(Exoc8), actinin « 4 (Actn4), and Ras-associated binding protein ~ Candidate KCC2 interacting proteins also included gephyrin
10 (Rab10), as well as proteins involved in intracellular microtu-  (Table 1), the main scaffolding protein of GABA, and glycine
bule-dependent transport such as dynein cytoplasmic 1 interme-  receptors at inhibitory synapses (Tyagarajan and Fritschy, 2014).
diate chain 2 (Dyncli2), and kinesin family member 21A  We therefore evaluated KCC2-gephyrin interaction in coimmu-
(Kif21a). Those may be of great interest for dissecting molecular ~ noprecipitation assays of native proteins using protein lysates
and cellular mechanisms of KCC2 trafficking. from adult rat cortices. We showed that an anti-KCC2 antibody
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Figure 2.

KCC2 interacts with gephyrin via its C-terminal domain. A, Immunoblot of coimmunoprecipitation samples prepared from adult rat cortex. Solubilized membrane homogenates

(input) were immunoprecipitated with antibodies raised against gephyrin (Gphn), KCC2 or with control IgG. Input and immunoprecipitated proteins were probed with both K(C2 (top) and
gephyrin (bottom) antibodies. B, Immunoblots of immunoprecipitates from Neuro2a cell homogenates coexpressing either Flag-tagged full-length KCC2 (KCC2-FL, left) or KCC2-CTD (right) and
either GFP-tagged gephyrin (Gphn-GFP) or GFP. Input and immunoprecipitated proteins were probed with both KCC2 (top) and GFP (bottom) antibodies. Immunoprecipitation with GFP anti-
body pulled down full-length KCC2 and KCC2-CTD in cells expressing Gphn-GFP but not GFP only. Representative blots from four and three independent experiments are shown in A and B,

respectively.

pulled down gephyrin (Fig. 2A), indicating an interaction
between the endogenous proteins in cortical neurons. However,
just like gephyrin interaction with GABA4 receptors (GABA,Rs;
Kasaragod and Schindelin, 2018), interaction with KCC2 may be
relatively weak, and we did not always observe KCC2 immuno-
precipitation using gephyrin antibody (Fig. 2A). However, to fur-
ther characterize KCC2-gephyrin interaction, we also performed
coimmunoprecipitation assays from proteins extracts from
Neuro2a cells expressing recombinant Flag-tagged KCC2 and
EGFP-tagged gephyrin (Fig. 2B). In lysates from cotransfected
cells, the anti-GFP nanobodies coupled to agarose (GFP-Trap)
pulled down Flag-KCC2 in EGFP-gephyrin-expressing cells but
not in cells expressing EGFP only.

KCC2 interaction with the FERM-domain, spectrin/actin
binding protein 4.IN and brain-type creatine kinase has
been shown to involve the long KCC2-CTD (Inoue et al,
2004; Li et al., 2007). We then tested whether this cytoplas-
mic domain (KCC2-CTD) was also sufficient to recruit
gephyrin. Reminiscent of the results obtained in cells
expressing full-length KCC2, EGFP immunoprecipitation
pulled down KCC2-CTD in protein extracts from cells
expressing EGFP-gephyrin but not cytosolic EGFP (Fig.
2B). This result demonstrates that KCC2 interacts with
gephyrin at least in part via its C-terminal cytoplasmic
domain.

Gephyrin regulates KCC2 surface expression and clustering
near GABAergic synapses

Whereas the mechanisms of KCC2 clustering near glutamatergic
synapses have been partly identified (Chamma et al., 2013), those
involved near GABAergic synapses remain unknown. We there-
fore asked whether interaction with gephyrin may contribute to
KCC2 aggregation near GABAergic synapses.

