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Ubiquitin Ligase RNF138 Promotes Episodic Ataxia Type
2-Associated Aberrant Degradation of Human Cav2.1
(P/Q-Type) Calcium Channels
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Voltage-gated CaV2.1 channels comprise a pore-forming �1A subunit with auxiliary �2� and � subunits. CaV2.1 channels play an essential
role in regulating synaptic signaling. Mutations in the human gene encoding the CaV2.1 subunit are associated with the cerebellar disease
episodic ataxia type 2 (EA2). Several EA2-causing mutants exhibit impaired protein stability and exert dominant-negative suppression of
CaV2.1 wild-type (WT) protein expression via aberrant proteasomal degradation. Here, we set out to delineate the protein degradation
mechanism of human CaV2.1 subunit by identifying RNF138, an E3 ubiquitin ligase, as a novel CaV2.1-binding partner. In neurons,
RNF138 and CaV2.1 coexist in the same protein complex and display notable subcellular colocalization at presynaptic and postsynaptic
regions. Overexpression of RNF138 promotes polyubiquitination and accelerates protein turnover of CaV2.1. Disrupting endogenous
RNF138 function with a mutant (RNF138-H36E) or shRNA infection significantly upregulates the CaV2.1 protein level and enhances
CaV2.1 protein stability. Disrupting endogenous RNF138 function also effectively rescues the defective protein expression of EA2 mu-
tants, as well as fully reversing EA2 mutant-induced excessive proteasomal degradation of CaV2.1 WT subunits. RNF138-H36E coexpres-
sion only partially restores the dominant-negative effect of EA2 mutants on CaV2.1 WT functional expression, which can be attributed to
defective membrane trafficking of CaV2.1 WT in the presence of EA2 mutants. We propose that RNF138 plays a critical role in the
homeostatic regulation of CaV2.1 protein level and functional expression and that RNF138 serves as the primary E3 ubiquitin ligase
promoting EA2-associated aberrant degradation of human CaV2.1 subunits.
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Introduction
Voltage-gated CaV2.1 (P/Q-type) Ca 2� channels are multisub-
unit membrane protein complexes comprising a principal voltage-

sensing, pore-forming �1A subunit in combination with auxiliary
�2� and � subunits (Catterall, 2000). CaV2.1 subunits are pre-
dominantly expressed in neurons and exhibit a subcellular local-

Received Oct. 2, 2016; revised Jan. 9, 2017; accepted Jan. 31, 2017.
Author contributions: C.-J.J., M.-C.H., and C.-Y.T. designed research; S.-J.F., C.-H.M., Y.-J.P., C.-M.L., Y.-C.F.,

Y.-C.L., S.-C.T., and M.-C.H. performed research; S.-J.F. and C.-Y.T. analyzed data; C.-J.J. and C.-Y.T. wrote the paper.
This work was supported by the Ministry of Science and Technology, Taiwan (Grant 105-2320-B-002-054-MY3 to

C.-Y.T.). We thank Dr. Shi-Chuen Miaw for assistance with yeast two-hybrid screening.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Chih-Yung Tang, Department of Physiology, College of Medicine,

National Taiwan University, Taipei, 10051 Taiwan. E-mail: tang@ntu.edu.tw.
DOI:10.1523/JNEUROSCI.3070-16.2017

Copyright © 2017 the authors 0270-6474/17/372485-19$15.00/0

Significance Statement

Loss-of-function mutations in the human CaV2.1 subunit are linked to episodic ataxia type 2 (EA2), a dominantly inherited disease
characterized by paroxysmal attacks of ataxia and nystagmus. EA2-causing mutants may exert dominant-negative effects on the
CaV2.1 wild-type subunit via aberrant proteasomal degradation. The molecular nature of the CaV2.1 ubiquitin–proteasome deg-
radation pathway is currently unknown. The present study reports the first identification of an E3 ubiquitin ligase for CaV2.1,
RNF138. CaV2.1 protein stability is dynamically regulated by RNF138 and auxiliary �2� and � subunits. We provide a proof of
concept that protecting the human CaV2.1 subunit from excessive proteasomal degradation with specific interruption of endog-
enous RNF138 function may partially contribute to the future development of a novel therapeutic strategy for EA2 patients.
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ization pattern involving axonal terminals and dendrosomatic
regions (Catterall et al., 2005). CaV2.1 channels play a critical role
in regulating neurotransmitter release from presynaptic termi-
nals, as well as generating dendritic Ca 2� transients and setting
the membrane excitability of dendrosomatic regions in postsyn-
aptic neurons (Pietrobon, 2010; Catterall, 2011; Higley and Sa-
batini, 2012).

Episodic ataxia type 2 (EA2) is a rare, dominantly inherited
cerebellar disease characterized by paroxysmal attacks of ataxia
and nystagmus that are usually precipitated by emotional stress,
physical exertion, or alcohol use; molecular genetic analyses in
human patients have linked EA2 to mutations in the CACNA1A
gene, which encodes the CaV2.1 subunit (Jen et al., 2004; Jen et al.,
2007). To date, �20 mutations in CaV2.1 subunits were identi-
fied from familial or sporadic EA2 patients, most of which are
nonsense (truncation) mutations, with the rest being missense
mutations or aberrant splicing (Baloh, 2012; Nachbauer et al.,
2014). So far, only a few missense EA2 mutations have been
shown to generate functional human CaV2.1 channels, all dis-
playing significantly smaller Ca 2� current amplitudes compared
with their wild-type (WT) counterpart, which implies that
virtually all EA2 mutations result in CaV2.1 proteins with loss-of-
function phenotypes (Pietrobon, 2010; Rajakulendran et al.,
2012).

The mechanisms underlying the EA2 dominant inheritance
pattern appear to vary among different types of CaV2.1 muta-
tions. Some of the truncated, nonfunctional EA2 mutants fail to
exert discernible effects on CaV2.1 WT, implying a mechanistic
role of haploinsufficiency in the pathophysiology of EA2 (Graves
et al., 2008; Mantuano et al., 2010; Wan et al., 2011), which may
result from nonsense-mediated mRNA decay triggered by the
truncated CaV2.1 transcripts (Veneziano et al., 2011). In contrast,
several lines of experimental evidence strongly suggest that some
other EA2 nonsense and missense mutants may exert significant
dominant-negative impacts on functional expression of WT
channels (Jouvenceau et al., 2001; Page et al., 2004; Jeng et al.,
2006; Raike et al., 2007; Jeng et al., 2008; Mezghrani et al., 2008;
Page et al., 2010; Dahimene et al., 2016). Overall, the results from
these studies suggest that misfolded EA2 mutants may exert their
dominant-negative effects by disrupting the biosynthesis of
CaV2.1 WT subunits via such mechanisms as unfolded protein
response, endoplasmic reticulum (ER) retention, impaired
membrane trafficking, or enhanced protein degradation.

Upon failing to pass the stringent scrutiny imposed by the ER
quality control system, misfolded proteins are subject to ubiquiti-
nation and proteasomal degradation, a process known as ER-
associated degradation (ERAD) (Vembar and Brodsky, 2008;
Claessen et al., 2012). The notion that EA2-causing mutations
may instigate ERAD of CaV2.1 subunits (Mezghrani et al., 2008)
is very interesting in that it highlights the mechanistic role of the
ubiquitin–proteasome system in the molecular pathophysiology
of EA2. Moreover, given that neurotransmitter release probabil-
ity is critically determined by the abundance of voltage-gated
Ca 2� channels at active zones (Holderith et al., 2012; Hoppa et
al., 2012; Sheng et al., 2012), the ubiquitin–proteasome system
may control surface expression of CaV2.1 channels at presynaptic
terminals and thereby contribute to homeostatic regulation of
synaptic transmission. The molecular nature of CaV2.1 ubiq-
uitin–proteasome degradation pathway is currently unknown.
Here, we address this critical issue by identifying RNF138, a
RING (Really Interesting New Gene) finger E3 ubiquitin ligase, as
a novel binding partner of CaV2.1 subunits in neurons. Biochem-
ical analyses reveal that RNF138 regulates the polyubiquitination

and protein stability of CaV2.1. Moreover, we present evidence
showing that RNF138 mediates aberrant protein degradation of
EA2 mutants and contributes to the dominant-negative effects of
EA2 mutants on CaV2.1 WT. Our data are consistent with the
idea that RNF138 serves an E3 ubiquitin ligase for the homeo-
static regulation of CaV2.1.

Materials and Methods
cDNA constructs. The cDNAs for Ca 2� channel �1 subunits used in the
study include human long-isoform �1A (CaV2.1; AF004884; kindly pro-
vided by Dr. Joanna Jen, UCLA; Jen et al., 2001), human short-isoform
�1A (CaV2.1-Short; AF004883; kindly provided by Dr. Jörg Striessnig,
University of Innsbruck; Wappl et al., 2002), rat �1C (CaV1.2; M67515;
kindly provided by Dr. Gerald Obermair, Medical University of Inns-
bruck; Obermair et al., 2004), and bovine �1B (CaV2.2; AF173882; kindly
provided by Dr. Aaron Fox, University of Chicago, and Dr. Chien-Yuan
Pan, National Taiwan University; Cahill et al., 2000). Myc-tagged (C
terminus) CaV2.1 constructs (CaV2.1-6myc) was created by subcloning
CaV2.1 cDNA into a modified pcDNA3 vector (Invitrogen) with six re-
peats of Myc sequences right before the stop codon. The generation of
GFP-tagged (N terminus) CaV2.1 was described previously (Jeng et al.,
2008). cDNAs for human RNF128 and RNF138, as well as rat RNF138,
were subcloned into the pcDNA3-Myc vector (Invitrogen). Other
cDNAs include human Ca 2� channel auxiliary subunits �2� and �4a

(NM_000722 and U95020; from Dr. Jen), bovine �1b and �2a (AF174415
and AF174417; from Dr. Fox), HA-tagged human wild-type and lysine-
less ubiquitin (HA-Ub-WT and HA-Ub-K0; kindly provided by Dr.
Chihiro Sasakawa, University of Tokyo). Where indicated, additional
tagged or mutation constructs were created by introducing specific se-
quences into appropriate regions within the cDNAs using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene), followed by DNA sequence
verification.

