'," frontiers

in Molecular Neuroscience

ORIGINAL RESEARCH
published: 07 March 2017
doi: 10.3389/fnmol.2017.00057

OPEN ACCESS

Edited by:
Karl Tsim,
Hong Kong University of Science and
Technology, China

Reviewed by:
Subhabrata Sanyal,
California Life Company, USA
Cathy Wenchuan BI,
Hong Kong University of Science and
Technology, China

*Correspondence:
Margaret S. Ho
margaret_ho@tongji.edu.cn

"These authors have contributed
equally to this work.

Received: 07 September 2016
Accepted: 20 February 2017
Published: 07 March 2017

Citation:

Xiao X, Chen C, Yu T-M, Ou J, Rui M,
Zhai Y, He Y, Xue L and Ho MS (2017)
Molecular Chaperone Calnexin
Regulates the Function of Drosophila
Sodium Channel Paralytic.

Front. Mol. Neurosci. 10:57.

doi: 10.3389/fnmol.2017.00057

Check for
updates

Molecular Chaperone Calnexin
Regulates the Function of Drosophila
Sodium Channel Paralytic

Xi Xiao 23", Changyan Chen T, Tian-Ming Yu %23, Jiayao Ou *23, Menglong Rui °,
Yuanfen Zhai *#3, Yijing He »23, Lei Xue* and Margaret S. Ho *23*

1 Research Center for Translational Medicine, Shanghai Easiospital, Tongji University School of Medicine, ShanghaChina,
2Key Laboratory of Arrhythmias of the Ministry of EducationfaChina, Shanghai East Hospital, Tongji University Schoof o
Medicine, Shanghai, China? Department of Anatomy and Neurobiology, Tongji Universitgchool of Medicine, Shanghai,
China, * Shanghai Key Laboratory of Signaling and Diseases ResearcB8chool of Life Science and Technology, Institute of
Intervention Vessel, Shanghai 10th People's Hospital, TofiigUniversity, Shanghai, China’ Key Laboratory of Developmental
Genes and Human Disease, Institute of Life Sciences, SoutheaUniversity, Nanjing, China

Neuronal activity mediated by voltage-gated channels prages the basis for higher-order
behavioral tasks that orchestrate life. Chaperone-mediat regulation, one of the major
means to control protein quality and function, is an esserdi route for controlling channel
activity. Here we present evidence thaDrosophila ER chaperone Calnexin colocalizes
and interacts with the a subunit of sodium channel Paralytic. Co-immunoprecipitabn

analysis indicates that Calnexin interacts with Paralytiprotein variants that contain
glycosylation sites Asn313, 325, 343, 1463, and 1482. Dowregulation of Calnexin
expression results in a decrease in Paralytic protein le®lwhereas overexpression of
the Calnexin C-terminal calcium-binding domain triggersrmaincrease reversely. Genetic
analysis using adult climbing, seizure-induced paralysisand neuromuscular junction
indicates that lack of Calnexin expression enhances Paralg-mediated locomotor

de cits, suppresses Paralytic-mediated ghost bouton formation, and regulates minature
excitatory junction potentials (MEJP) frequency and latey time. Taken together, our
ndings demonstrate a need for chaperone-mediated regulabn on channel activity
during locomotor control, providing the molecular basis fo channlopathies such as

epilepsy.

Keywords: Calnexin chaperone, locomotor behavior, NMJ syna ptogenesis, paralytic, sodium channel

INTRODUCTION

Neurological channelopathies such as epilepsy or hyperekplpgigaining ion channel
dysfunctions in the nervous system are characterized wiggular neuronal excitability and
behavioral anomaliesKUllmann and Waxman, 20)0 Recent studies have implicated the
endoplasmic reticulum-associated degradation (ERAD) as anthe regulatory mechanisms
for channelopathiesHoseki et al., 2000 Major ERAD e ectors, the ER lectin-like chaperones
Calnexin (Cnx), have been shown to exhibit important rolesagulating the folding and stability
of channel proteinsBuck et al., 2010; Faria et al., 2012; Young, R0CAXx, together with its
soluble paralog Careticulin (CRT) and the thiol oxidorecas® ERp57 that catalyzes disul de
bond formation, comprise the ER Cnx/CRT cycle that mediatgsaprotein folding {Villiams,
2006; Caramelo and Parodi, 2008; Lederkremer, ROUte ER-luminal portion of Cnx contains
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a globular lectin domain which mediates the interactionMATERIALS AND METHODS
with the oligosaccharide intermediate @ldangGICNAG Ey Strains

on the glycoprotein, and an arm domain that associate

with ERp57 at the tip. Cnx also possesses binding Sit@ies were maintained at _26 on normal food. All strains
for ATP, C&, and non-native polypeptides W(lliams, were obtained from Bloomington Stock Center, VDRC, or as

2006: Brockmeier et al, 2009; Zhang et al., R00hese gifts from colleagues. All y crosses were carried out at@5

interactions add layers of complexity to the regulatory anow'th stanfjard laboratory conditions “”"?SS noted othemwis
binding modes with substrate glycoproteins. Intriguingin, Transgenic c_nx99_A 9n_x-N_ and cnx-C Ies were creat_ed
addition to a long list of substrates such as the immunolabic by embryonlc mlcromjec.tlon performed. n theDrosotha
surface molecule Class | major histocompatibility complexTeChn'que Platform of Institute of Biochemistry and Cell Bigy

(MHC) (Margolese et al.,, 1993; Jackson et al., 199£§IBS,CAS,China).

Va_ssna_kos et_ al., 1916 channel proteins suc_h as the olecular Biology and Biochemistry
epithelial sodium channel (ENaC), the potassium chann . .
0 generate transgeniccnx99A ies, full length of

Shaker, and the cystic brosis transmembrane conductance

regulator (CFTR), have also been suggested as potent%]xggA CDNA (SD17909) from Drosophila Genomics
Cnx substrates Higgins et al., 2003: Okiyoneda et al., esources Center (DGRC) was rst cloned using standard

2004; Buck et al., 20).0These studies raise the possibiIity%?éoégnggXi;:fguG%ﬁ?G d! er S!'_ggn:: d E;TZ%EQFCV(;?FP'I?: 5
that Cnx is one of the major regulators for ion ChannelGCGCGCTTGACGCTT—% Puried PCR products were then
function and serves as a therapeutic target for treatm%l?ned into the pUAST-3xFlagGateway vector (Invitrogen)

symptoms associated with channelopathies such as behavio&a)l make constructs for S2 cell analysis and transgenic y
anomalies.