We first overexpressed recombinant, Flag-tagged KCC2 to-
gether with either recombinant EGFP-tagged gephyrin or cyto-
solic EGFP alone in Neuro2a cells. We performed dual
immunostaining of both plasmalemmal and total Flag-KCC2
(see Materials and Methods). Quantification of plasmalemmal
and total Flag-KCC2 immunofluorescent signals showed that
surface/total KCC2 immunostaining was twice as elevated in

Neuro2a cells coexpressing EGFP-gephyrin compared with cells
expressing EGFP (Fig. 34,B; p <0.01). In addition, KCC2 and
gephyrin clusters were observed and often colocalized in cells
coexpressing recombinant EGFP-gephyrin and Flag-KCC2 (Fig.
3A, arrowheads). These results suggest that gephyrin interaction
with KCC2 may act to promote KCC2 membrane expression in
heterologous cells.

To further characterize the role of gephyrin on KCC2 plasma
membrane localization and clustering, we then explored the
impact of chronic gephyrin knockdown on KCC2 plasmalemmal
expression in hippocampal neurons. Primary hippocampal cul-
tures were transfected with nontarget shRNA (shNT) or a previ-
ously validated gephyrin-directed shRNA (shGphn; Yu et al,
2007; Battaglia et al.,, 2018) together with EGFP. Gephyrin im-
munostaining revealed an ~40% reduction in immunofluores-
cence in gephyrin knock-down neurons compared with controls
(Fig. 4A,B; p <0.001). However, this may underestimate the
actual reduction in gephyrin expression, since the dendrites
of transfected neurons were often overlapping with those of
nontransfected neurons expressing gephyrin. Since gephyrin
knockdown may reduce the inhibitory synaptic drive onto
hippocampal neurons (Lévi et al., 2004) and promote hyperex-
citability, transfected cultures were kept for 24 h in the pres-
ence of blockers of glutamatergic transmission and TTX (see
Materials and Methods). In these conditions, neurons express-
ing nontarget shRNA showed surface KCC2 immunostaining
typical of mature hippocampal neurons, with numerous clus-
ters in apposition to the vesicular transporters VGAT (Fig.
4C, inset). The mean area of KCC2 clusters facing VGAT-
immunopositive terminals in primary dendrites of hippo-
campal neurons was 0.57 = 0.14 um® (n=28 neurons). In
gephyrin knock-down neurons, the density of KCC2 clusters
apposed to VGAT-immunopositive terminals was reduced
by ~45% (p=0.002), suggesting that KCC2 clustering near
GABAergic synapses depends on gephyrin. In addition, mean
cluster intensity and area were reduced by ~44% and 40%,
respectively (p=0.004 and 0.006, respectively; Fig. 4D). These
changes were not associated with a significant change in the
area of VGAT-immunopositive terminals (p=0.62; Fig. 4E)
and were also observed, yet to a lesser extent, for KCC2 clus-
ters not facing VGAT-positive terminals. Thus, the mean
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Right, Single confocal image showing overlay of surface Flag (red) and GFP (green) immunostainings. Note the colocalization of surface Flag-KCC2 and GFP-gephyrin immunofluorescent clusters
(arrowheads). Scale bar, 5 um. B, Summary boxplots showing normalized surface/total Flag immunofluorescence intensity ratios (GFP, n = 18; GFP-gephyrin, n = 20 cells; three independent

experiments). **p << 0.01, Mann—Whitney rank-sum test.

intensity of recombinant KCC2 clusters not colocalized with
VGAT-immunopositive clusters was also reduced by ~30%
(p=0.048; Fig. 4D). Finally, the ratio of plasmalemmal over
total recombinant KCC2 ratio was not affected in gephyrin
knock-down neurons compared with controls, suggesting that
the lack of gephyrin may prevent clustering of plasmalemmal
KCC2 without reducing its total membrane expression. These
results demonstrate that KCC2 clustering in the plasma mem-
brane, both near and outside GABAergic synapses, is strongly
regulated by gephyrin expression in hippocampal neurons.