Yeast two-hybrid screening. The distal C-terminal region of human
long-isoform �1A (CaV2.1-C-ter; aa 2204 –2510) was used as a bait to
screen a rat brain cDNA library (OriGene) by using the DupLEX-A yeast
two-hybrid system (OriGene). The cDNA for the CaV2.1-C-ter fragment
was amplified by PCR and fused in-frame to the coding sequence for the
DNA-binding protein LexA, which was in turn subcloned into the yeast
expression plasmid pGilda and transformed (using the lithium acetate
method) into the yeast strain EGY48 that contains the reporter gene
LEU2 downstream of the LexA operator. To make certain that the LexA-
CaV2.1-C-ter fusion protein was efficiently expressed in EGY48, trans-
formed EGY48 yeast colonies were also cultured at 30°C in 4 ml of YPD
rich medium harvested right before the colony density reached the OD600

value of 0.6, lysed in 20 �l of B-PER reagent (Pierce), and eventually
subjected to immunoblotting analyses (Fig. 1A). The LexA-CaV2.1-C-
ter-expressing EGY48 was then sequentially transformed with the re-
porter plasmid pSH18 –34 (containing the LexA operator-lacZ fusion
gene) and an activation-domain-fused cDNA library subcloned in the
plasmid pJG4 –5. After incubating at 30°C for 2–7 d, transformed yeast
colonies growing on leucine dropout plates were scored positive for in-
teracting proteins. Positive yeast colonies were further selected by
�-galactosidase assay. Plasmid DNA extracted from yeast colonies was
applied to transform the E. coli strain DH5�. Candidate cDNA clones
were screened by PCR with pJG4 –5-specific primers, followed by online
(BLAST) and in-house sequence analyses. Of �490 candidate clones
obtained with the bait, we identified 67 independent prey clones that
were tested positive for CaV2.1 interactions. These 67 independent prey
clones correspond to the partial or full amino acid sequences of �30
distinct proteins.

Glutathione S-transferase (GST) pull-down assays. GST fusion proteins
were produced and purified following the manufacturer’s instructions
(Stratagene). In brief, the cDNA fragments for human long-isoform �1A

N-terminal region (CaV2.1-N-ter; aa 1–99), transmembrane domains I
and II linker (CaV2.1-I-II; aa 361– 487), transmembrane domains II and
III linker (CaV2.1-II-III; aa 715–1245), transmembrane domains III and
IV linker (CaV2.1-III-IV; aa 1512–1567), proximal C-terminal region
(CaV2.1-pC-ter; aa 1816 –2203), and distal C-terminal region (CaV2.1-
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C-ter; aa 2204 –2510) were subcloned into the pGEX vector (GE
Healthcare) and expressed in the E. coli strain BL21. Bacterial cultures
were grown at 30°C, induced with 0.1 mM isopropyl-�-D-thiogalac-
topyranoside, and then harvested by centrifugation at 8000 � g for 10
min at 4°C. Cell pellets were resuspended in B-PER reagent (Pierce)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and a protease
inhibitor mixture (Roche Applied Science). The lysates were clarified by
centrifugation at 15,000 � g for 15 min, and glutathione-agarose beads
(Sigma-Aldrich) were used to bind the GST fusion proteins from the
supernatant. GST protein-coated beads (4 – 8 �g) were incubated with
precleared cell lysates at 4°C overnight. The bead–protein complexes
were then washed with buffer A containing the following (in mM): 100
NaCl, 4 KCl, 2.5 EDTA, 20 NaHCO3, 20 Tris-HCl, pH 7.5, 1 PMSF, 1
Na3VO4, 1 NaF, and 1 �-glycerophosphate with and without 1% Triton
X-100 and the proteins were eluted by boiling for 5 min in the Laemmli
sample buffer.

Cell culture and DNA transfection. Human embryonic kidney (HEK)
293T cells (RRID:CVCL_0063) or neuroblastoma NT2 cells (RRID:
CVCL_0034; kindly provided by Dr. Thai-Yen Ling, National Taiwan
University) were grown in DMEM supplemented with 2 mM glutamine,
10% heat-inactivated fetal bovine serum (Hyclone), 100 units/ml peni-
cillin, and 50 �g/ml streptomycin and maintained at 37°C in a humidi-
fied incubator with 95% air and 5% CO2. Transient transfection was
performed by using the Lipofectamine 2000 (LF2000) reagent (Invitro-
gen). Briefly, cells were plated onto six- or 12-well plates (for biochemical
experiments) or poly-D-lysine-coated coverslips in 24-well plates (for
electrophysiological recordings) 24 h before transfection. Various ex-
pression constructs were incubated with LF2000 reagent for 20 min at
room temperature and DNA-Lipofectamine diluted in Opti-MEM (In-
vitrogen) was applied to culture wells. After 6 h of incubation at 37°C, the
medium was changed and the culture cells were maintained in a humid-
ified 5% CO2 incubator at 37°C for 24 – 48 h before being used for bio-
chemical or electrophysiological experiments. For immunoprecipitation
and ubiquitination experiments, transfected HEK293T cells were incu-
bated in the presence of 10 �M MG132 (Sigma-Aldrich) for 24 h.

Immunoblotting. Transfected cells were washed twice with ice-cold
PBS containing the following (in mM): 136 NaCl, 2.5 KCl, 1.5 KH2PO4,

and 6.5 Na2HPO4, pH 7.4, centrifuged, and resuspended in a lysis buffer
containing the following (in mM): 150 NaCl, 5 EDTA, and 50 Tris-HCl,
pH 7.6, 1% Triton X-100 containing a protease inhibitor mixture. After
adding the Laemmli sample buffer to the lysates, samples were sonicated

on ice (3 times for 5 s each) and heated at 70°C for 5 min. Samples were
then separated by 7.5–10% SDS-PAGE, electrophoretically transferred to
nitrocellulose membranes, and detected using mouse anti-�-actin (1:
5000; Millipore catalog #MAB1501, RRID:AB_2223041), rabbit anti-
human CaV2.1-CT [1:2500; the C-terminal region (aa 2369 –2473) of
human CaV2.1 long-isoform], rabbit anti-human CaV2.1-(II-III) [1:
2500; the linker region (aa 888 –904) between transmembrane domains
II and III of human CaV2.1], rabbit anti-rat CaV2.1 (1:200; Alomone
Laboratories catalog #ACC-001, RRID:AB_2039764), rabbit anti-Flag
(1:5000; Sigma-Aldrich catalog #F7425, RRID:AB_439687), rabbit anti-
GAPDH (1:8000; GeneTex catalog #GTX100118, RRID:AB_1080976),
rabbit anti-GFP (1:2500, Abcam catalog #ab290, RRID:AB_303395),
mouse anti-GST tag (1:5000; Eno-Gene catalog #E12-007), rat anti-HA
(1:5000; Roche catalog #11867423001, RRID:AB_10094468), rabbit anti-
LexA (1:5000; Millipore catalog #06-719, RRID:AB_310223), mouse
anti-Myc (1:5000; clone 9E10), mouse anti-postsynaptic density-95
(anti-PSD-95, 1:5000; UC Davis/NIH NeuroMab Facility catalog #75-
028, RRID:AB_2307331), rabbit anti-RNF138 (1:200; Abcam catalog
#ab92730, RRID:AB_2238719), mouse anti-synaptophysin (1:5000; clone
6D5AC4), rabbit anti-�-tubulin (1:5000; GeneTex catalog #GTX112141,
RRID:AB_10722892), or mouse anti-ubiquitin (1:1000; Enzo Life Sci-
ences catalog #BML-PW8810, RRID:AB_10541840) antibodies. Blots
were then exposed to horseradish-peroxidase-conjugated goat anti-
mouse IgG (1:5000; Jackson ImmunoResearch catalog #115-035-003,
RRID:AB_10015289), goat anti-rabbit IgG (1:5000; Jackson ImmunoRe-
search catalog #111-035-003, RRID:AB_2313567), or goat anti-rat IgG
(1:5000; Santa Cruz Biotechnology catalog #sc-2032, RRID:AB_631755)
and revealed by an enhanced chemiluminescence detection system
(Thermo Scientific). Results shown are representative of at least three
independent experiments. Densitometric scans of immunoblots were
quantified with ImageJ (RRID:SCR_003070).

Immunoprecipitation. Cells were solubilized in ice-cold lysis buffer
containing the protease inhibitor mixture. Insolubilized materials were
removed by centrifugation. Solubilized HEK293T cell lysates or brain
homogenates were precleared with protein A/G Sepharose beads (GE
Healthcare Biosciences) for 1 h at 4°C and then incubated for 16 h at 4°C
with protein A/G Sepharose beads precoated with appropriate antibod-
ies. Beads were gently spun down and washed twice in a wash buffer
containing the following (in mM): 100 NaCl, 4 KCl, 2.5 EDTA, 20
NaHCO3, and 20 Tris-HCl, pH 7.5, supplemented with 0.1% Triton
X-100 and then twice with the wash buffer. The immune complexes were

Figure 1. RNF138 is a novel binding partner of CaV2.1 subunit. A, Bait construct for yeast two-hybrid screening comprises the pGilda plasmid containing the DNA-binding protein LexA fused
in-frame with the distal C-terminal region (CaV2.1-C-ter) of human CaV2.1 long-isoform. Expression of the LexA-CaV2.1-C-ter fusion protein was only detected in EGY48 yeasts transformed with the
bait-containing pGilda plasmid (LexA-CaV2.1-C-ter), but not with the pGilda vector per se (Vector). Protein samples (10 �l) were examined by immunoblotting with the anti-LexA (�-LexA) or
anti-human CaV2.1 C-terminal (�-CaV2.1-CT) antibodies. Molecular weight marker (kDa) is labeled to the left. B, GST pull-down assay. Left, Association of Myc-tagged rat RNF138 (Myc-RNF138)
with the GST fusion protein comprising the CaV2.1-C-ter fragment (GST-CaV2.1-C-ter), but not with the GST protein per se. Right, Additional assays with GST-CaV2.1 fusion proteins comprising CaV2.1
N-terminal region (CaV2.1-N-ter), domains I and II linker (CaV2.1-I-II), domains II and III linker (CaV2.1-II-III), domains III and IV linker (CaV2.1-III-IV), or proximal C-terminal region (CaV2.1-pC-ter).
Lysates from HEK293T cells overexpressing Myc-RNF138 were used for GST pull-down assay, followed by immunoblotting with the anti-Myc antibody (�-Myc). GST and GST-CaV2.1 fusion proteins
were detected with the anti-GST antibody (�-GST). Input represents �1% of total cell lysate volume. Arrowheads denote the location of GST or GST-CaV2.1 fusion protein bands. C, Coimmuno-
precipitation of Myc-RNF138 with the human CaV2.1 long-isoform (CaV2.1-WT). Coexpression with the Myc vector was used as the control. HEK293T cell lysates were immunoprecipitated (IP) with
�-Myc, followed by immunoblotting with �-Myc or the anti-human CaV2.1 C-terminal antibody (�-CaV2.1-CT). The apparent molecular weight of human CaV2.1 long-isoform is �280 –290 kDa.
Corresponding expression levels of human CaV2.1 and Myc-RNF138 in the lysates are shown in the “input” lane. Hereafter, input represents �10% of the total protein used for immunoprecipitation.
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eluted from the beads by heating at 70°C for 5 min in the Laemmli sample
buffer.