The animal model Drosophila melanogastehas been microinjection. Next, DNA fragments were ampli ed by PCR

frequently used as a disease paradigm for its rapid and ea%O subclonecnx-N (1-1,467 bps, N-te_rminal Iu_minal domain)
access to genetic tools and behavioral analysis. Based %xnd cnx-C (1’5.25_1’818 bps, CyJOSOHC domain) from the full
previous studies and sequence blasts, thDresophila cnx Iength cnx Primers used were: ®BCCTCCAMATGGCCAG
homoloas-cnxil 1 4 erx99A have b dicted -39 and H-TTACGAGGGATTGGCCTTGGC3 for cnx-N

gs:cnxL1A cnx14D) and cnx99A have been predicted go G \TTTGGTACCGCTAAGAGTCAG-8 and B-TTACTC
and reported Hong and Ganetzky, 1996; Christodoulou

et al, 1997; McGovern et al., 2003Among these three CTTGCGCGCTTG-8for cnx-C Puri ed PCR products were

genes cnx99A (henceforthcny) exhibits the highest similarity cloned similarly as above to make constructs for S2 cell asalys

. . and transgenic y microinjection.
with the mammaliancnx (Rosenbaum et al., 20))6hence 9 y jec . )
e Furthermore, Para protein variants: fragments between Para
the focus of the current study. Similar to vertebrates

. . ; . . “domain | segment 5 and 6 that contains three predicted
DrosophilaCnx contains a N-terminal ER luminal domain, lycosylation sites at Asn313, 325, and 343 (Rered, Para
a transmembrane (TM) domain, and a cytosolic domain.gy Y y ! '

. . . . .l domain segment 5 and 6 that contains two predicted
The Cnx ER luminal domain contains two distinct regions: lycosylation sites at Asn1463 and 1482 (Regas9, Para
a compact, globular lectin domain and a proline-rich ng Y o

. . . - . domain Il and Il that contains no predicted glycosylationest
domain, whereas the cytosolic domain contains a sole aalciu P glycosy

binding domain Gchrag et al., 2001; Rosenbaum et al., 2006(Para|56 ms1), and the rst N teTm'”a' |ntracellular. domain
. . . ~_~"of Para (Para-N) were synthesized and cloned iptdAST-
Interestingly, DrosophilaCnx regulates rhodopsin maturation . .
: . - - _B6xMycGateway vector using similar protocols above for S2 cell
and calcium buering in compound eyes, demonstrating . .
2 expression and Co-IP analysis.
a role as both a molecular chaperone and*€aegulator .
- For Western blot, protein samples were extracted from 3rd
(Rosenbaum et al,, 2006; Tian et al,, J0lere we show instar larvae and analyzed by standard biochemical procedure
that Drosophila Cnx colocalizes and interacts with tha y y P

. . . . . Primary antibodies used include: argiTubulin (mouse, Sigma
subunit of sodium channel Paralytic (Para) in adult bra'ns'BS-l-Z, 1:500000), anti-Flag (rabbit, Sigma F7425, 1)1800-

Cnx-Para interaction depends on Para glycosylation Site%nx (gift from Nansi Colley, 1:1000), and anti-Para (madehist

Lack of Cnx expression leads to a decrease in Para proteérgudy, mouse, 1:250).

Ie_vel_s, Where"?‘s overexpression of its C-termmgl calcium- For RT-PCR, total RNAs were extracted from y adults
binding domain triggers an increase. Cnx-mediated Para

Y . - with Trizol and reversely transcribed into cDNA using the
function is required for locomotor behavior such as adult . I . .
o . . - . . QuantScript RT Kit (Tiangen Biotech). Primers sequencesare
climbing and seizure-induced paralysis, and underlies giioa

di erentiation. These ndings advance our understandingr fo follows:

diseases associated with dysfunction of channel proteicis asi cnx99A5%primer 5XAATCGGACTCATTCGTG-8

epilepsy. cnx99A 3° primer 5XCGAAACGAGTGTGTGTGTGGTGT
G-

Abbreviations: Cnx, Calnexin; Co-IP, co-immunoprecipitation; Elav, Embryonic cnx11A5°primer S.GGCTCCAATGGTAGACAAS

lethal, Abnormal vi'sion; ERAD, end’oplasmic reticuIum-assovciate('ialﬂagion; cnxllAB?)pr!mer SO_AATGCCCGCTTACTCCTC_Q

NMJ, neuromuscular junction; Para, Paralytic; Repo, Reversed polsNC, cnx14D5primer 5>*ATTGTCATAGTGGCCATTGCG-8

ventral nerve cord. cnx14D3%primer 5XATCATTTGGTTGTTGGTGCTCTG-8
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For Co-IP analysis, protein lysates from S2 cells or aduldsea NDS, Jackson Lab), mouse anti-Repo (1:100, DSHB), rat anti-
were harvested and lysed using the standard protocols. PaEdav (1:500, DSHB), rabbit anti-Cnx (1:500, gift from Nansi
antibody was rst conjugated to protein A/G agarose (sc-2003Colley), mouse anti-Para (1:100, made in this study), arRiF-
Santa Cruz) for 2-2.5h at €. After serial washes with lysis TRITC (1:500, Jackson Lab), and anti-HRP-Cy5 (1:500, Jackson
bu er, resins were subjected to incubation with protein lysst Lab). All other secondary antibodies were purchased from
from S2 cells or adult heads for another 2—2.5 h aC4After  Jackson Lab. Images were captured with Leica TCS SP5 confocal
incubation and subsequent washes, the nal eluate wasstaioje microscopy. Details on brain dissection, immunostainimgage
to SDS-PAGE analysis. acquisition, and quanti cation of uorescent intensitiewere
included in the supplementary materials.
Generation of Para Antibody
Three Para antibodies have been generated in this study. Ti@ehavioral Analysis
peptide IHSRSPSITSRTADV (2,117-2,131) at the C-terminus &apid iterative negative geotaxis (RING) assay using a multi-
Para protein was rst used to generate a polyclonal antisenum icylinder electrical system and analysis software R yDi@iac
guinea pigs against Para. Due to poor staining results, preteirwere developed with help from Fude Huang (SARI Center for
made from the Para N-terminal amino acid 1-149 was generategtem Cell and NanoMedicine, Shanghai Advanced Research
to make polyclonal antiserum against Para in both rabbits andhstitute, CAS) and according to previous protocolsSafgano
mice (ABclonal, China). In the present study, mouse antiaParet al., 2005; Liu et al., 201L5Ten cylinders (inner diameter:
antibody generated against N-terminal amino acid 1-149 wa®0 mm, height: 140 mm) were placed side by side and each

used throughout the study. contains at least 10 unisex ie at least 90 ies were analyzed
) per genotype per experiment and three independent experiments
Electrophysiology were performed. To analyze the climbing ability, an initial