Gephyrin expression controls chloride extrusion in
hippocampal neurons

KCC2 plasma membrane expression and clustering are tightly
correlated with its ion transport function (Watanabe et al., 2009;
Chamma et al., 2013; Heubl et al., 2017). We, therefore, exam-
ined whether gephyrin expression also regulates KCC2-de-
pendent chloride extrusion in hippocampal neurons. This
was first tested by measuring steady-state intracellular chlo-
ride concentrations using a ratiometric CFP/YFP-based
chloride sensor (Markova et al., 2008; Chamma et al., 2013).
In gephyrin knock-down neurons, F 40/ F4g0 ratio (which we
previously showed positively correlates with intracellular
chloride concentration in the 5-100 mum range; Chamma et
al., 2013), increased by ~30% (p=0.016; Fig. 5A,B), sug-
gesting that gephyrin knockdown led to increased intracel-
lular chloride compared with control neurons.

However, such steady-state chloride measurements do not
provide a direct evaluation of the efficacy of KCC2-mediated
chloride extrusion (as discussed in the review by Virtanen et al.,
2021). We thus tested transmembrane chloride export by com-
paring the reversal potential of GABA R-mediated currents
(Egapa) evoked by local photolysis of RuBi-GABA onto the
soma and dendrite of hippocampal neurons whole-cell recorded
with high-chloride (29 mwm) intracellular solution. We and others
had shown that the somatodendritic gradient of Egyps measured
in these conditions provides a reliable estimate of KCC2 function
as it is nearly abolished by a specific KCC2 antagonist (Khirug et
al., 2008; Gauvain et al.,, 2011; Otsu et al., 2020; Fig. 5C). Under
these recording conditions, somatic Egapa in neurons trans-
fected with nontarget ShRNA was more hyperpolarized than esti-
mated Eq derived from the Nernst equation (approximately

—40mV; Fig. 5E), as previously observed (Otsu et al., 2020).
Dendritic Egapa was likewise consistently more hyperpolar-
ized than somatic Egapa by ~5mV/100 pm (Fig. 5D). In
neurons expressing the shRNA against gephyrin, somatic
Egapa was depolarized by ~7mV (p <0.01) compared with
neurons expressing nontarget shRNA, while the somatoden-
dritic Egapa gradient (AEgapa) was significantly reduced
and nearly abolished (p < 0.001; Fig. 5E). These observations
were independent of whether cultures were chronically
silenced with TTX and glutamate receptor antagonists, sug-
gesting that they do not reflect changes in synaptic or intrin-
sic activity induced by gephyrin knockdown. Together, these
results demonstrate that gephyrin expression strongly regu-
lates membrane KCC2 expression and aggregation as well as
its ion transport function in hippocampal neurons.

Discussion

Our data provide a novel KCC2 interactome confirming previ-
ously demonstrated protein partners and identifying new ones.
They demonstrate for the first time the critical role of gephyrin
in regulating KCC2 membrane expression and function in hip-
pocampal neurons. We show that endogenous KCC2 interacts
with gephyrin ex vivo and that recombinant tagged gephyrin and
KCC2 interact in heterologous cells. This interaction regulates
KCC2 plasma membrane localization in both Neuro2a and hip-
pocampal neurons in vitro. In the latter, gephyrin is not strictly
required for the formation of plasmalemmal KCC2 clusters but
strongly regulates their size and content. Finally, we show that
gephyrin expression critically regulates KCC2-mediated chloride
extrusion in mature hippocampal neurons, revealing gephyrin as
a novel key KCC2 regulator.