Rat brain lysates and subcellular fractionation. All animal procedures
are in accordance with the Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research (National Research Council, 2003)
and approved by the Institutional Animal Care and Use Committee of
the College of Medicine, National Taiwan University.

Forebrains from adult Sprague Dawley rats (RRID:RGD_5508397)
were homogenized with a motor driven glass-Teflon homogenizer in
ice-cold dissociation buffer containing the following (in mM): 320 su-
crose, 1 MgCl2, 0.5 CaCl2, 1 NaHCO3, 1 PMSF, and 1 mg/L leupeptin)
and the cell debris was removed by centrifugation at 1400 � g for 10 min.
The supernatant was saved and the pellet was resuspended by homoge-
nization in ice-cold dissociation buffer and pelleted again. The remaining
pellet was discarded and the combined supernatants were pelleted
(13,800 � g for 10 min) again. The final pellet was resuspended in buffer
A supplemented with 1% Triton X-100 and protease inhibitor mixture.

For subcellular fractionation, rat forebrains were homogenized in buf-
fer H1 containing the following (in mM): 320 sucrose, 1 NaHCO3, 0.5
CaCl2, and 0.1 PMSF, along with protease inhibitor mixture, and centri-
fuged at 1400 � g to remove nuclei and other large debris (P1). The S1
fraction was subject to centrifugation at 13,800 � g to obtain the crude
synaptosome fraction (P2). The pellet was resuspended in buffer H2
containing the following (in mM): 0.32 M sucrose and 1 mM NaHCO3,
and layered onto the top of the discontinuous sucrose density gradient by
using 0.85, 1.0, and 1.2 M sucrose layers. The gradient was centrifuged at
65,000 � g for 2 h in a Beckman Instruments SW-28 rotor and the
synaptosomal fraction (SPM) was recovered from the 1.0 –1.2 M sucrose
interface. The synaptosomal fraction was extracted in ice-cold 0.5% Tri-
ton X-100/50 mM Tris-HCl, pH 7.9, for 15 min and centrifuged at
32,000 � g for 45 min to obtain the PSD I pellet. The pellet was resus-
pended and further extracted a second time with 0.5% Triton X-100/50
mM Tris-HCl, pH 7.9, followed by centrifugation at 200,000 � g for 45
min to obtain the PSD II pellet. Protein concentration was determined by
the BCA protein assay kit (Thermo Scientific). For immunoblotting, 40
�g (H, S1, P2, and SPM) or 20 �g (SPM, PSD I, and PSD II) of proteins
were used.

Cortical neuron cultures. Dissociated cortical cultures were prepared
using a previously described protocol (Banker and Goslin, 1998) with a
minor modification. In brief, the forebrains of embryonic day 18 em-
bryos isolated from pregnant rats were removed and placed in Hank’s
balanced salt solution containing 10 mM HEPES, pH 7.4, and 1 mM

sodium pyruvate. The cortex was dissected out and dissociated by incu-
bation with 0.25% trypsin solution. The dissociated cells were plated on
coverslips at a density of �160 and 800 cells/mm 2 for immunofluores-
cence and immunoblotting, respectively. Coverslips were precoated with
poly-D-lysine (1 mg/ml; Sigma-Aldrich) and laminin (15 �g/ml; Sigma-
Aldrich). Cultures were maintained in Neurobasal medium supple-
mented with B27 (2%) and Glutamax I (0.5 mM; Invitrogen).

Immunofluorescence. Coverslips containing cortical neurons were rinsed
in PBS and then fixed with methanol (at 4°C) or 4% paraformaldehyde (at
room temperature) in PBS for 20 min. Cells were then permeabilized and
blocked with a blocking buffer [5% normal goat serum in 20 mM phosphate
buffer, pH 7.4, 0.1% (v/v) Triton X-100, and 0.45 M NaCl] for 60 min at 4°C.
Appropriate dilutions of primary antibodies were applied in the blocking
buffer overnight at 4°C. Immunoreactivities were visualized with goat-anti-
mouse antibodies conjugated to Alexa Fluor 568 (1:200; Invitrogen catalog
#A11004, RRID:AB_141371) or with goat anti-rabbit antibodies conjugated
to Alexa Fluor 488 (1:200; Invitrogen catalog #A11008, RRID:AB_143165).
The fluorescence images were viewed and acquired with a Leica TCS SP5
laser-scanning confocal microscope. To quantify the number of protein
clusters per fixed length of neurites in cultured cortical neurons, built-in “set
scale” and “freehand tool” functions of ImageJ were used to trace multiple
100 �m neurite segments, followed by counting the CaV2.1/RNF138/
synaptophysin/PSD-95 puncta within each 100 �m neurite segment. Colo-
calization of CaV2.1/RNF138 (green punctate pixels) with synaptophysin/
PSD-95 (red punctate pixels) puncta was expressed as the fraction of puncta
identified as both green and red punctate pixels within each 100 �m neurite
segment.

RNA interference. Lentivirus-based shRNA constructs (subcloned into the
pLKO.1 vector) targeting specific human RNF138 (RNF138-1: 5�-
CCTAGCCAGATTACCAGAAAT-3�; RNF138-2: 5�-GCTAGATGAA
GAAACCCAATA-3�) and CaV2.1 (5�-CCCTCAGGTTATTGCGTATTT-
3�) sequences were purchased from the National RNAi Core Facility, Tai-
wan. The shRNA for GFP (5�-GACCACCCTGACCTACGGCGT-3�) was
used as a control. Recombinant lentivirus was generated by transfecting
HEK293T cells with the packaging plasmid pCMV-�R8.91, the envelope
plasmid pMD.G, and shRNA expressing constructs. The virus-containing
supernatant was harvested and concentrated by ultracentrifugation to yield
the viral stock, which in turn was supplemented with 8 �g/ml polybrene for
infection of HEK293T, NT2, or cortical cells. The infected cells were selected
by 5 �g/ml puromycin and subsequently transfected with the cDNA for
CaV2.1. For suppressing endogenous CaV2.1/RNF138 in cultured cortical
neurons, 9 d in vitro (DIV9) neurons were infected with shRNA. After pu-
romycin selection, infected DIV12 neurons were subject to immunoblotting
analyses.

RT-PCR. RNA was extracted from HEK293T cells or cortical neurons
with TRIzol (Sigma-Aldrich), followed by phenol/chloroform separation.
To eliminate potential plasmid DNA contamination in the RNA prepared
from HEK293T cells transfected with CaV2.1, we performed DNase I (Pro-
mega) treatment as a control experiment. RNA was reverse transcribed into
cDNA using High-Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor (Thermo Scientific). The reaction mixture was incubated at 25°C
and 37°C for 10 min and 120 min, respectively, followed by heating to 85°C
for 5 min. PCR amplification with Taq polymerase (Bioman) was performed
as follows: 95°C for 5 min; nonsaturating 20 (HEK293T cells) or 25 (cortical
neurons) cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and a
final extension at 72°C for 7 min. The specific primers used for PCRs are as
follows: HEK293T cells, CaV2.1 forward (5�-TGGAATCAGCGTGTTAC
GAG-3�) and reverse (5�-GCGGACAGAGGACTCACTTC-3�); cortical
neurons, CaV2.1 forward (5�-TGGAATCAGCGTGTTACGAG-3�), and re-
verse (5�-GCAGACAGGGGACTCACTTC-3�); and GAPDH forward (5�-
CAAGGTCATCCATGACAACTTTG-3�), and reverse (5�-GTCCACC
ACCCTGTTGCTGTAG-3�). The predicted sizes of the amplified PCR frag-
ment for CaV2.1 and GAPPDH are �500 and 496 bp, respectively. RT-PCR
products were resolved by electrophoresis in 1.7% agarose gels, followed by
quantification with ImageJ.

Cycloheximide chase. At 24 h after transfection, cells were subjected to
treatment with the protein synthesis inhibitor cycloheximide (100 �g/ml;
Sigma-Aldrich) for 0–6 h, followed by immunoblotting. Quantitative anal-
yses of protein degradation time course under various coexpression condi-
tions were implemented by standardizing CaV2.1 protein densities in
response to different CHX treatment durations as the ratio of CaV2.1 signal
to the cognate tubulin signal, followed by normalization to the correspond-
ing vector control at 0 h. The logarithmic value of normalized attenuation of
CaV2.1 protein density was in turn plotted against a linear scale of CHX
treatment duration (the semilogarithmic plot). The CaV2.1 protein half-life
value was then derived from single/double linear-regression analysis of the
semilogarithmic plot. For a given experimental condition with multiple re-
peats, an individual CaV2.1 protein half-life value was determined from each
single trial, followed by data pooling and statistical analyses.

Protein ubiquitination analyses. Cells were solubilized in lysis buffer
supplemented with 2.5 mg/ml N-ethylmaleimide, followed by immuno-
precipitation with the anti-Myc antibody as described above. To facilitate
the visualization of ubiquitination signals associated with proteins of
high molecular weight, a 7% SDS-PAGE protocol involving a gel running
time over 2 h was used.

Biotinylation of cell surface proteins. Transfected cells were washed ex-
tensively with D-PBS (Sigma-Aldrich) supplemented with 0.5 mM CaCl2,
2 mM MgCl2, followed by incubation in 1 mg/ml sulfo-NHS-LC-biotin
(Thermo Scientific) in D-PBS at 4°C for 1 h with gentle rocking. Biotiny-
lation was terminated by removing the biotin reagents and rinsing three
times with 100 mM glycine in PBS, followed by once in TBS buffer con-
taining the following (in mM): 20 Tris-HCl and 150 NaCl, pH 7.4. Cells
were solubilized in a lysis buffer containing the following (in mM): 150
NaCl, 50 Tris-HCl, 1% Triton X-100, 5 EDTA, 1 PMSF, pH 7.6 supple-
mented with the protease inhibitor mixture. Insolubilized materials were
removed by centrifugation. Solubilized cell lysates were incubated over-
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night at 4°C with streptavidin-agarose beads (Thermo Scientific). Beads
were washed once in the lysis buffer, followed by twice in a high-salt
buffer containing the following (in mM): 500 NaCl, 5 EDTA, 50 Tris-HCl,
pH 7.6, 0.1% Triton X-100 and once in a low-salt buffer containing the
following (in mM): 2 EDTA, 10 Tris-HCl, pH 7.6, 0.1% Triton X-100. The
biotin–streptavidin complexes were eluted from the beads by heating at
70°C for 5 min in the Laemmli sample buffer.