Third instar larvae were carefully dissected as describesiechanical shock was applied so that all ies were tapped
previously (an and Jan, 19).6Brie y, wandering third instar down to the bottom of the cylinder and synchronized. Climgin
larvae were dissected in &afree HL3.1 saline, gut and fat were distances were calculated with help from the R yDetection
removed, and the body wall was spread out to expose the nergeftware (allows automatic detection of the y position withi
and muscle. For excitatory junction potential (EJP) recogdin the cylinder) by analyzing video images captured every 7s
the segmental nerve was cut, and the free end containinuaitb from recording (Sony digital camera, HDR-CX220E). Similar
nerves was drawn into a microelectrode and stimulated with aynchronized action was repeated several times and climbing
Grass S48 stimulator (Astro-Grass) at 0.3 Hz with supratioles ~ distance for each y was measured and averaged. Flies ofs3 day
stimulating pulse. Twenty- ve to thirty EJPs in NMJ muscle 6 ofold were collected after GQanesthesia and placed in vials with
A3 segment were recorded using the recording electrodes@0 y food (no yeast) for 1 day before transferring to the cylard
Me ) lled with 3 M KCI. Miniature EJPs (mEJPs) were recordedfor experiments.
for 8 s after EJP recordings. All recordings were conducted in To record the recovery time from paralysis, 5 iesin vials aer
modi ed HL3.1 solution containing 70 mM NaCl, 5 mM KCI, rst putin a 38 C water bath for 25s, allowing all ies became
4 mM MgCI2, 10 mM NaHCO3, 0.6 mM CacCl2, 115 mM completely paralyzed, then shifted to the room temperature.
sucrose, 5 mM trehalose, and 5 mM HEPES, pH 7.2. Recordingstal about 100 ies were analyzed for each genotype. The
were performed at room temperature with an Axoclamp 900Arecovery time was recorded from the moment the vials were
ampli er (Molecular Devices, Sunnyvale, CA) in bridge mode.taken out of the water bath to the time ies are free to walk
Recording data were digitized with a Digitizer 1322A (Moleecul and move on the feet. The same vials were used throughout
Devices) and analyzed by the Clamp t 10.2 software. At least the experiments. Then, recovery time was transformed into
NMJs were analyzed and three independent experiments wefiequency data in an interval of 10 s. The percentage of reedve
performed for each genotype. over total number of ies (Recovered/Total ies, %) was plotted
To measure latency time (the time from the end of stimulationagainst time at an interval of 10 s from 0 to 120 s using SPSS and
to the beginning of the response, usually about 1-2 msRrism softwareP-values of signi cance at each time point were
Clamp t 10.2 software was used to analyze collected raw data @alculated with 4-fold table Chi-Square Test (FisherscEXast)
electrophysiological parameters such as EJPs and mEJPsr Sindled indicated with asterisksp< 0.05, p < 0.01, p < 0.001.
lengths of stimulated nerves were analyzed for all samples. By
pointing the cursors to the end of stimulation and the begimpi ~ Statistical Analysis
of baseline de ection, the latency time in between was réedr Intensities of uorescence or GFP were measured and quedti
by the software. These values were then averaged and plattedusing the Leica confocal software. Step-by-step protocdls wi

graphs. snapshots of images were included in the supporting materials.
_ _ _ For adult brains, three regions of equal area were chosen
Immunohistochemistry and Microscopy bilaterally for the measurement. For VNC axons, axons pratjm

NMJs from third instar larvae and adult brains from ies of 1 or distal to VNC in segment A2 or A4-5 were chosen and
week old without mouthparts were dissected and xed with 4%quanti ed. P-values of signi cance (indicated with asterisks<
formaldehyde in 1X PBS following standard protocols previpus 0.05, p< 0.01, p< 0.001)were calculated using unpaired
described. Reagents used include: Normal Donkey Serum (0.58st between two groups and one-way ANOVA with Bonferroni
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multiple comparison test among three groups or above. ns mears the control (Figures 1D,B. These results suggest that Cnx

no signi cance. interacts with Para and they are in the same protein complex.
Furthermore, endogenous protein lysates from wild-type adul

RESULTS heads were collected and subjected to Co-IP analysis using
the Para-conjugated resins. Our analysis also revealedagstr

Cnx and Para Colocalize in Neuronal ERs interaction between endogenous Para and Cnx by detectieg th

To analyze Cnx endogenous expression in the nervous systepresence of Cnx proteins in the eluate (Figure S3). As a cantrol
adult brains were rst co-stained with antibodies againsixC Cnx was not detected in the resins without Para conjugation.
(Rosenbaum et al., 20p&nd Embryonic lethal, Abnormal vision Speci city of the Para antibody was veri ed by Western blot
(Elav) or Reversed polarity (Repo), widely used markers faanalysis and immunostaining usingoaraRNAI vy line ( Parker
labeling neurons and glia respectivelgopinow and White, etal., 2011)(paraF13} Figure S4). Western blot results indicate
1991; Xiong et al., 1994igures S1A-D"). Our results suggesta decrease in Para protein levels detected by the antibody upon
that Cnx localizes around the neuronal nuclei labeled by,ElaRNAi expression in neurons, suggesting that the newly generated
whereas no signi cant overlapping pattern was observed foPara antibody is specic (Figure S4A). Whereas, a reduction
Cnx and the glial nucleus marker Repo (Figures S1B”,D"). Nexin para mRNA levels was detected by RT-PCR (Figure S4B),
Para protein expression was analyzed using antibodies raisedmunostaining experiments using adult brains (Figures S4C—
against the N-terminal amino acid sequence 1-149 in thidystu G) and VNC motor axons (Figure S4H) also suggested that Para
(please see Materials and Methods for details on the antibodyprotein levels detected by our antibody were signi cantigueed
Similar to Cnx, Para proteins were detected around the Elawipon RNAI expression.
positive nuclei in adult brains co-stained with Para and Elav Due to the fact that Para is a large transmembrane protein
(Figures S1E—-F"). On the other hand, no signi cant overlapping> 200 kDa), and that we were unable to obtain a Para cDNA
pattern was detected for Para and GFP in the adult brainslone thus far, we synthesized and cloned the rst N-terminal
expressingJAS-mCD8-GFRnder control of the pan-glidRepo- intracellular domain (Para-N, before domain | segment 1, rmoni
Gal4(Repe mCD8-GFRFigures S1G-H"). acids 1-149) and tested whether it interacts with Cnx. Cxinsit

To further analyze the localization pattern, transgenics ie with previous results, our Co-IP analysis indicates thataPar
carrying UAS-GFP.KDElwere used to express GFP with a CN proteins were detected in the Cnx eluates, con rming an
terminal endoplasmic reticulum (ER) retention signal underinteraction between Cnx and Pargigure 1F).
control of the pan-neuronaElav-Gal4(Elav> ER-GFP. These
ies exhibit GFP signals that label ER in neurons and were . .
analyzed for their GFP colocalization with Cnx or Para. Mikyo Cnx-Para Interaction Requires Para
of Cnx was found to exhibit overlapping signals witew> ER- ~ Glycosylation Sites
GFPR suggesting that Cnx localizes in neuronal ERs (white arron®ur con rmation on the ER localization of Cnx and Para, their
in Figures S1J-J"). Para also exhibited a similar pattern aridteraction, and the glycosylation nature of sodium channe
largely colocalized with ER-GFP (white arrows in Figures-S1 proteins (Mercier et al., 2015; Shabbir et al., 2pstggests that
™). Images in higher resolution oElav> ER-GFPadult brains Para could well be a substrate under Cnx quality control. We
co-stained with Cnx and Para showed strong overlapping signateen looked for potential glycosylation sites (@WangGIcNAG
for Cnx, Para, and GFP (white arrowshigures 1A-Q. Cnxand of amino acid Asn at a consensus sequence Asn-X-Ser/Thr)
Para also colocalized in the adult eye (data not shown),ismere on Para and studied whether Cnx interacts with Para on these
with observations from previous study on Cnx functions insites. Uniprot prediction analysis uncovered similar glycatgh
rhodopsin maturation. Interestingly, immunostaining ofrl@l  sites on Para and its human homolog SCN2A (unpublished
ventral nerve cord (VNC) fronElav> ER-GFPies also showed observations, Figure S5). We selectively synthesized twa P
colocalization of Cnx, Para, and neuronal ERs (Figure SRpia protein fragments that contain predicted glycosylation sites
together, these results suggest that Cnx colocalizes withdhd between Para domain | segment 5 and 6 (Rgrag) or Para

both proteins exhibit an ER pattern iDrosophileadult neurons. 1ll domain segment 5 and 6 (Pafrgs sg. On the other
) hand, Para protein fragment between Para domain Il and I
Cnx Interacts with Para (Paraiss ms1) that contains no predicted glycosylation sites

Based on the colocalization pattern, we then sought to datesm was also synthesized to serve as a negative controlsiaga
whether Cnx interacts with Para and exists in the sameontains three predicted glycosylation sites at Asn313, 828
biochemical complex. First, the full-lengitnx or the control 343, whereas Pajgs sg contains two at Asn1463 and 1482.
GFPwas cloned into plasmids carrying a N-terminal Flag epitopélhese proteins were all tagged with 6xMyc epitopes with sizes
in three tandem repeats (3xFlag) for expression in S2 cellabout 25-30 kDa shown on the blots.