A novel KCC2 interactome

KCC2 forms macromolecular complexes with protein partners
that control both its membrane expression and function, and,
reciprocally, that are regulated through their interaction with
KCC2. Thus, identifying KCC2 protein partners has shed light
on novel modalities of KCC2 regulation as well as unsuspected
roles for KCC2 in neurons. Most interactions have been identi-
fied using yeast two-hybrid screens and coimmunoprecipitation
assays. For example, the clathrin-binding AP-2 (adaptor protein-
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Figure 4.  Gephyrin regulates plasmalemmal KCC2 clustering in hippocampal neurons. A, Representative confocal maximum projection images of dendritic sections of hippocampal neurons
transfected with a plasmid encoding GFP and either shNT or shGphn, and immunostained for GFP and gephyrin. Note that dendrites of neighboring, nontransfected neurons display gephyrin
immunostaining overlapping with that of transfected neurons. Scale bar, 10 um. B, Summary boxplots showing the intensity of gephyrin immunofluorescence of neurons transfected with shNT
and shGphn, normalized to that of shNT-expressing neurons. ***p << 0.001, Mann—Whitney rank-sum test. €, Representative confocal maximum projection images of hippocampal neurons as
in A, after live immunostaining for Flag to probe plasmalemmal recombinant KCC2 [Flag (surf.)] and postfixation immunostaining for Flag [Flag (total)] and VGAT. Insets, overlays of live Flag-
KCC2 (red) and postfixation VGAT (green) immunostaining from areas boxed in full-scale images. Note the apposition of surface Flag-KCC2 and VGAT immunofluorescent clusters (arrowheads)
in control but not gephyrin knock-down neurons (open arrowhead). Scale bar, 5 im. D, Summary boxplots showing the properties of Flag-KCC2-immunopositive clusters colocalizing (VGAT ™,
top three plots) or not (VGAT", lower left boxplot) with VGAT-immunopositive clusters, all normalized to control (shNT). Gephyrin knock-down neurons showed reduced Flag-KCC2 VGAT™ and
VGAT™ mean cluster density, intensity, and area. This effect was not accompanied by significant changes in surface/total Flag-KCC2 immunofluorescence (bottom middle boxplot). £, No change
in the mean area of VGAT clusters was observed on gephyrin knockdown. shNT, n =32 cells; shGphn, n =35 cells; from three independent experiments for cluster analysis (n =39 and n =25
cells from three independent experiments for surface/total Flag-KCC2). **p << 0.01, *p << 0.05; Mann—Whitney rank-sum tests.

2; Zhao et al,, 2008), Rab11b (Ras-associated binding protein Apparent discrepancies between our new KCC2 interactome
11b; Roussa et al., 2016), and the actin-associated protein  and the previously reported one (Mahadevan et al., 2017) likely
4.1N (Li et al., 2007) were shown to interact with KCC2 and  reflect differences in experimental approaches. First, Mahadevan
control its endocytosis, recycling, and clustering, respec- et al (2017) used the nonionic detergent C;,E, and nondenatur-
tively. Conversely, KCC2 interaction with the guanylyl ing conditions that may better preserve native, higher-order mul-
exchange factor BPIX controls Racl and cofilin activity  tiprotein complexes than the Triton X-100 used in our study.
(Chevy et al,, 2015; Llano et al., 2015), while its interaction =~ Although C;,Es is usually preferred to stabilize transmembrane
with the two-pore leak potassium channel Task-3 regulates  proteins, it is, however, remarkable that extraction with Triton
its trafficking (Goutierre et al., 2019). X-100 yielded a comparable transmembrane/total protein ratio