Electrophysiological recordings. Both Xenopus oocytes and HEK293T
cells were used for functional studies of human CaV2.1 currents. For in
vitro transcription, cDNAs were linearized with appropriated restriction
enzymes as described previously (Jeng et al., 2006). Capped cRNAs were
transcribed from the linearized cDNA template with the mMessage
mMachine T7 kit (Ambion). For cRNA injection, adult female Xenopus
laevis (African Xenopus Facility) were anesthetized by immersion in ice
water containing Tricaine (1.5 g/L). Ovarian follicles were removed from
Xenopus frogs, cut into small pieces, and incubated in the ND96 solution
containing the following (in mM): 96 NaCl, 2 KCl, 1.8 MgCl2, 1.8 CaCl2,
and 5 HEPES, pH 7.2. To remove the follicular membrane, Xenopus
oocytes were incubated in the Ca 2�-free ND96 solution containing col-
lagenase (2 mg/ml) on an orbital shaker (�200 rpm) for �60 –90 min at
room temperature. After several washes with collagenase-free, Ca 2�-free
ND96, oocytes were transferred to ND96. Stage V–VI Xenopus oocytes
were then selected for cRNA injection. Unless stated otherwise, cRNAs
(and cDNAs) for �1A, �2�, and �4 were mixed in a molar ratio of 1:2:2
and the final injection amounts (total volume: 41.4 nl) for �1A, �2, and �4

cRNAs were �3.8 ng, �3.8 ng, and �1.9 ng per oocyte, respectively.
Injected oocytes were stored at 16°C in ND96. 2–3 d after cRNA injec-
tion, Xenopus oocytes were transferred into a recording bath (�200 �l)
containing the following (in mM): 40 Ba(OH)2, 50 NaOH, 2 CsOH, 5
HEPES, and 0.4 niflumic acid, pH 7.4 with methanesulfonic acid. An
agarose bridge was used to connect the bath solution to a ground cham-
ber (containing 3 M KCl), into which two ground electrodes were in-
serted. Borosilicate electrodes (0.1–1 M�) used in voltage recording and
current injection were filled with 3 M KCl. Ba 2� currents through CaV2.1
channels were acquired using the conventional two-electrode voltage-
clamp technique with an OC-725C oocyte clamp (Warner Instruments).

Conventional whole-cell patch-clamp technique was performed in
HEK293T cells. Transfected cells were identified by GFP fluorescence (the
cDNAs for CaV2.1 and pEGFP were cotransfected in the molar ratio 1:0.05)
with an inverted fluorescence microscope (Leica DM IRB). Recording elec-
trodes (2–4 M�) were pulled by a PP-830 puller (Narashige). The pipette
solution contained the following (in mM): 145 CsCl, 3 MgCl2, 5 EGTA, 10
HEPES, 2 Mg-ATP, and 0.4 Na-GTP, pH 7.3. The bath solution contained
the following (in mM): 10 BaCl2, 135 TEA � Cl, 4 KCl, 1 MgCl2, and 10
HEPES, pH 7.2. Data were acquired and digitized with Axopatch 200B and
Digidata 1440A, respectively, via pCLAMP 10.2 (Molecular Devices, RRID:
SCR_011323). Cell capacitances were measured using the built-in functions
of pCLAMP 10.2 and were compensated electronically with Axopatch 200B.
The holding potential was set at 	90 mV and passive membrane properties
were compensated using the 	P/4 leak subtraction method provided by the
pCLAMP software. Data were sampled at 10 kHz and filtered at 1 kHz. All
recordings were performed at room temperature (20–22°C).

To avoid the potential biases imposed by variations in CaV2.1 WT
channel expression among different oocytes, we adopted a previously
reported data normalization procedure (Jeng et al., 2006). Briefly, for the
same batch of oocytes on a given day of experimentation, the average
value of the peak Ba 2� current amplitudes of CaV2.1 WT channels under
each coexpression condition was normalized to that of CaV2.1 WT vector
control. Normalized data from different batches of Xenopus oocytes on
different dates were later pooled together for comprehensive analysis. A
similar Ba 2� current density normalization and data pooling strategy
was also applied to the HEK293T cell system

Statistical analyses. All values are presented as mean 
 SEM. The sig-
nificance of the difference between two means was tested using Student’s
t test, whereas means from multiple groups were compared using one-
way ANOVA analysis. All statistical analyses were performed with Origin
version 7.0 (Microcal Software, RRID:SCR_002815).

Results
Interaction and colocalization of RNF138 with CaV2.1
in neurons
In the human brain, a short and a long CaV2.1 subunit splice
variant, with a difference in the size of the cytoplasmic C-terminal
region by �234 aa, are generated by the differential use of the
splice acceptor at the boundary of intron 46 and exon 47 of the
CACNA1A gene: the short CaV2.1 isoform contains a stop codon
immediately after exon 46, whereas the long isoform contains a
much longer C-terminal tail encoded by exon 47 (Soong et al.,
2002; Adams et al., 2009; Lipscombe et al., 2013). In the mamma-
lian expression system, EA2 mutant-induced dominant-negative
effects were reported previously for both the short and the
long CaV2.1 isoforms (Jeng et al., 2008; Mezghrani et al., 2008).
Because approximately two-thirds of the transcripts of the
CACNA1A gene in the human cerebellum are composed of the
long isoform (Soong et al., 2002), herein we focus on the long
CaV2.1 isoform.

We performed yeast two-hybrid screening of a rat brain cDNA
library with a bait vector encoding the distal C-terminal region
(CaV2.1-C-ter) of the long isoform of human CaV2.1 subunit (see
Materials and Methods for more details) and obtained a total of
67 independent prey clones, including two previously reported
CaV2.1-interacting proteins: endophilin and RIM-binding pro-
tein (Chen et al., 2003; Kaeser et al., 2011). Importantly, we iden-
tified RNF138 as a potential binding partner of CaV2.1. RNF138,
also known as NARF, contains a RING finger domain near its N
terminus (Anderson et al., 2010) and was demonstrated to be an
E3 ubiquitin ligase negatively regulating the Wnt-�-catenin sig-
naling pathway in Xenopus embryos (Yamada et al., 2006). In
neurons, RNF138 may serve as a binding partner of the small
integrin-binding ligand osteopontin (Long et al., 2012). More-
over, RNF138 appears to contribute to tumorigenesis of gliomas
and regulation of cell death (Anderson et al., 2010; Zhou et al.,
2012; Brooks et al., 2014). Overall, little is known about the mo-
lecular nature of RNF138 substrate proteins in the brain.

We verified the interaction between RNF138 and CaV2.1 with a
GST pull-down assay using a GST fusion protein comprising the
CaV2.1-C-ter fragment (Fig. 1B, left). Moreover, systemic pull-down
assays with GST fusion proteins comprising additional intracellular
domains of CaV2.1 indicate that the N-terminal region and the linker
connecting transmembrane domains II and III of CaV2.1 also con-
tribute to the RNF138 interaction (Fig. 1B, right). The interaction
between RNF138 and CaV2.1 was further confirmed by immuno-
precipitation experiment with the full-length human CaV2.1 subunit
(Fig. 1C) in the HEK293T heterologous expression system.

Figure 2A shows that, in rat forebrain lysates, endogenous
RNF138 was coimmunoprecipitated with CaV2.1, consistent with
the idea that the two molecules coexist in the same protein com-
plex in native neurons. We also examined the subcellular local-
ization of these proteins in neurons by performing sucrose
gradient centrifugation analyses of rat forebrain homogenates. In
the synaptic region, CaV2.1 channels are localized at both presyn-
aptic axon terminals and postsynaptic dendritic spines (Westen-
broek et al., 1995; Sakurai et al., 1996; Koester and Sakmann,
2000; Lee et al., 2002; Kulik et al., 2004). As depicted in Figure 2B,
both RNF138 and CaV2.1 are highly enriched in the SPM frac-
tion, as well as in the SPM subfractions PSD I and PSD II, imply-
ing a colocalization of the two proteins at presynaptic and
postsynaptic compartments. Moreover, we studied the subcellu-
lar localization of RNF138 and CaV2.1 in cultured cortical neu-
rons prepared from rat embryos. Figure 2C demonstrates that,
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Figure 2. Colocalization of RNF138 and CaV2.1 in neurons. A, Interaction of rat CaV2.1 and RNF138 in the brain. Top, Verification of the specificity of the anti-rat CaV2.1 antibody (�-rCaV2.1). Rat
CaV2.1 protein detection was prevented by preabsorbing the immunoblot with a control antigen peptide. Endogenous CaV2.1 in the rat brain comprises a major isoform with an apparent molecular
weight of �190 kDa (labeled with black arrows), as well as a minor isoform of �220 kDa (Sakurai et al., 1995; Westenbroek et al., 1995). Bottom, Coimmunoprecipitation of endogenous RNF138
with CaV2.1. Rat forebrain lysates were immunoprecipitated with �-rCaV2.1 or the rabbit IgG. The protein band corresponding to rat RNF138 is highlighted with black arrowhead. B, Colocalization
of rat CaV2.1 and RNF138 at presynaptic and postsynaptic compartments. Subcellular fractionation separated rat brains into homogenate (H), soluble (S1), crude membrane (P2), synaptosomal
(SPM), and two postsynaptic density (PSD I, PSD II) fractions. Synaptophysin and PSD-95 serve as the presynaptic and the postsynaptic markers, respectively. The terms 40 �g and 20 �g refer to the
amount of total protein loaded in each lane. C, Developmental protein expression patterns of rat CaV2.1 and RNF138 in cultured cortical neurons with different (Figure legend continues.)
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comparing neurons at different days in culture, the protein ex-
pression level of RNF138 gradually increased from DIV3 and
appeared to stabilize by DIV12. In contrast, CaV2.1 expression
was not observed until DIV9. We therefore chose DIV10 neurons
for further morphological analyses. In addition to the antigen
peptide preabsorption experiment in brain lysates (Fig. 2A), the
specificity of the anti-rat CaV2.1 antibody was further verified in
cultured neurons subjected to shRNA suppression of endoge-
nous CaV2.1 level (Fig. 2D). In brain sections, CaV2.1 subunits are
characterized by a distinct punctate immunostaining pattern
that reflects their abundant localization at synapses (Westen-
broek et al., 1995; Sakurai et al., 1996; Lee et al., 2002). Figure
2E exemplifies the immunofluorescence signals of endogenous
CaV2.1 and RNF138 in cultured cortical neurons. Consistent with
previous findings in brain sections, CaV2.1 subunits in both den-
drites (MAP2-positive neurites) and axons (tau-positive neu-
rites) of cultured cortical neurons display notable punctate
patterns that appear to colocalize with the presynaptic and post-
synaptic markers synaptophysin and PSD-95, respectively (Fig.
2E, left). Compared with CaV2.1, RNF138 displays a diffuse im-
munofluorescence pattern in both axonal and dendrosomatic
regions (Fig. 2E, right). Nevertheless, like CaV2.1, RNF138 also
shows prominent patterns of punctate staining at presynaptic
and postsynaptic sites. Furthermore, CaV2.1 and RNF138 dis-
play quantitatively comparable colocalization with the synap-
tic proteins synaptophysin and PSD-95 (Fig. 2F ). Collectively,
the preceding observations strongly support the physical asso-
ciation and colocalization of endogenous RNF138 with CaV2.1
in neurons.