Protein lysates transfected wiixFlag-GFRr 3xFlag-cnxwvere To analyze if Cnx binds to any of these Para protein
subjected to Co-IP analysis using resins conjugated with thvariants, 6xMyc-Paijg s, 6xMyc-Pargiss se or 6xMyc-
Para antibody. After pull down, the nal eluate was analyzedParases 11s1 was co-transfected with Cnx in S2 cells and co-
by SDS-PAGE for the presence of Cnx proteins. Strikingly, Cnknmunoprecipitated. Interestingly, Co-IP analysis showkdtt
was detected in the eluate of S2 cells transfected3xitlag-cnx not only Cnx proteins were detected in the pull down of Flag
using the Flag antibody, whereas no GFP proteins were détectbeads, the two Para protein variants that contain potential
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Elav>ER-GFP

A”

r's Y

D E
pMT-Gal4 + o+ pPMT-Gal4 + 4+ PMT-Gal4
pFlag-GFP + - pFlag-GFP + - pFlag-cnx
pFlag-cnx -+ pFlag-cnx -+ pMyc-para-N
e IB: Flag
95 ‘ IP: Flag
IP: Para :E MYC
IB: Flag input | 1B: Flag - |- - Flag
. 95
- »
IB: Para e
IP: Para a-Tubulin |
G H
pPMT-Gal4 + + + + 4+ pMT-Gal4 + + + + o+
pFlag-cnx -+ + + o+ pFlag-cnx -+ o+ o+ 4+
pMyc-para,g o + pMyc-paras, g - -+
pMyc-para,g, o, - - - + - pMyc'params5se R A
pMyc-para,g s, - - - - + KD pMyc-para, s s, KD
IB: Flag
IP: Myc
IB: Myc
IP: Myc
input| IB: Myc input| IB: Myc
a-Tubulin a-Tubulin

FIGURE 1 | Cnx colocalizes and interacts with Para. (A—C)  Adult brains carryingElav ER-GFPwere co-stained with Cnx (magenta) and Para (blue iA” and A",
green inB, or magenta inC). Note that most of the GFP-positive cells were also Cnx- an€ara- positive (white arrows ilA” and C) and that Cnx and Para were
colocalized (white arrows inA™,B ). Scale bar: 50mm. (D,E) Protein lysates from S2 cells transfected witt8xFlag-GFP(control) or3xFlag-cnxplasmids were subjected
to Co-IP analysis. Our results revealed that Para interactsith Cnx and they are in the same protein complex. * non-speci dand. (F) Co-IP analysis revealed that
Cnx interacts with the rst Para N-terminal intracellular sgment (Para-N, amino acid 1-149)(G,H) Co-IP analysis on the interaction between Cnx and three Para
protein variants: 6xMyc-Parggs g5, 6XMyc-Paray gs.gg, Or 6xMyc-Pargsg-j1s1. Proteins sizes of three para variants were about 25-30 kDa®wn on the blots. Note
that Cnx interacts with the two Para fragments containing gicosylation sites (6xMyc-Pargss-gg and 6xMyc-Parg)ss.sg), but not the variant without one. Co-IP
analyses were done by both anti-Flag- or anti-Myc-antibodygonjugated beads.
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glycosylation sites, Pagg s and Pargiss se Were also detected together, these results suggest that Cnx regulates Paressiqn

in the eluatesKigures 1G,H. On the other hand, Parges is1  and Para protein levels are reduced when Cnx expression is
that contains no predicted glycosylation sites was not codownregulated.

immunoprecipiated by Cnx. These results suggest that Cnx

interacts with Para and their interaction is likely dependen  Para Protein Levels are Upregulated when

glycosylation sites within these fragments. Overexpressing Cnx Cytosolic

Calcium-Binding Domain
Downregu|ation of Cnx Expression Ccauses To further dissect the part of Cnx required for regulating ar
a Reduction in Para Protein Levels function, truncated constructs of Cnx carrying only the N-

Based on above biochemical results, we then sought to daterm termin?l Il:jmingl dorggin6(()l—4892a, (C::nx-N) or the C-tedrminlal

if Cnx regulates Para protein levels. Two RNA interferenc&Ytosolic omain (509-605aa, Cnx- )_ were generate_ (Please

(RNAJ) lines, cnxR90740 and cnxR23%7 from the Vienna see Materials and Methods for details). Para protein levels
' , ' ¢ were analyzed irElaw ER-GFPadult brains expressing Cnx-

DrosophilaRNAIi Center (VDRC) were used after veri cation o g R X i
N or Cnx-C. Interestingly, a signi cant increase in Para/HRP

their e ciencies by RT-PCR and Western blot analysis (Figure . - d d when Cnx-C Seg:
S6A,B). Furthermore, transgenic ies that overexpress C#AS- ntensities was detected when Cnx-¢ was overexpre {

3xFlag-cn¥? or UAS-3xFlag-criX!, abbreviated agn2 or ERGFPCnx-G 15 01 vs. 1.0 01 p < f0.001,
cnx ) were constructed and Cnx protein levels in these |ine§ompareF|gure 3F to Figures 3B,g. Quanti cations of HRP

were veried using Western blot analysis (Figure S6C). Idntensities unexpectedly revealed a §ignicant increas?r'rm-
these analyses, both RNAI lines abolish Cnx expression wifij overexpression, bgt _not_ Cnx-CF{gure 3H). In addition, .
similar e ciencies. Cnx expression levels were also simifaon Western blc_)t anaIyS|_s indicated that Cnx-(_: Overexpression
expressing either transgenic lines (Figure S6). In ordeetmbre ca_used an Increase in Para protein I?VETIS ny adult brains
comprehensive and easier to follow for the readers, a listef ~ (T19ure 3. Interestingly, Co-IP analysis indicated that Cnx-

used in the current study was described in Table S1. In amiditi C failed FO in'geract with Para protein variants containing
data from ies expressing eithanx RNAi and/or cny2 will be ~ 9lycosylation sites (6xMyc-Paggse and 6xMyc-Par@ss-se),
presented in the following result gures suggesting that Cnx C-terminal domain regulates Para #ytiv

Using these tools and the newly generated Para antibody, VUédependentIy of glycosylation (Flgyre S7). Taken togeme,
were able to assess whether manipulation of Cnx expressids |ei)esult_s suggest that Cnx cytosolic domain, with its calcium
to a change in Para expression, thus a change in its activily a u ering ability, plays pivotal roles in regulating Para pratei
function. To address this, we rst examined Para protein Isve levels.
by immunostaining in Drosophilaadult brains. Interestingly, . .