A first native KCC2 interactome recently identified several ~ (17% and 22% in this study and in the study by Mahadevan et
known partners such as ATPase subunits, as well as unsuspected ~ al., 2017, respectively). In addition, the previous study used en-
ones like the endocytic adaptor protein PACSIN1 (Mahadevan et ~ dogenous KCC2 as bait and antibodies against various domains
al,, 2017). Twenty putative partners identified in this study were  of the protein to immunoprecipitate KCC2. Instead, we used
also identified in our analysis (Table 1). These include the chap-  recombinant Flag-tagged KCC2 as bait to promote antibody
erone Canx, the transmembrane protein Jagnl, Prrt2 (proline-  access to critical interaction regions, such as the C-terminal do-
rich transmembrane protein 2), Slc8a2 (Na*-Ca®" exchanger 2),  main involved in KCC2 dimerization (Agez et al., 2017); and
and Actn4. In addition, we found several partners identified in  interaction with 4.IN (Li et al,, 2007), BPIX (Chevy et al., 2015;
previous studies that were not recovered in the proteomic analy-  Llano et al., 2015), and gephyrin (this study; Fig. 2). This may
sis of Mahadevan et al. (2017), like members of the 4.1 (Li et al,  explain why 4.1N and gephyrin were not identified in the previ-
2007) and amyloid precursor protein families (Chen et al., 2017).  ously described interactome. Our approach also allowed us to
Finally, our study identified several novel putative interactors,  restrict our interactome to the KCC2b isoform, the major iso-
including the scaffolding molecule gephyrin and the NKCC1  form in the adult brain (Uvarov et al., 2009), whereas KCC2 anti-
transporter. Although we did not further examine this interac-  body-based pull-down indistinctly recovered KCC2a and
tion in the present study, the occurrence of both NKCC1 and ~ KCC2b interacting proteins. It also let us restrict our analysis to
Na/K-ATPase in our interactome supports the notion that cation ~ principal cortical neurons (using CaMKII promoter to drive
chloride cotransporters and ATPases may be part of a functional =~ Flag-KCC2b expression in the isocortex), whereas whole-brain
macromolecular complex, or metabolon (Kaila et al., 2014b). extracts were previously used. Since KCC2 is expressed in
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Gephyrin expression is essential for chloride extrusion in hippocampal neurons. A, Representative widefield images of Cl-sensor fluorescence of hippocampal neurons expressing Cl-

sensor and either ShNT or shGphn, on excitation at 440 and 480 nm. Right, Ratio of the two images at 440 and 480 nm illumination. B, Summary boxplots showing Fy4q/F4g, ratios from 17
(shNT) and 14 (shGphn) neurons from two independent experiments. *p << 0.05, Mann—Whitney rank-sum test. C, Left, Representation of experimental setting. RuBi-GABA (30 zum) was locally
photolyzed onto the soma or dendrite of transfected neurons whole-cell patch clamped with a high-chloride intracellular solution. Right, Representative recordings of GABA-evoked currents
evoked at varying potentials by RuBi-GABA photolysis on the soma or dendrite of hippocampal neurons (DIV 21-24) expressing either shNT or shGphn. D, I~V relations corresponding to traces
shown in C. E, Summary graphs showing reversal potential (Egaga, top) and somatodendritic Egpga gradient (AEgagy, bottom) in shNT- and shGphn-expressing neurons either in basal culture
conditions (n =9 neurons each, two independent cultures) or on 24 h treatment with TTX and glutamate receptor antagonists (p-APV, NBQX, and MCPG; see Materials and Methods; n =15
neurons each, n = 2 independent cultures). **p << 0.01, ***p < 0.001; Mann—Whitney rank-sum tests.

various neuron subtypes and brain regions where its noncanoni-
cal functions, which rely on molecular interactions, substantially
differ (e.g., spinogenesis; Li et al., 2007; Seja et al., 2012; Fiumelli
et al., 2013; Awad et al., 2018), interactomics studies performed
from whole-brain extracts may reveal interactions that do not
occur in cortical principal neurons.

Gephyrin interacts with KCC2 and regulates its membrane
clustering and function

KCC2 has been shown to form clusters near both glutamatergic
and GABAergic synapses (Gulyds et al, 2001; Gauvain et al,
2011; Chamma et al.,, 2013), and these clusters were suggested to
represent the ion transport active pool of KCC2 in the plasma
membrane (Watanabe et al., 2009). By analogy to postsynaptic
receptors, plasmalemmal KCC2 clustering is likely to reflect a
diffusion-capture behavior (Choquet and Triller, 2013), with free
diffusion in the membrane and local molecular constraints pro-
moting clustering in the vicinity of synaptic zones (Chamma et
al., 2013; Come et al., 2019). The nature of these constraints is
not fully elucidated. Whereas KCC2 interaction with 4.1N was
shown to hinder KCC2 membrane diffusion near glutamatergic
synapses in dendritic spines, it does not seem to fulfill a similar
role near GABAergic synapses. KCC2 has been reported to inter-
act with GABA, (Huang et al., 2012) and GABAg (Wright et al.,

2017) receptor subunits, but these interactions were not found in
KCC2 interactomics studies (Mahadevan et al., 2017; this study),
and no evidence supports the idea that KCC2 interaction with
these receptors controls its membrane expression.