RNF138 is an E3 ubiquitin ligase of CaV2.1
To characterize the functional significance of the RNF138 –
Cav2.1 interaction, we first examined the effect of rat RNF138
overexpression on human Cav2.1 total protein level in HEK293T
cells. Figure 3A illustrates that Cav2.1 protein expression de-
creases by �60% in the presence of RNF138; in contrast, no
detectable effect was observed when we coexpressed Cav2.1 with
another RING finger E3 ubiquitin ligase, RNF128 (Lineberry et
al., 2008). Figure 3B further demonstrates that, despite the lack of
�200 aa in the C-terminal region, the short isoform of Cav2.1

subunit also exhibits a significant reduction in total protein level
by �58% in response to RNF138 overexpression. In contrast,
RNF138 displays no discernible effect on Cav1.2 (L-type) or
CaV2.2 (N-type) subunits. The suppression of RNF138 on Cav2.1
protein level is effectively reversed by treatment with the protea-
some inhibitor MG132 (Fig. 3C), suggesting that the observed
Cav2.1 suppression effect may involve RNF138-mediated protea-
somal degradation.

RNF138 contains a C3HC4-type RING (RING-HC) finger do-
main that is present in many E3 ubiquitin ligases (Deshaies and
Joazeiro, 2009; Anderson et al., 2010). Moreover, a highly con-
served histidine residue (H36 in both rat and human RNF138) in
this RING finger domain plays an essential role in coordinating
zinc binding, which is required for maintaining the overall struc-
ture of the RING domain. Mutation of this highly conserved
histidine residue (e.g., being replaced by a glutamate residue)
disrupts the enzyme activity of RING finger E3 ubiquitin ligase
(Kim et al., 2005). We therefore created a point mutation con-
struct (RNF138-H36E) to investigate how this mutant may affect
protein expression of CaV2.1. Figure 3D shows that overexpres-
sion of rat RNF138-H36E dramatically increases CaV2.1 protein
level by �72% in HEK293T cells. Rat and human RNF138 share
�92% identity in their amino acid sequences. We also demon-
strated that CaV2.1 protein expression in HEK293T cells is re-
duced by human RNF138 (hRNF138), but is enhanced by an
N-terminal deletion mutant lacking the critical RING finger do-
main (hRNF138-�N; Fig. 3E). Together, these observations are
consistent with the idea that both the rat and the human RNF138
mutants may prevent CaV2.1 protein degradation by endogenous
RNF138 in HEK293T cells. Consistent with this notion, shRNA
knock-down of endogenous RNF138 expression in HEK293T
cells substantially increases CaV2.1 protein level by �43% (Fig.
3F). To rule out the possibility that the foregoing results may
simply be an artifact associated with the non-neuron HEK293T
expression system, we repeated the shRNA knock-out experi-
ment using human neuroblastoma NT2 cells and obtained
virtually identical CaV2.1 enhancement results (Fig. 3F). Fur-
thermore, by suppressing endogenous rat RNF138 expression in
cultured cortical neurons, we also observed a robust upregulation
of endogenous rat CaV2.1 protein expression by �46 – 89%
(Fig. 3G).

The RNF138-induced CaV2.1 protein suppression effect may
in theory arise from either reduced protein synthesis or enhanced
protein degradation. Coexpression with RNF138 or RNF138-
H36E fails to measurably alter CaV2.1 mRNA level in HEK293T
cells (Fig. 4A). In addition, shRNA knock-down of endogenous
rat RNF138 does not discernibly affect CaV2.1 mRNA level in
cultured cortical neurons (Fig. 4B). Conversely, by performing
cycloheximide chase experiments, we found that, in the presence
of RNF138, CaV2.1 protein half-life was reduced dramatically
from �8.1 h to �3.1 h (single linear-regression fit; or to �1.3 and
5.5 h; double linear-regression fit; Fig. 4C,D). In contrast, over-
expressing the RNF138-H36E mutant significantly increases
CaV2.1 protein half-life to �10.9 h (Fig. 4C,D). In comparison,
RNF128 overexpression exerts no detectable effect on the protein
turnover rate of CaV2.1 subunit (protein half-life: �8.7 h;
Fig. 4C,D). Moreover, shRNA knock-down of endogenous
RNF138 in HEK293T cells prolongs CaV2.1 protein half-life to
�10.3 h (Fig. 4 E, F ). Overall, these results confirm that
RNF138 downregulates CaV2.1 protein level through en-
hanced protein degradation.

To further test the hypothesis that RNF138 serves as an E3
ubiquitin ligase of CaV2.1, we then investigated whether RNF138

4

(Figure legend continued.) DIV. D, Suppression of endogenous CaV2.1 level in cultured cortical
neurons infected with shRNA for CaV2.1 (shCaV2.1). shRNA for GFP (shGFP) was used as the
infection control. For quantitative analyses of relative CaV2.1 protein level, CaV2.1 signals were
standardized as the ratio to the �-actin loading control, which were then normalized to the
shGFP infection control (n � 4). Asterisk denotes significant difference from the infection
control (*p � 0.05). E, Representative confocal microscopic images of rat CaV2.1 (left) and
RNF138 (right) immunofluorescence signals in DIV10 cortical neurons. First row, Distribution of
CaV2.1 or RNF138 (green) along MAP2-positive (red) dendrites and somas, which is highlighted
with white triangles and further demonstrated in the merge images. Second row, Distribution
of CaV2.1 or RNF138 (green) along tau-positive (red) axons, which is highlighted with white
arrows. Third and fourth rows, White arrowheads highlight the colocalization of CaV2.1 or
RNF138 puncta (green) with synaptophysin or PSD95 puncta (red) along neurites, which is
further indicated as yellow puncta in the merge images. Scale bar, 50 �m. F, Quantification of
puncta density (puncta/100 �m) and puncta colocalization ratio (fraction of colocalization) in
DIV10 cortical neurons. The analyses were based on 15–30 individual neurites associated with
3– 6 different neurons. Fi, Estimated puncta densities per 100 �m neurite are �59.3 
 1.8
(CaV2.1), 62.4 
 1.6 (RNF138), 61.7 
 2.0 (synaptophysin), and 49.2 
 1.6 (PSD95). Fii, The
estimated synaptophysin colocalization ratios are �65.4 
 3.9% (CaV2.1) and 61.1 
 2.4%
(RNF138). Fiii, Estimated PSD95 colocalization ratios are �51.4 
 2.1% (CaV2.1) and 52.5 

1.4% (RNF138). Fiv–Fv, Conversely, for synaptophysin, the estimated CaV2.1 and RNF138 co-
localization ratios are �62.4 
 2.0% and 62.2 
 2.0%, respectively; for PSD95, the estimated
CaV2.1 and RNF138 colocalization ratios are �67.0 
 2.3% and 61.2 
 1.8%, respectively.
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regulates protein ubiquitination of CaV2.1 subunit. We began by
addressing how ubiquitin molecules are attached to CaV2.1.
Ubiquitination in general involves covalent linkage of lysine res-
idues with single/multiple monoubiquitins or with polyubiquitin
chains that are also formed by covalent linkage of lysine (Abriel
and Staub, 2005; Kravtsova-Ivantsiv and Ciechanover, 2012).
Therefore, polyubiquitination, but not monoubiquitination, be-
comes virtually impossible if all of the lysine residues within ubiq-

uitin are replaced by arginine (known as the lysine-less ubiquitin
mutant, Ub-K0). For a given protein, if polyubiquitin chain for-
mation is required for its degradation, then overexpressing the
Ub-K0 mutant may effectively enhance its steady-state protein
expression (Bloom et al., 2003; Volk et al., 2005). Figure 5A shows
that Ub-K0 overexpression prominently upregulates CaV2.1 pro-
tein level by �74%; in contrast, coexpression with ubiquitin WT
(Ub-WT) significantly reduces CaV2.1 protein level by�23%. These