Para protein levels, measured as the staining intensitieard Altered Cnx Expression in Neurons Leads
normalized to the membrane-targeted Horseradish Perméda to Fly Locomotor De cits

(HRP) (Para/HRP), exhibited a strong decrease when CnRue to the fact that Para dysfunction has been shown to
expression was downregulate#ldv; ER-GFP cnxR2397 or  cause paralysis in ies, we examined whether Cnx, a factor
cnxR%740 06 0.1 or 0.6 0.0 vs. 1.0 0.1,p < 0.001, that regulates Para expression, plays a role in controlling y
compareFigures 2D,Fto Figures 2B,). In the presence afnX?2  locomotor behavior. First, adult climbing ability was armey
overexpression, the reduction in Para protein levels wasmedt using the RING (rapid iterative negative geotaxis) asSaygano
(Elav; ER-GFPcn¥2, cnxR%740 10 0.1 vs. 0.6 0.0,p etal, 2005; Liu et al., 20L5A multi-cylinder electrical system

< 0.001, compar€&igure 2H to Figures 2F,). Quanti cation of  and analysis software R yDetection were developed accoitding
uorescent intensities indicated that no signi cant di enee in  previous protocols to score the climbing distance of individual
HRP intensities among all sampleBidure 2). Furthermore, vy (for details please see Materials and Methods). For simplicit
Western blot analysis revealed that Para protein levels wemmly results from males were showRigure 4). Results from
reduced in y adult brains expressing eithecnx RNAi  females were included in Figure S8. In general, similardsen
(Figure 2K). Similar to our immunostaining results, Para protein in the locomotor de cits were observed for both male and
levels analyzed by Western blot analysis were restored ®hgn female ies. Taken advantage of this systemy@ mutant ies
andcnxRNAI were expressed togeth&igure 2K). On the other were rst analyzed for possible climbing defects. Both male
hand, analysis of motor axons targeting out from the ventrahnd femalecnX ies exhibited a striking decrease in climbing
nerve cord (VNC) indicated similar results. Para proteindisy  distance compared to the wild-type control (2.80.2 vs. 8.3
also measured as the staining intensities of Para normatzed 0.3 in male ies,p < 0.001,Figure 4A; Figure S8A). Similar
HRP, exhibited a signi cant decrease in axons anx mutant, e ects were seen when downregulating Cnx expression using
cn¥ (Rosenbaum et al., 2000.7 0.1 vs. 1.0 0.1,p <  cnx RNAIi under control of the pan-neuronaElav-Gal4with
0.01,Figures 2L-N. Quanti cations of HRP staining intensities Dicer2 (male ies: Elav; Dicer2 cnx®23%7 8.1 0.6 vs. 11.6
indicated that protein levels of HRP in these tissues werdaimi 0.2, p < 0.001,Elav; Dicer2cnx%740 47 0.4 vs. 11.6
among di erent samples and served as internal controls (data 0.2,p < 0.001,Figure 4B Figure S8B). On the other hand,
not shown). Western blot analysis also revealed a decreaserieuronal Cnx overexpression using the transgenic @es®2
Para protein levels ircné mutant ies (Figure 20). Taken does not alter climbing abilityRigure 4B, Figure S8B). Despite
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FIGURE 2 | Para protein levels are reduced when down regulati  ng Cnx expression. (A—H™) Adult brains expressingElav> ER-GFPwere dissected and stained
with Para (Magenta) and HRP (Cyan). White rectangles repest areas enlarged and shown directly underneath. Genotygeshown: Elav; ER-GFPB LacZ (A-B™),
Elav; ER-GFB cnxR*2397 (C-D™), Elav; ER-GFB cnxR100740 (E_F™) and Elav; ER-GFB cnx®2, cnxR100740 (G_H™) . (1,J) Statistics for the intensities of Para/HRP
(1) and HRP (J) in adult brains. Note a signi cant decrease in Para/HRP interiies when cnxR2397 or cnxR100740 was expressed. (K) Western blot analysis on Para
protein levels in adult brainsr{ D 50) carrying the following genotypesElaw LacZ, Elavw cnxR*2397 | Elav> cnxR100740 Elav> cnx®2, Elaw> cnx®2; cnxRA2397 | Input
control: a-Tubulin. (L—M”) VNC motor axons were stained with Para (Green) and HRP (Magex) inw!118 and cnx? larval NMJs.(N) Statistics for the intensities of
Para/HRP inw!118 and cnx? axons. Note a decrease in Para levels innx? axons. (O) Western blot analysis revealed a decrease in Para proteinvels incnx? mutant
adult brains @ D 50). Input control:a-Tubulin. Data were shown as mean SEM. Scale bar: 20mm (NMJs) and 50mm (adult brains). Number of adult brains
dissected per genotype was shown in the bars. At least 13 brais were analyzed per genotype and six different areas in therlins were selected. *p < 0.01, ***p <
0.001. Data were shown as mean SEM. At least three independent experiments were performed
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FIGURE 3 | Para protein levels are upregulated when overexpr  essing the Cnx C-terminal calcium-binding domain. (A—F") Elaw> ER-GFPadult brains
expressingLacZ, cnx-N, or cnx-C were dissected and stained with Para (Magenta) and HRP (CyarScale bar: 50mm. White rectangles represent areas enlarged and
shown directly underneath.(G,H) Quanti cation of Para/HRP intensitie(G) or HRP (H) for the above genotypes. Note a signi cant increase in the Pa/HRP
intensities when Cnx-C was overexpressed(l) Western blot analysis revealed an increase in Para proteievels when Cnx-C was overexpressed. *ff < 0.001. Data
were shown as mean SEM. Number of adult brains dissected per genotype was showiin the bars. At least 13 brains were analyzed per genotype anslix different
areas in the brains were selected. At least three independemxperiments were performed.