Gephyrin acts as the main scaffolding protein that anchors
GABA, receptors to the submembrane cytoskeleton (Tyagarajan
and Fritschy, 2014) and was therefore considered a promising
partner for KCC2 clustering near GABAergic synapses. KCC2
interaction with gephyrin was confirmed in coimmunoprecipita-
tion assays on native proteins. As reported for 4.1N binding with
KCC2 (Li et al., 2007), KCC2-gephyrin interaction involved the
KCC2 C-terminal domain since coimmunoprecipitation was
preserved in cells expressing only this intracellular domain.
Gephyrin subdomains involved in this interaction remain to be
identified. Whereas the N-terminal G domain is primarily
involved in the trimerization of gephyrin, the central C domain
and C-terminal E domain were shown to mediate most interac-
tions with GABA, receptor subunits and other protein partners
(Fritschy et al., 2008) and are candidates for mediating interac-
tion with KCC2.

Our results demonstrate that gephyrin promotes plasmalem-
mal KCC2 clustering in hippocampal neurons. In this context, it
is remarkable that gephyrin expression is maximal around the
onset of KCC2 expression in rodent isocortex (Clayton et al.,
1998; Pinto et al,, 2013). The density, size, and intensity of
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KCC2-immunopositive clusters facing VGAT-immunoposi-
tive terminals were all reduced on gephyrin knockdown,
supporting the idea that KCC2-gephyrin interaction
strongly promotes KCC2 aggregation near GABAergic syn-
apses. However, as described previously, KCC2 clusters are
mostly formed at the periphery of both GABAergic and glu-
tamatergic synapses (Chamma et al., 2013). Exclusion of
KCC2 from the postsynapse may reflect a higher affinity of
gephyrin for al/2-containing synaptic GABA, receptors,
steric hindrance (Kokolaki et al., 2020) or stronger interac-
tion with other extrasynaptic partners. Thus, a5-containing
GABA 4 receptors are excluded from the postsynapse in part
because of stronger interaction with radixin (Hausrat et al.,
2015). Super-resolution microscopy may help resolve the
nanoscopic organization of gephyrin, GABA,R, and KCC2
clusters at GABAergic synapses.

Interestingly, gephyrin knockdown resulted in reduced sur-
face KCC2 cluster intensity not only near but also, to a lesser
extent, outside GABAergic synapses (Fig. 3). This observation
suggests that gephyrin promotes KCC2 clustering not only near
GABAergic synapses but also throughout the dendritic shaft
membrane. This effect likely reflects the presence of gephyrin
and gephyrin clusters outside GABAergic synapses, as recently
revealed by PALM (photoactivated localization microscopy)
imaging (Pennacchietti et al., 2017). Finally, although plasma-
lemmal/total KCC2 expression was increased in N2a cells on
coexpression of gephyrin, no significant change in this ratio was
observed in hippocampal neurons on gephyrin knockdown. This
observation suggests that KCC2 membrane trafficking is not
compromised by gephyrin knockdown in hippocampal neurons
and that the lack of gephyrin may instead promote a redistribu-
tion of plasmalemmal KCC2, from a clustered to a more diffuse
state. This effect is somewhat reminiscent of that observed on de-
phosphorylation of tyrosine residues of the C-terminal domain
of KCC2 (Watanabe et al.,, 2009), which was associated with
reduced ion transport.