Figure 3. Regulation of CaV2.1 protein expression by RNF138. A, Human CaV2.1 long-isoform (CaV2.1-WT) was coexpressed with the Myc vector (	), Myc-tagged rat RNF138 (Myc-RNF138), or
Myc-tagged human RNF128 (Myc-RNF128) in the molar ratio of 1:3 in HEK293T cells. Top, Representative CaV2.1 protein level in response to different coexpression conditions. Bottom, Quantification
of relative CaV2.1 protein level. CaV2.1 signals were standardized as the ratio to the cognate loading control, followed by normalization to the corresponding vector control (n � 6 –12).
B, Coexpression of rat RNF138 (Flag-RNF138 or Myc-RNF138) with Myc-tagged human CaV2.1 short-isoform [CaV2.1(Short)-6myc; �260 –270 kDa], HA-tagged rat CaV1.2 (CaV1.2-HA; �260 kDa),
or Flag-tagged bovine CaV2.2 (CaV2.2-Flag; �255–280 kDa) in HEK293T cells. For quantification, data in each coexpression condition were normalized to the vector control (n � 3– 4). C, Treatment
with 10 �M MG132 for 24 h reverses RNF138-mediated suppression of CaV2.1 protein level in HEK293T cells. Data were normalized to the DMSO treatment (	) control (n � 6 –9). D, Effect of
Myc-tagged rat RNF138-H36E (Myc-RNF138-H36E) on CaV2.1 protein level in HEK293T cells (n � 12). E, Effect of Myc-tagged human RNF138 (Myc-hRNF138) wild-type (WT) and N-terminal
(residues 1– 64) deletion mutant (Myc-hRNF138-�N) on CaV2.1 protein level in HEK293T cells (n � 5). F, Suppression of endogenous RNF138 expression with shRNA for RNF138 (shRNF138-1,
shRNF138-2) enhances CaV2.1 protein level in HEK293T (left) and human neuroblastoma NT2 (right) cells. Data were normalized to the shRNA for GFP (shGFP) infection control (n � 5– 6).
G, shRNA-mediated silencing of endogenous rat RNF138 expression results in the upregulation of endogenous rat CaV2.1 protein level in cultured cortical neurons (n � 5). The arrow refers to the
major, 190 kDa rat CaV2.1 isoform. Tubulin or actin signals were used as loading control and for quantification standardization. Asterisks denote significant difference from the control (*p � 0.05).
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Figure 4. RNF138 reduces CaV2.1 protein stability. A, Lack of effect of RNF138/RNF138-H36E overexpression on human CaV2.1 mRNA level in HEK293T cells subject to the indicated transfection
condition ( p � 0.05; n � 3). To rule out the potential contamination arising from human CaV2.1 plasmid in RNA prepared from transfected cells, RT-PCR was performed in the absence (left) or
presence (right) of DNase I treatment before reverse transcription reaction. Also shown is the blank control that involves identical PCR in the absence of cDNA template (vertical arrows). The signals
of CaV2.1 were standardized as the ratio to those of cognate GAPDH, followed by normalization to the corresponding Myc vector control. B, RNF138 knock-down does not significantly change rat
CaV2.1 mRNA level in neurons ( p � 0.05; n � 3). RT-PCR analyses were based on RNA extracted from cultured cortical neurons subject to the indicated shRNA infection. Standardized CaV2.1 signals
were normalized to the shGFP infection control. C, Representative immunoblots showing the effect of RNF128, RNF138, or RNF138-H36E coexpression on protein stability of human CaV2.1 subunit.
CaV2.1 protein turnover kinetics in HEK293T cells was analyzed by applying cycloheximide (CHX) with the indicated treatment durations (h). Coexpression with the Myc vector was used as the control
experiment. D, Quantification of CaV2.1 protein half-life in the presence of Myc vector (black), RNF128 (green), RNF138 (blue), or RNF138-H36E (red). Left, Normalized CaV2.1 protein densities with
respect to cycloheximide treatment durations. Data points represent the average of 7– 8 independent experiments. Center, Same data points were transformed into a semilogarithmic plot, which
is subject to single linear-regression analyses (solid lines; top) or double linear-regression analyses (solid lines; bottom with RNF138 only). Right, Comparison of CaV2.1 protein half-life values derived
from linear-regression analyses. The estimated CaV2.1 protein half-life values based on single linear-regression analyses (top right) are �8.1 
 0.3 (with vector; n � 8), 8.7 
 1.3 (with RNF128;
n � 7), 3.1 
 0.4 (with RNF138; n � 8), and 10.9 
 0.7 (with RNF138-H36E; n � 8) h. Based on double linear-regression analyses (bottom right), the estimated CaV2.1 protein half-life values in
the presence of RNF138 are �1.3 
 0.3 h (fast component) and 5.5 
 0.6 h (slow component). E, Representative immunoblots showing the effect of shRNA knock-down of endogenous RNF138
on CaV2.1 protein turnover kinetics in HEK293T cells. shGFP infection was used as the control experiment. F, Quantification and comparison of CaV2.1 protein half-life values derived from different
shRNA infection conditions. The estimated CaV2.1 protein half-life values are �6.4 
 1.0 h (with shGFP; n � 9; black) and 10.3 
 1.4 h (with shRNF138 –1; n � 9; red). The protein half-life value
of CaV2.1 in the presence of shGFP is not statistically different ( p � 0.05) from that of CaV2.1 with vector in D. Asterisks denote significant difference from the control (*p � 0.05).
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results imply that, before its degradation, the CaV2.1 subunit is sub-
ject to substantial polyubiquitination. Figure 5, B and C, further
illustrate that, by immunoblotting with specific antibodies against
either overexpressed HA-tagged ubiquitin or endogenous ubiquitin
in HEK293T cells, CaV2.1 polyubiquitination was detected directly
as a smear of high-molecular-weight protein bands. Importantly, the
extent of CaV2.1 polyubiquitination was enhanced and attenuated
by RNF138 and the H36E mutant, respectively.

So far, we have only described the effect of RNF138 on CaV2.1
subunit per se. Nevertheless, a functional CaV2.1 channel com-
prises a CaV2.1 subunit, as well as the auxiliary �2� and � sub-
units. Emerging evidence strongly suggests that � subunits may
protect nascent �1 (e.g., CaV1.2 and CaV2.2) subunits in the ER
from polyubiquitination and that the �2� subunits may facilitate
forward trafficking of nascent �1 (e.g., CaV1.2, CaV2.1, and
CaV2.2) subunits out of the ER (Cantí et al., 2005; Altier et al.,
2011; Waithe et al., 2011; Page et al., 2016). In agreement with
these observations, Figure 6A depicts that coexpression with �1b,
�2a, or �4a subunits indeed significantly attenuate Myc-RNF138-
mediated CaV2.1 protein degradation. Likewise, Myc-RNF138-
mediated CaV2.1 protein degradation is also notably reduced in
the presence of �2� subunit (Fig. 6B). Moreover, coexpression
with �2� and �4a subunits effectively diminishes the effect of
Flag-RNF138 on CaV2.1 protein turnover and polyubiquitina-
tion (Fig. 6C,D). We also investigated the effect of �2� and �4a

subunits on CaV2.1 in the absence of Myc/Flag-RNF138 overex-
pression. Overexpressing �2� and �4a subunits leads to signifi-
cant upregulation of CaV2.1 level (Fig. 6E), deceleration of
CaV2.1 turnover kinetics (Fig. 6F), and reduction of CaV2.1
polyubiquitination (Fig. 6G), consistent with the idea that the
auxiliary subunits notably attenuate CaV2.1 degradation by en-
dogenous RNF138 in HEK293T cells. Interestingly, these results
further suggest that the RNF138 – ubiquitin–proteasome system
may effectively prevent ER exiting of CaV2.1 subunits not coas-
sembled with auxiliary �2� and � subunits.

RNF138 mediates proteasomal degradation of EA2-causing
CaV2.1 mutants
Previous experimental evidence clearly demonstrates that the
EA2-causing human CaV2.1 nonsense (truncation) mutant R1281X
and the missense mutant F1406C display prominent loss-of-
function phenotypes (Jen et al., 2001; Wappl et al., 2002; Jeng et
al., 2006). The CaV2.1 R1281X mutation is caused by a premature
stop codon in the extracellular loop linking transmembrane
S1–S2 segments of domain III, whereas CaV2.1 F1406C involves a
point mutation at the pore-loop region of domain III. In addi-
tion, R1281X is subject to significant proteasomal degradation
(Mezghrani et al., 2008). A recent study reports the creation of an
EA2 animal model by engineering a mouse line carrying the
F1406C mutation in the orthologous mouse Cacna1a gene (Rose
et al., 2014). It remains unclear, however, whether F1406C is
associated with enhanced ERAD. Figure 7A shows that, com-
pared with its WT counterpart, the F1406C mutant displays
�49% and �26% reduction in protein expression in the absence
and presence of auxiliary subunits, respectively, and that treat-
ment with the proteasome inhibitor MG132 substantially ame-
liorates the mutant’s protein expression deficit. Moreover, for
both R1281X and F1406C, coexpression with RNF138 results in
attenuation of protein level, whereas interfering with endoge-
nous RNF138 function in HEK293T cells with RNF138-H36E
leads to significantly enhanced protein expression (Fig. 7B). Sim-
ilarly, shRNA suppression of endogenous RNF138 expression in
HEK293T cells leads to a more than twofold increase in the EA2
mutants’ protein levels (Fig. 7C).

Figure 8A demonstrates that the defective protein expression
of R1281X and F1406C in HEK293T cells does not appear to
result from a reduced mRNA level. Consistent with this notion,
both R1281X and F1406C exhibit substantially accelerated turn-
over kinetics (protein half-life: �1.6 –2.2 h), which is effectively
reversed in the presence of RNF138-H36E (protein half-life:
�6.0 – 8.3 h; Fig. 8B). As demonstrated by their dramatic upregu-

Figure 5. RNF138 promotes CaV2.1 polyubiquitination. Biochemical demonstration of CaV2.1 polyubiquitination in HEK293T cells. A, Top, Representative immunoblots showing the effect of
HA-tagged human lysine-less ubiquitin mutant (HA-Ub-K0) or ubiquitin wild-type (HA-Ub-WT) coexpression on CaV2.1 protein level. Coexpression with the HA vector was used as the control
experiment. The relative molar ratio to CaV2.1 was 1:1. Bottom, Quantification of relative CaV2.1 protein level. Standardized CaV2.1 signals were normalized to the HA vector control (n � 6 –9).
B, Effect of coexpressing Flag-RNF138 or Flag-RNF138-H36E on Myc-tagged CaV2.1 WT (CaV2.1-WT-6myc) polyubiquitination [CaV2.1-(Ub)n] by HA-Ub-WT. Left, Cell lysates were immunoprecipi-
tated with �-Myc, and protein ubiquitination was recognized by immunoblotting with the anti-HA antibody (�-HA). The no-CaV2.1 lane exemplifies the background HA-Ub-WT signal in the
absence of CaV2.1. Corresponding expression levels of CaV2.1 and RNF138 in the lysates are shown in the “input” lane. Ubiquitinated CaV2.1 is visualized as high-molecular-weight protein smears.
Open triangles refer to the expected location of the protein band corresponding to nonubiquitinated CaV2.1. The numbers shown on the immunoblots denote densitometric quantification of relative
CaV2.1 ubiquitination with respect to the HA-Ub-WT control. Right, Normalized CaV2.1 ubiquitination signals from multiple experiments were compiled for statistical analyses (n � 4 – 6), with the
mean relative values 1.4 
 0.2 (with RNF138) and 0.7 
 0.1 (with RNF138-H36E). C, Effect of Flag-RNF138 and Flag-RNF1388-H36E on CaV2.1 polyubiquitination by endogenous ubiquitin in
HEK293T cells. Protein ubiquitination was identified by immunoblotting with the anti-ubiquitin antibody (�-Ub). CaV2.1 ubiquitination signals were normalized to the Flag vector control (n �
7– 8), with the mean relative values 1.3 
 0.1 (with RNF138) and 0.6 
 0.1 (with RNF138-H36E). Asterisks denote significant difference from the control (*p � 0.05).
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lation in the presence of the lysine-less Ub-K0 (Fig. 8C), both EA2
mutants are subject to notable polyubiquitination. Figure 8D fur-
ther illustrates that, compared with CaV2.1 WT, both R1281X
and F1406C exhibit enhanced polyubiquitination, which can be
further increased by RNF138, but is measurably diminished by
RNF135-H36E. Together, these observations are consistent with

the idea that RNF138 mediates enhanced ERAD of the two EA2-
causing CaV2.1 mutants.