s0, simultaneousnxX®-2 expression rescuamhX mutant climbing  in regulating adult climbing. Whereas, the cytosolic domai
defectin malesilav; cnf >cnxX% cn¥, 5.3 0.3vs.2.8 0.2,p containing the calcium-binding domain provides Cnx actyvit
< 0.001Figure 4A). Furthermore, upon co-expressionmx5‘2, and rescuescnx mutant locomotor de cits, the N-terminal
Elav; Dicer2 cn¥*23¥ male ies exhibiting a locomotor defect ER-luminal domain without the TM domain alone does not
have now climbed normallyHlav; Dicer2 cnX2 cnxR2397 10.4 seem to provide su cient function in regulating locomotor
0.9 vs. 8.1 0.6,p < 0.05,Figure 4B). Similarly, cnx®?  activity.
expression rescued climbing defects in both male and female
Elav; Dicer2 cnx99740jes (Elav; Dicer2 cnxX2, cnxR09740 9 6 . .
0.4vs. 4.7 0.4inmale iesp< 0.001,9.7 0.3vs.8.0 0.5 ownregulation of Cnx Expression
in female ies,p < 0.001Figure 4B Figure S8B). These results Exacerbates Climbing De cits in Para
suggest that Cnx expression is required for adult climbirtydg ~ RNAI Expressing Neurons
and lack of Cnx expression causes locomotor de cits. Our results suggest that Cnx plays a role in controlling y
In addition to the full length Cnx, Cnx-C overexpression locomotor behavior. Next, we investigate whether Paraaaly
rescued thecny¥ climbing defect in both male and female known to cause paralysis, participates in the similar process. O
ies (Elav;cnX >cnx-C;cnk, 5.8 0.3 vs. 2.8 0.2 in male initial attempt of expressingaraf®13! under control of Elav;
ies, p < 0.001, 5.1 0.6 vs. 2.8 0.2 in female ies,p Dicer2failed as the driver is stronger than the pan-neuronal
< 0.001,Figure 4A; Figure S8A), while Cnx-N overexpressionElav-Gal4such that ies with abolished Para expression were
failed to do so Figure 4A, Figure S8A). These results suggestlead. Instead, usinglav-Gal4to expresparaf¥13l a signi cant
that N-terminal and C-terminal Cnx exhibit di erential actity =~ decrease in the climbing distance was detected (7.%.5
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FIGURE 4 | Cnx regulates Para-mediated adult climbing and para  lysis. Adult climbing ability was analyzed by a multi-cylinder edérical system that allows
synchronization of both time and activityw!118 or LacZ was used as a control, and the climbing distance was measuredt a time interval of 67 s. At least 90 ies
were analyzed, with 10 in each cylinder, and three independ# experiments were performed. Climbing distance for each gnotype was plotted as bar graphs. Only
male ies were shown. (A) Climbing distance was measured for ies carrying the followig genotypes listed from left to rightElav; cn¥ > Lacz, Elav; cn¥ >cnx>2,
Elav; cn¥ >cnx?, Elav; cn@ >cnx>2; cnx?, Elav; cné > cnx-N; cnx?Z, Elav; cn¥ > cnx-C; cnx?. Note a signi cant decrease in climbing activity ircnx? mutant (third
gray bar from the left). Overexpression of full-length Cmcmx5'2) or Cnx containing only its C-terminusdnx-C) rescued the reduction in climbing activity itnx?
mutant, whereas overexpression of Cnx containing only its ferminus €nx-N) failed to do so.(B) Climbing distance was measured for ies carrying the followig
genotypes listed from left to right:Elav; Dicer2 LacZ, Elav; Dicer2 cnxR*2397 | Elav; Dicer cnxR190740, Elav; Dicer2 cnx®2, Elav; Dicer2 cnx°2; cnxRA2397,
Elav; Dicer2 cnx®-2; cnxR100740 cnx RNAI expression driven byElav; Dicer2leads to a decrease in climbing distance (second and third gy bars from the left),
whereas Cnx overexpression does not alter climbing abilityC) Adult climbing ability was assessed similarly for the follang genotypes: Elaw LacZ, Elaw cnxRA2397,
Elaw cnxR100740 Elay> paraRP131, Elaw cnxRA2397 paraRP131, and Elaw> cnxR100740; pararP131 (D) Cnx regulates the recovery kinetic of Para-mediated
paralysis. Percentage of recovered ies from paralysis (Rewvered/Total ies, %) was plotted against time cumulatively an interval of 10 s using SPSS and Prism
software. Purple curves:paralSl; Sca>cnx®2, blue curves:paralsl; Sca> Lacz, green curves:paralsl; Sca> cnxR42397, red curves: paralSl; Sca> cnxR100740_ (E)
Recovery time was de ned differently as the time required fohalf of the ies recovered, climbed up, and passed the xed heigt (4 cm). The time was calculated and
plotted for the following genotypes:parals!; Sca> Lacz, parals; Sca> cnx>2, paralsl; Sca> cnxR*2397, and para!s!; Sca> cnxR100740 +p < 0.05, *p < 0.01, ***p
< 0.001, Data were shown as mean SEM.

vs. 10.8 0.2 in male ies,p < 0.001, 7.5 0.2 vs. 9.5 Cnx Regulates the Recovery Kinetic of

0.2 in female ies,p < 0.001, Figure 4C Figure S8C). Para-Mediated Paralysis

Interestingly, in the presence of eithenxR%74%r cnxR?%%7 14 fyrther elucidate the importance of Cnx-mediated Para
adult climbing distance was signi cantly reduced compared t expression during y behavioral control, a second type of
downregulation of Para expression alone (5.80.3 vs. 7.5 pehavioral paradigm, seizure-induced paralysis, was emgloye
0.2 inElaw cnxR74] para®*3! female ies,p< 0.001,6.5  Pparalysis is classi ed as a type of behavior when the adult ie
0.2vs. 7.5 0.2 inElaw> cnxR2397 paraR!3lfemale iesp<  are ipped upside down with motionless legs and is detected in
0.001, Figure S8C). In male ies, a similar reduction wagdietd the loss-of-functiorpardS! mutant upon temperature elevation
for ies carrying Elaw cnxR?3%7 para131 and simultaneous (Suzuki et al., 1971; Siddigi and Benzer, 1976; Wu and Gapetzk
expression ofcnxR74%and paraf!3l in male ies resulted 1980). Interestingly pardS’-mediated paralysis is reversible and
in lethality (Figure 4Q). Based on these results, we concludeaused by a block in axonal conduction by electrophysioldgica
that Cnx genetically interacts with Para and Cnx-mediatedstudies (Vu and Ganetzky, 1990 Upon recovery, adult ies
Para expression is required fdbrosophila adult climbing escape from paralysis and resume their normal position in
behavior. walking and climbing. We took advantage of thard>! mutant
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and analyzed the e ect of Cnx on Para-mediated paralysis. Morpresynaptic and devoids of postsynaptic componeritsld€s
than 100pardS! adult ies of each genotype were placed inand Budnik, 2012; Menon et al., 2013was signi cantly
separate vials and incubated at B8until completed paralysis. increased when Para expression was downregulated (white
Then, the recovery time was recorded using a digital camerarrows inFigure 5D, 1.3 0.4 vs. 0.1 0.1 in Elaw parafé131
upon relocating the ies to room temperature (Video S1). At ies, p < 0.001,Figure 5. Strikingly, the number of ghost
a time interval of 10s, the number of recovered adult ies wadoutons decreased upon co-expressiorpafa and cnx RNAI,
scored and plotted against time cumulatively as percentage ovsuggesting that Cnx expression aects Para-mediated ghost
the total number of ies. As shown irrigure 4D, Figure S8D, bouton formation ¢igure5D, 0.2 0.1 vs. 1.3 0.4 in
upon Cnx overexpression, a signi cantly higher percentage irElaw> cnxR%0749 paraf®131 jes, p< 0.001, and 0.1 0.1vs. 1.3
the number of recovered adult ies was detected compared to 0.4 inElav> cnxR239% paraf$121 jes, p < 0.001 Figure 5B).
thepardSlcontrol ies overexpressingacZ suggesting a shorter Taken together, these results suggest that Cnx genetically
recovery time (purple curves iRigure 4D, Figure S8Dp < 0.05 interacts with Para to control the developmental dynamic of
for male ies,p < 0.01 for female ies, at 20 s). This pieceundi erentiated ghost boutons during the maturation of NMJ
of evidence suggests that neuronal-speci c Cnx overexmessi synapse formationKigures 5D, B.
alters the recovery kinetic giardS! adult ies. On the contrary, .
reduced Cnx expression using eithenx RNAi signicantly ~CNx and Para Affect the Latency Time and
lowered the number of recoverguird® adult ies, suggestinga MEJP Frequency during Synaptic Function
longer recovery time (green and red curves-igure 4D, Figure  Since Para belongs to sodium channels that cluster on the
S8D,p< 0.001 for eithecnxRNAI, at 20 s). Bar graphs with SEM axonal membrane and mediate ion in ux for action potential
for each genotype were also plotted (Figure S9). In additios, t propagation, it is intriguing to investigate further on how
recovery time, de ned di erently as half of the ies recovee Cnx regulates Para activity by understanding whether Para-
climbed up, and passed the xed height (4 cm), was plotted agroducing sodium currents are aected by Cnx expression.
bar graphs for each genotyp€igure 4E Figure S8E). Similar Our initial attempt to measure sodium currents failed as no
results were obtained using this method, further supportitng 0 noticeable sodium currents were detectedirosophilaS2 cells
conclusion. Expression @hx RNAI has prolonged the recovery (unpublished observations). We then turned our attention to
time (56.8 6.7 vs. 36.2 2.8 inpardS: Sca cnxR23°%7female larval NMJs, a well-establishéd-vivo setting where we will
ies, p< 0.05,76.3 5.7vs.36.2 2.8inpards’; Sca cnxR%740  be able to measure electrophysiological properties on altered
female ies,p < 0.001, Figure S8E). Altogether, these result€nx and/or Para function. Our previous results have implidate
suggest that altered Cnx expression in neurons greatly ateets a Cnx-mediated presynaptic modulation on Para activity at
recovery pro le ofpardS! adult ies. Reduced Cnx expression NMJs and further prompted us to analyze any possible defects
prolongs the recovery time giardS! adult ies. during synaptic function correlating with the morphological
di erence that we detected. Using standard electrophysiology
. protocols, we determined NMJ electrophysiological parameters
Cnx Promotes Para_M_edlated Ghost in the presence aénx RNAI, paraRNAI, or both. By expressing
Bouton Formation during NMJ these RNAIi usingDK6-Gal4presynaptically, signi cant changes
Synaptogenesis in mEJP frequency and latency time were detected, whereas
Neuronal activity that controls synapse formation and fuont the mEJP and EJP amplitudes were less a ectéduge 6).
lays the foundation for control over locomotor behavior. Sample traces and statistical results showed that downrégula
Drosophila larval neuromuscular junction (NMJ), with its of Para expression alone caused a signi cant increase in the
unigue genetic accessibility and similarity across speiseme latency of muscle response, suggesting that action potential
of the most frequently used models in examining synaptogsenespropagates slower to the targeted synapse due to the absence
pertaining growth, function, and behaviorMgenon et al., of Para (1.3 0.0 vs. 1.1 0.0, p < 0.001, Figure 6J.
2013. Previously, we have shown that Para localizes on th€he latency time then signi cantly increased whenx RNAI
motor axon targeted out from VNC Kigures2L-N. As a was expressed together, suggesting that Cnx plays a role in
sodium channel gene that regulates neuronal excitability, modulating the latency time controlled by Para (1.3 0.0
is also likely that Para participates in NMJ synaptogenesiss. 1.4 0.0, p < 0.001, Figure 6). On the other hand,
To this end, we sought to determine whether Cnx-regulatednEJP frequencies were also aected in the absence of Para
Para expression regulates synaptogenesis, in attempt éapression (0.8 0.1 vs. 1.2 0.1,p < 0.001,Figures 6D,H),
understand the synaptic mechanism that underlies locomotoand further reduced when bottpara and cnx RNAiI were
control. expressed (0.5 0.1 vs. 0.8 0.1,Elaw cnxR239% parafé13l
Our analysis of NMJ morphology at muscle 6/7 revealed thgp < 0.05,Figures 6D—F,H. Finally, the EJP amplitude was also
numbers for boutons, branches, and bigger-sized boutoris wi signi cantly changed whennxRNAi was co-expressed wigtara
diameter over 5mm were a ected upon Para misexpression inRNAi(33.6 1.0vs.40.2 0.9,p< 0.001, and 35.3 1.3vs. 40.2
neurons Figure 5. Yet, these parameters were notrescued inthe 0.9,p < 0.05,Figures 6D—F,). Taken together, these results
presence of eithemxRNAI (Figures 5A-Q, suggesting that Para suggest that Cnx modulates Para-controlled electrophysitdbg
exhibits function independent of Cnx in NMJs. Interestingly, activity, in particular the latency time, mEJP frequency, &3
the number of ghost boutons, a type of boutons predominantlyamplitude.
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FIGURE 5 | Cnx regulates Para-mediated ghost bouton formation i n NMJs. Number of boutons (A), branches (B), and boutons with diameter> 5 mm (C)
were quanti ed for muscle 6/7 NMJs. Results were shown for the dllowing genotypes:Elaw Lacz, Elaw cnxR*2397 | Elaw cnxR100740 | Ejav> parare13?,