Indeed, reduced plasmalemmal KCC2 clustering on gephyrin
knockdown was associated with a significant increase in intracel-
lular chloride concentration, as detected using Cl-sensor imag-
ing. More importantly, a striking reduction in transmembrane
chloride extrusion capacity, as demonstrated in our electrophysi-
ological assay, was observed on gephyrin knockdown. In this
assay, neurons are loaded through the patch pipette with a high
and fixed concentration of chloride such that the reversal poten-
tial of GABA R-mediated responses at dendritic sites distant
from the soma directly reflects chloride cytosolic diffusion and
transmembrane extrusion (Khirug et al, 2008; Gauvain et al.,
2011). Suppressing KCC2 function or expression has been shown
to largely compromise somatodendritic Egapa gradient in such
an experimental setting (Gauvain et al., 2011). Our observation
that gephyrin knockdown also strongly reduces the Egapa gradi-
ent, therefore, suggests that even a partial reduction of KCC2
dendritic clustering is sufficient to profoundly compromise chlo-
ride extrusion in cortical neurons. Interestingly, preventing
KCC2 interaction with 4.1N perturbed KCC2 clustering near
glutamatergic synapses by promoting its lateral diffusion
(Chamma et al., 2013). This manipulation, however, had no de-
tectable effect on the somatodendritic Egapa gradient (Gauvain
et al, 2011). Together, these results suggest that dendritic,
KCC2-mediated chloride export in cortical neurons primarily
relies on gephyrin-dependent, but not on 4.1N-dependent, plas-
malemmal KCC2 clustering. Whether KCC2 clustering in den-
dritic spines specifically controls the efficacy of GABAergic
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synapses they harbor (Kubota et al., 2007; Virtanen et al., 2018)
remains to be explored.

Finally, KCC2 clustering and function are tightly controlled
by neuronal and synaptic activity (Woodin et al., 2003; Rivera et
al., 2004; Lee et al., 2011; Chamma et al., 2012, 2013; Medina et
al, 2014; Heubl et al, 2017). In particular, glutamatergic
(Chamma et al,, 2013) and GABAergic (Heubl et al., 2017) syn-
aptic transmission exert opposing control over KCC2 by regulat-
ing its lateral diffusion and clustering, resulting in a reduced or
enhanced KCC2-mediated chloride export, respectively. This
regulation relies on signaling cascades involving, at least in part,
phosphorylation/dephosphorylation of specific serine and threo-
nine residues in the KCC2 C-terminal domain (Kahle et al,
2005; Lee et al.,, 2011; Chamma et al,, 2013; de Los Heros et al.,
2014; Friedel et al., 2015; Heubl et al., 2017). It seems improb-
able, however, that reduced synaptic GABA, receptor function
induced by gephyrin knockdown may significantly contribute to
reduce KCC2 membrane clustering. Thus, complete genetic abla-
tion of gephyrin resulted in only 20% reduction in the amplitude
of miniature IPSCs with no change in frequency (Lévi et al,
2004). In contrast, complete blockade of GABA, receptors by
gabazine reduced KCC2 cluster intensity by only 20% (compared
with >40% in our experiments; Heubl et al., 2017). Instead, by
analogy with activity-dependent regulation of postsynaptic re-
ceptor aggregation (Choquet and Triller, 2013), it is then tempt-
ing to speculate that changes in the phosphorylation state of
KCC2 and/or its scaffolding partners including gephyrin
(Battaglia et al., 2018) and 4.IN may induce conformational
modifications that may act to perturb KCC2-scaffold interac-
tions and reduce clustering and/or membrane anchoring of the
transporter.

In conclusion, our study identified gephyrin as a novel key
KCC2 partner that regulates its membrane clustering and func-
tion. Our results further illustrate the importance of functional
macromolecular complexes regulating KCC2 membrane cluster-
ing and function. KCC2 clustering near glutamatergic synapses
involves anchoring to the submembrane actin cytoskeleton via
4.1N (Li et al., 2007; Chamma et al., 2013), which in turn binds
to the AMPAR GluAl subunit (Lin et al., 2009). Similarly, near
GABAergic synapses, coclustering of GABA, receptors and
KCC2 with gephyrin may involve interaction with subsynaptic
microtubule cytoskeleton (Kirsch et al,, 1991) and promote the
formation of a stable, functional macromolecular complex acting
to regulate GABA signaling in cortical neurons (Heubl et al,,
2017; Coéme et al., 2020).
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