RNF138 controls functional expression of CaV2.1 channel
The foregoing investigation focuses on RNF138 regulation of
CaV2.1 total protein level. An unanswered question is whether

Figure 6. Auxiliary subunits protect CaV2.1 from RNF138-mediated protein degradation. A, Effect of coexpression with Flag-tagged human �4a, bovine �1b, or bovine �2a subunits on
Myc-RNF138 regulation of CaV2.1 in HEK293T cells. Top, Representative immunoblots. Coexpression with the Flag vector was used as the control experiment. Bottom, Quantification of relative CaV2.1
protein level. Data were normalized to the Flag vector control (n � 6 –9). B, Effect of coexpression with human �2� or �2�-�4a subunits on Myc-RNF138 regulation of CaV2.1 protein level (n �
7–9). C, Coexpression with auxiliary �2� and �4a subunits diminishes the effect of Myc-RNF138 on CaV2.1 turnover kinetics. The estimated CaV2.1 protein half-life value in the presence of
Myc-RNF138 and auxiliary �2� and �4a subunits is �6.2 
 1.0 (n � 8; red) h. For comparison, also shown is the effect of Myc-RNF138 on CaV2.1 protein half-life in the absence of the auxiliary
subunits (from Fig. 4D; black), which is subject to either single or double linear-regression analyses. D, Coexpression with auxiliary �2� and �4a subunits attenuates the effect of Flag-RNF138 on
CaV2.1 polyubiquitination (n � 5). In the presence of the auxiliary subunits, the mean relative value is 0.5 
 0.2. E–G, Effect of �2� and �4a subunits on CaV2.1 in HEK293T cells in the absence of
Myc/Flag-RNF138 overexpression. E, �2�-�4a overexpression enhances CaV2.1 protein level (n � 6). F, �2�-�4a overexpression decelerates CaV2.1 turnover kinetics. The estimated CaV2.1 protein
half-life values are �8.1 
 0.3 (with vector; n � 7; black) and 12.0 
 1.6 (with �2� and �4a; n � 5; red) h. G, �2�-�4a overexpression reduces CaV2.1 polyubiquitination (n � 5). In the presence
of the auxiliary subunits, the mean relative value is 0.7 
 0.2. Open triangle refers to the expected location of the protein band corresponding to nonubiquitinated CaV2.1. CaV2.1, �2�, and �
subunits were coexpressed in the molar ratio 1:2:1. Asterisks denote significant difference from the control (*p � 0.05).
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RNF138 may affect the membrane-trafficking property of CaV2.1
WT and EA2 mutants. To address this issue, we studied surface
expression of CaV2.1 subunits in the presence of auxiliary �2�
and �4a subunits by performing protein biotinylation assays. Fig-
ure 9A shows that the surface protein signal of R1281X and
F1406C are only �30% and �58%, respectively, that of CaV2.1
WT. Moreover, the membrane-trafficking efficiency of the EA2
mutants, which was quantified by the ratio of surface expression
to total protein level, is �25% lower than that of their WT coun-
terpart, consistent with our previous morphological evidence
indicating that EA2 mutants are associated with defective mem-
brane trafficking (Jeng et al., 2008). For CaV2.1 WT and the EA2
mutants, disrupting polyubiquitination with Ub-K0 does not sig-
nificantly affect membrane trafficking efficiency (Fig. 9B). Simi-
larly, coexpression with RNF138 (Fig. 9C) or RNF138-H36E (Fig.
9D) fails to detectably alter the membrane trafficking efficiency
of CaV2.1 WT and EA2 mutants, suggesting that surface and total
CaV2.1 protein levels are subject to comparable extents of
RNF138-mediated suppression and that a significant fraction of
the EA2 mutants protected from the ubiquitin–proteasome path-
way by either Ub-K0 or RNF138-H36E is successfully exported
from the ER to the plasma membrane.

We then examined the effect of RNF138 on functional expres-
sion of human CaV2.1 channels. Using the Xenopus oocyte
system, we demonstrated that coexpression with RNF138 and
RNF138-H36E results in considerable attenuation and enhance-
ment, respectively, of Ba 2� current amplitudes through CaV2.1
channels (Fig. 10A,B). In contrast, RNF128 fails to affect CaV2.1
functional expression discernibly. We have shown previously
that the F1406C mutant channel generates small but detectable
Ba 2� currents in Xenopus oocytes (Jeng et al., 2006). Coexpres-
sion with RNF138 and the H36E mutant also significantly
reduces and increases the functional expression of F1406C, re-
spectively (Fig. 10C,D). The current amplitude of F1406C
channel in the presence of RNF138-H36E, however, is still sub-
stantially smaller than that of CaV2.1 WT, which may be attrib-
uted to the mutant’s defective membrane trafficking, as well as to
a potential disruption of CaV2.1 biophysical properties im-
posed by the mutation at the pore region. The HEK293T ex-
pression system was also used for functional analyses of
CaV2.1 WT channels (Fig. 10 E, F ). Consistent with our bio-
chemical observations, enhancement of CaV2.1 polyubiquiti-
nation by coexpressing either ubiquitin or RNF138 notably
diminishes whole-cell Ba 2� current density and a reverse ef-

Figure 7. RNF138 regulates protein level of EA2-causing CaV2.1 mutants. A, Left, Comparison of CaV2.1 WT and EA2 mutants (R1281X, F1406C) expression in HEK293T cells in the absence (top left)
or presence (bottom left) of auxiliary �2� and �4a subunits. Immunoblotting of CaV2.1 proteins was performed with an antibody that recognizes the transmembrane domains II-III linker region of
human CaV2.1 subunit [�-CaV2.1-(II–III)]. Relative CaV2.1 protein level was normalized to the corresponding WT control (n�7). Right, Treatment with 10 �M MG132 for 24 h enhances protein level
of EA2 mutants. CaV2.1 subunits were expressed in the absence of the auxiliary subunits. Data were normalized to the DMSO treatment (	) control (n � 9 –15). B, RNF138 (left) and the H36E
mutant (right) regulate protein expression of EA2 mutants. Coexpression with the Myc vector was used as the control experiment. Data in each coexpression condition were normalized to the vector
control (n � 4 –10). C, shRNA suppression of endogenous RNF138 expression in HEK293T cells increases protein level of EA2 mutants. Data were normalized to the shGFP infection control (n �
4 – 8). Asterisks denote significant difference from the control (*p � 0.05).
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Figure 8. RNF138 mediates protein degradation of EA2 mutants. A, Comparable mRNA levels for CaV2.1 WT, R1281X, and F1406C in HEK293T cells subject to the indicated transfection condition
( p � 0.05; n � 3). RT-PCR was performed in the absence (top) or presence (bottom) of DNase I treatment before reverse transcription reaction. Vertical arrows refer to the blank control involving
identical PCR in the absence of cDNA template. Standardized CaV2.1 signals were normalized with respect to CaV2.1 WT. B, RNF138-H36E reverses the impaired protein stability of EA2 mutants.
CaV2.1 subunits were expressed in the absence of auxiliary subunits. The estimated protein half-life values for R1281X are �1.6 
 0.3 h (with vector; n � 7; red), 1.4 
 0.3 h (with RNF138; n �
6; green), and 6.0 
 0.7 h (with RNF138-H36E; n � 9; blue). The estimated protein half-life values for F1406C are �2.2 
 0.2 h (with vector; n � 7; red), 1.8 
 0.2 h (with RNF138; n � 7; green),
and 8.3 
 1.0 h (with RNF138-H36E; n � 10; blue). For comparison, also shown is the protein half-life value of CaV2.1 WT (with vector) from Figure 4D (black). C, Coexpression with HA-Ub-K0
upregulates the protein level of EA2 mutants. Coexpression with the HA vector was used as the control experiment. The relative molar ratio to CaV2.1 is 1:1. Data were normalized to the HA vector
control (n � 5– 8). D, EA2 mutants display enhanced polyubiquitination that is regulated by RNF138 (n � 4 –10). Compared with CaV2.1 WT, the mean relative values are 1.7 
 0.3 (R1281X) and
1.3 
 0.1 (F1406C). For R1281X, the mean relative values are 1.5 
 0.2 (with RNF138) and 0.8 
 0.1 (with RNF138-H36E). For F1406C, the mean relative values are 1.3 
 0.1 (with RNF138)
and 0.7 
 0.1 (with RNF138-H36E). Protein ubiquitination by endogenous ubiquitin in HEK293T cells was identified by immunoblotting with �-Ub. Open and filled triangles refer to the expected
location of the protein band corresponding to nonubiquitinated CaV2.1 WT/F1406C and R1281X, respectively. Asterisks denote significant difference from the control (*p � 0.05).
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fect on CaV2.1 functional expression was found in the pres-
ence of Ub-K0 or RNF138-H36E.