Elav> cnxR42397 | pararRP131, and Elav> cnxR190740; pararP13L (D) Muscle 6/7 NMJs stained with HRP (Magenta) and DLG (Green) vesshown for the above
genotypes. Note an increase in the number of ghost boutons stined positively for HRP but not DLG irElaw paraR6131 NMJs (white arrows).(E) Quanti cation of
ghost bouton numbers for NMJs carrying the above genotypesNote a decrease in the number of ghost boutons in the presencef both cnx and para RNAi
expression, p < 0.05, **p < 0.01, ***p < 0.001, Scale bar: 20mm. Data were shown as mean SEM. Number of NMJs per genotype was shown in the bars. At
least 12 NMJs were analyzed and three independent experimes were performed for each genotype.

DISCUSSION at a later step but not the initial ensheathment process irhbot
. . model systems.

Cnx Chaperone Functions in the Nervous Interestingly, our results assessing the role of Cnx duaithglt
System climbing activity has revealed a di erence in function for €N-
Cnx is generally considered as a ubiquitous chaperone, ygérminus and C-terminusKigure 4A). Expression of a truncated
its potential substrates and functions in the nervous systergrotein containing only the C-terminal Cnx consistently reedu
remain mysterious. In the past, studies addressing Cnx fanct the climbing defect ircnx mutant, suggesting that the calcium-
in the nervous system have been limited to loss-of-functiominding domain at the Cnx C-terminus is crucial in regulagin
phenotypical analysis. Using a combination of approaches sugbnx-controlled locomotor behavior. On the contrary, expsies
as immunostaining, transgenic gene expression, and bet#vioof a truncated protein containing the N-terminal Cnx (both
analysis, our study shows for the rst time that Cnx locadize globular lectin domain and P domain) failed to rescue the eam
in neuronal ERs, plays a role in ER quality control, and islimbing defect, suggesting that this part of Cnx does not fitev
required for adult locomotor behavior. We also show that Cnxsy cient activity to mediate locomotor activity.

expression is precisely tuned in neurons for the control of

locomotor activity. These observations uncover a critiol for

Cnx in neurons, albeit a glial-mediated myelination defbat Para as a Glycosylated Substrate for Cnx

been reported focnxde cient mice (Denzel et al., 2002; Kraus in Controlling Locomotor Behavior

etal., 201} Intriguingly, no signi cant ensheathment phenotype Cnx is well-characterized for its function in nascent glyaatgin
was seen upon Cnx RNAIi expression as exemplied in oufolding and ER retention\{Villiams, 2006; Caramelo and Parodi,
study using the glial wrapping of embryonic peripheral nerves?008; Lederkremer, 2009; Maattanen et al., 2010; Benham,
a well-characterized model for studying glial ensheathinien 2019. Despite the fact that Cnx is a general chaperone and
Drosophila(data not shown;Banerjee and Bhat, 2008; Blauthregulates the stability of a number of substrates, our tesard

et al., 2012 Due to a lack of subsequent myelination process irprevious studies implicate that Para exhibits a role duringCn
Drosophilait is feasible to speculate that Cnx a ects myelinationmediated locomotor behavior. Interestingly, sodium chalsn
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FIGURE 6 | Cnx and Para regulate the latency time and mEJP frequen  cy during synaptic function. (A—-F)  Samples traces of EJPs and mEJPs were shown
for the following genotypes:Elavw w1118 Elaw cnxR¥2397  Elaw> cnxRL00740 | Elay> paraRPl3l, Elaws cnxR42397, paraRel3l, and Elaw cnxR100740: parare13l,
(G-J) Statistics for electrophysiological parameters such as mBE amplitude (mV, G), mEJP frequency (Hz, H), EJP amplitude¥, 1), and latency time (msec, J) were
shown. Note that mEJP frequency and the latency time were gegrally affected when Cnx or Para expression was downregulaed. A further decrease in mEJP
frequency (H) or increase in the latency timgJ) was detected when both cnx and para RNAi were expressed. p < 0.05, **p < 0.01, **p < 0.001, Data were shown
as mean SEM. At least 7 NMJs were analyzed and three independent expenents were performed for each genotype.

Frontiers in Molecular Neuroscience | www.frontiersin.gr 12 March 2017 | Volume 10 | Article 57



Xiao et al. Calnexin Mediates Paralytic Protein Levels

are heterotrimeric complexes composed af bl, and b2 with Cnx and ER-GFP signals around neuronal nuclei in the
subunits Catterall, 1988, 1992; Tejedor and Catterall, )988adult brains, suggesting that it is potentially under ERAD Cnx
and among them the subunits have been shown to undergoquality control. Our Co-IP analysis indicates that Cnx phyBjca
glycosylation as matured from the biosynthetic precursorah interacts with Para. Furthermore, Cnx interacts with syegtzed
brain neurons Echmidt and Catterall, 19%dn DrosophilaPara Para protein variants containing distinct glycosylated sijest
has also been predicted to contain multiple glycosylatioassit fails to bind to Para protein variant that does not contain
highly homologous to its mammalian counterpart (unpublishedany. These results imply that Para is a substrate for Cnx and
observations). Thus, with its glycosylation nature, Paravell — glycosylation at distinct sites on Para (namely Asn313, 328,
placed as a candidate for Cnx quality control during ER exit. 1463, and 1482) are required for Cnx-Para interaction.

Several lines of evidences support this hypothesis. First, Consistent with the hypothesis that Para is a Cnx substrate,
immunostaining experiments showed that Para co-localizesur results further suggest that Para protein levels were

FIGURE 7 | Schematic diagram on Cnx-mediated Para regulation i n two distinct modes.  Cnx regulates Para expression and function via two distinct
pathways. First, Cnx interacts with glycosylation sites ofPara, suggesting a regular quality control check-up poinini ER (A). In addition, Cnx C-terminal domain
buffers intracellular CZC ion levels, creating a CZ gradient both inside and outside plasma membrane and the ER embrane (B). This difference in CZ€ ion levels
in turn regulates the sodium ion ows via the sodium-calcium gchanger on the plasma membrane or promotes ER vesicular tfaking, both routes affecting Para
expression and function.
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signi cantly reduced in the absence of Cnx expressieig(re 2).  pivotal roles for the appearance of ghost boutons mediated by
It is likely that in the absence of Cnx, the ER quality controlPara activity, as exempli ed by the decrease in the ghostdyout
checkpoint gets loose, allowing the escape of incorrecttietbl number upon expression of botharaand cnx RNAI (Figure 5).
Para proteins. These malfunctioning Para proteins hindehwit Similar to the structural evidence, our electrophysiologydits
proper propagation of action potentials, thus leading to amalso indicated a Cnx-mediated presynaptic modulation on
enhanced defect in locomotor activity iknx and paradouble  Para activity as the mEJP frequency and the latency time
RNAI animals Figure 4). To our knowledge, a similar link has were both greatly aected in the absence of Cnx and Para
been established in mammals, where Cnx interacts with thexpression Kigure 6). These results provide the basis for our
transmembrane segments of the sodium channe}IN& and behavioral observation and implicate that Cnx and Para raigul
mediates its degradatiomniet al., 201 locomotor behavior by exerting a function in controllingrsptic

di erentiation and function.

Cnx Regulates Para Function via Calcium , ,
Buffering Cnx as a Player in Channelopathies:

In addition to the glycosylation-mediated interaction heten IMplication for Epilepsy

Cnx and Para, our results support an additional route for CnxChannelopathies such as human epilepsy are frequently
to regulate Para protein levels via its C-terminus. Overesgion ~ associated with dysfunction of voltage-gated sodium clesin
of a truncated Cnx protein containing only its C-terminal @hd among the most prevalent diseases in urgent need for
calcium-binding domain leads to a dramatic upregulation oftherapeutic solution. Modeling epilepsy usinBrosophila
Para protein levels. As the major lectin domain that mediate§incovers fundamental biological principles underlying the
Cnx and g|ycosy|ated substrate bmdmg resides in the NmeChanism of this diSQaS@irker etal., 2011a; Sun et al., 2)012
terminus, this result was unexpected and leads to the spéamlat For instance, a recent study has reported a knock-in mutation
that Cnx regulates intracellular a ion levels, concomitantly Of human sodium channel gen&SCNI1A into Drosophila
tunes sodium ion ows via a secondary source on the plasmBara and by introducing this mutation, temperature-induced
membrane like the sodium-calcium exchanger. By doing so, Cnseizure phenotype was detectegli(l et al., 2012 This result,
modulates Para function via regulating the dynamic of sadiu together with observations from a number of other studiess h
ion ows in the cell. |nteresting|y, previous report has Showndemonstrated thaDrOSOphileiS an excellent model for Studying
that Cnx acts as a calcium bu ering reagent ivosophilaeye ~ €pilepsy.

(Rosenbaum et al., 20pfhus, in addition to the glycosylation- ~ Dysregulation of Para function at higher temperature could
dependent interaction between Cnx and Para, our analysis ofuse irregular sodium-dependention ows and action potahti
Cnx C-terminus function o ers a second possibility on how Cnx Propagation, leading to abnormal rings of neurons as seisure
controls Para function Kigure 1). Taken together, our results Our ndings on how Cnx misexpression alters thgard!
suggest that Cnx regulates Para expression and functionvaia t Fecovery pro le indicate that Cnx participates in theard>™-
distinct pathways. First, Cnx interacts with glycosylatisites Mediated paralysis. Thepard®! results serve as good indicators
on Para, suggesting a regular quality control check-up pmint 0n how Cnx regulates Para function, a mechanism separable
ER. Alternatively, Cnx C-terminal domain might regulate ®ar from the glycosylation-dependent regulation as Para protein

expression by bu ering intracellular & ion levels Figure 7) mature and its disruption in function due to high temperatuse i
reversible in this scenario. Together with our ndings on tGax

_ ; ; ; C-terminus plays crucial roles in regulating Para proteirelsy

Cnx-Mediated Presynaptic Modulation on we conclude that Cnx, in addition to interact with glycosylat

Para Function ) ) ~ Para, also modulates the dynamic of the calcium and sodium ion
Our results on Para regulating synaptic growth and function s which in turn a ects Para function.

have suggested its critical role during synapse developrenta
dynamic, involved synaptic circuit, and hence the contmblle
behavior. As a sodium channel protein, Para controls neuronAAUTHOR CONTRIBUTIONS

excitability, a function re ected by behavioral parametsrgh . .
as the adult climbing and larval crawling (results in thigdy <% €C. TY, JO, YH, LX, and MH conceived and designed the

and data not shown). Yet, less is known about Para regulatioriudy- XX, CC, TY, JO, and MR performed the experiments. MH
on structural plasticity and synaptic remodeling. Our ndisg wrote the paper. All authors read and approved the manuscript.

using NMJ pinpoint clearly a role for Para to regulate the
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