RNF138 contributes to the dominant-negative effect of EA2
mutants on CaV2.1 WT
Upon coexpressing with their WT counterpart, both R1281X and
F1406C mutants are known to exert significant dominant-
negative effects on functional expression of CaV2.1 WT channels
(Jeng et al., 2006; Jeng et al., 2008). In addition, R1281X has been
shown to elicit prominent proteasomal degradation of CaV2.1
WT subunits (Mezghrani et al., 2008). Whether the missense
mutant F1406C may instigate enhanced degradation of CaV2.1
WT is still unclear. Moreover, a key question that we need to

address here is whether EA2 mutant-induced protein degrada-
tion of CaV2.1 WT subunit is also mediated by RNF138, or rather
by an as yet unidentified E3 ubiquitin ligase. Figure 11A shows
that, in the presence of auxiliary �2� and �4a subunits, equimolar
coexpression with R1281X or F1406C results in an �34 –75%
reduction in the total protein level of CaV2.1 WT subunits in
HEK293T cells. These suppression effects can be effectively re-
versed by treatment with the proteasome inhibitor MG132 (Fig.
11B), as well as by coexpression with RNF138-H36E (Fig. 11C).
Figure 11D further illustrates that, in the presence of either
R1281X or F1406C, the protein half-life of CaV2.1 WT substan-
tially decreases from �8 h to �2 h. Upon coexpression with
RNF138-H36E, however, the turnover kinetics of CaV2.1 WT

Figure 9. RNF138 attenuates surface expression of CaV2.1. A, Surface biotinylation experiments on HEK293T cells expressing Myc-tagged CaV2.1 WT, R1281X, or F1406C (CaV2.1– 6myc). Left,
Representative immunoblots. Cell lysates from biotinylated intact cells were either used directly for immunoblotting analyses (Total) or subject to streptavidin pull-down before immunoblotting
analyses (Surface). CaV2.1– 6myc, �2�, and �4a subunits were coexpressed in the molar ratio 1:2:1. GAPDH expression is displayed as the loading control. Right, Quantification of surface protein
level (surface signal) and membrane trafficking efficiency (surface/total ratio; n � 4). The surface protein density was standardized as the ratio of surface signal to cognate total GAPDH signal,
followed by normalization to that of CaV2.1-WT. The total protein density was standardized as the ratio of input signal to GAPDH signal. The membrane-trafficking efficiency was quantified as surface
protein density divided by the corresponding standardized total protein density, followed by normalization to that of CaV2.1-WT. B, Surface biotinylation experiments on HEK293T cells coexpressing
CaV2.1– 6myc channel with HA-Ub-K0 (n � 3– 8). Coexpression with the HA vector (	) was used as the control experiment. CaV2.1– 6myc and HA-Ub-K0 were coexpressed in the molar ratio 1:1.
C, D, Surface biotinylation experiments on HEK293T cells coexpressing CaV2.1– 6myc channel with Flag-RNF138 (n � 4) or Flag-RNF138-H36E (n � 3– 6). Coexpression with the Flag vector (	)
was used as the control experiment. CaV2.1– 6myc and Flag-RNF138 were coexpressed in the molar ratio 1:3. Asterisks denote significant difference from the control (*p � 0.05).
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remains practically unchanged in the absence or presence of
the EA2 mutants (protein half-life: �9 –10 h). These findings
strongly suggest that RNF138 indeed contributes to EA2 mutant-
induced proteasomal degradation of CaV2.1 WT subunits.

We then investigated whether coexpression with RNF138-
H36E may also reverse the dominant-negative effect of EA2 mu-
tants on functional expression of human CaV2.1 WT channels.
Figure 11E shows that coexpression with RNF138-H36E only par-
tially restores the impaired CaV2.1 WT current amplitudes, which is
in direct contrast to the foregoing biochemical observations that
RNF138-H36E virtually eradicates the EA2 mutant-induced def-
icit in CaV2.1 WT protein expression. Previous confocal micro-
scopic evidence from us and others suggests that coexpression
with R1281X induces significant ER retention of CaV2.1 WT sub-
units (Jeng et al., 2008; Mezghrani et al., 2008). In agreement with
this notion, surface biotinylation analyses reveal that coexpres-
sion with the EA2 mutants decreases the membrane trafficking
efficiency of CaV2.1 WT by �32–54% (Fig. 11F). Figure 11F
further demonstrates that, in the presence of RNF138-H36E, the
EA2 mutants still induce an attenuation of CaV2.1 WT-
trafficking efficiency by �25–51%, which may in part explain
why RNF138-H36E fails to completely reverse the dominant-
negative inhibition of CaV2.1 WT current expression.

Discussion
After being recognized by the ER quality control system, mis-
folded protein is subject to ubiquitination by the concerted activ-

ity of three enzymes: the E1 ubiquitin-activating enzyme, the E2
ubiquitin-conjugating enzyme, and the E3 ubiquitin ligase (He-
bert and Molinari, 2007; Vembar and Brodsky, 2008; Claessen
et al., 2012; Kleiger and Mayor, 2014). In higher eukaryotes,
there are �1000 different E3 ligases that can be divided into
two major families: the homologous to E6-AP C terminus
(HECT) family and the RING family (Deshaies and Joazeiro,
2009; Rotin and Kumar, 2009; MacGurn et al., 2012). Further-
more, �600 distinct RING finger E3 ligases are estimated to
express in human cells.

To the best of our knowledge, of the 10 subfamilies of CaV �1
subunits, to date, only the E3 ligase for CaV1.2 (the RING finger
protein RFP2) has been recognized (Altier et al., 2011). Here, we
set out to delineate the protein degradation mechanism of human
CaV2.1 subunit by identifying its E3 ubiquitin ligase. Our data
suggest that misfolded CaV2.1 protein in the ER goes through
polyubiquitination before being targeted for proteasomal degra-
dation. Covalent linkage of ubiquitin molecules to CaV2.1 is me-
diated by the RING finger protein RNF138 that is physically
associated and subcellularly colocalized with CaV2.1 in neurons.
Disrupting endogenous RNF138 function with RNF138-H36E,
hRNF138-�N, or shRNA infection significantly upregulates
the CaV2.1 protein level and enhances CaV2.1 protein stability.
The control of CaV2.1 protein expression by RNF138 appears to
be quite specific in that overexpressing the E3 ligase fails to change
the protein level of CaV1.2 and CaV2.2 measurably. In agreement

Figure 10. RNF138 suppresses functional expression of CaV2.1. Representative Ba 2� current traces through CaV2.1 WT (A, B) and F1406C (C, D) channels under different coexpression conditions
in Xenopus oocytes are shown. The holding potential was 	90 mV and 70 ms test pulses ranged from 	80 mV to �60 mV in �10 mV steps. The peak Ba 2� current values at �20 mV were
measured for comparing relative current amplitudes. Data were normalized to the corresponding water coinjection control. E, F, Representative Ba 2� current traces through CaV2.1 WT channels
under different coexpression conditions in HEK293T cells. The peak Ba 2� current amplitudes at �10 mV were measured for comparing relative current densities. Data were normalized to the
corresponding vector control. CaV2.1, �2�, and �4a subunits were coexpressed in the molar ratio 1:2:2. The number of observation is shown in parentheses. Asterisks denote a significant difference
from the control condition (*p � 0.05).
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with previously demonstrated role of auxiliary �2� and � subunits in
facilitating forward trafficking and preventing protein degradation
of CaV �1 subunits, respectively (Cantí et al., 2005; Altier et al., 2011;
Waithe et al., 2011; Page et al., 2016), coexpression with the auxiliary

subunits significantly diminishes RNF138-mediated CaV2.1 polyu-
biquitination and degradation. Moreover, RNF138 specifically reg-
ulates CaV2.1 protein turnover kinetics without discernibly affecting
the Ca2� channel’s membrane trafficking property. Overall, we pro-

Figure 11. RNF138 promotes EA2 mutant-induced degradation of CaV2.1 WT subunits. A, Biochemical demonstration of the dominant-negative effect of untagged R1281X and GFP-tagged F1406C on
CaV2.1-WT-6myc protein expression (n � 4 – 8). EA2 mutant was coexpressed with CaV2.1-WT in HEK293T cells in the molar ratio 1:1. Auxiliary �2� and �4a subunits were also coexpressed together.
B, Treatment with 10 �M MG132 for 24 h fully reverses the dominant-negative effect of EA2 mutants on CaV2.1-WT-6myc protein expression (n � 5–7). C, Coexpression with RNF138-H36E fully reverses the
dominant-negative effect of EA2 mutants on CaV2.1-WT-6myc protein expression (n � 4 –5). Quantitative data collected in the presence of RNF138-H36E are illustrated in red. D, Coexpression with RNF138-
H36Ereversesthedominant-negativeeffectofEA2mutantsonCaV2.1-WT-6mycturnoverkinetics.Theestimatedproteinhalf-lifevaluesforCaV2.1-WT-6mycintheabsenceofRNF138-H36E(black)are�8.1

0.3 h (with vector; n � 9), 2.3 
 0.4 h (with R1281X; n � 7), and 2.4 
 0.4 h (with F1406C; n � 10). The estimated protein half-life values for CaV2.1-WT-6myc in the presence of RNF138-H36E (red) are
�10.1
0.7h(withvector;n�6),9.2
1.7h(withR1281X;n�5),and9.3
2.2h(withF1406C;n�5). E,CoexpressionwithRNF138-H36Epartiallyreversesthedominant-negativeeffectofEA2mutants
on CaV2.1 WT current density. The number of observations is shown in parentheses. F, Biotinylation analyses of the dominant-negative effect of EA2 mutants on CaV2.1 WT membrane trafficking in the absence
(left) or presence (right) of RNF138-H36E. Asterisks denote significant difference from the control (*p � 0.05).
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pose that RNF138 plays a critical role in the homeostatic regulation
of CaV2.1 protein level and functional expression in neurons.

In both the central and peripheral nervous systems, CaV2.1
channels are essential in controlling presynaptic neurotransmit-
ter release; in the brain, CaV2.1 channels also play a critical role in
postsynaptic neurons by regulating dendritic Ca 2� transients
and dendrosomatic excitability (Pietrobon, 2010; Catterall, 2011;
Higley and Sabatini, 2012). Emerging evidence suggests that
ubiquitin-mediated proteolysis modulates key proteins at both
presynaptic terminals and postsynaptic compartments (Tai and
Schuman, 2008; Tsai, 2014). For example, the E3 ubiquitin ligase
UBE3A (also known as E6-AP) controls synaptic strength and
synapse development via ubiquitination of the postsynaptic sig-
naling protein Arc (Greer et al., 2010; Kühnle et al., 2013; Mabb et
al., 2014). Furthermore, ionotropic glutamate receptor subunit
A2 is regulated by E3 ubiquitin ligases Nedd4 –1 and RNF167 in a
neuronal activity-dependent manner (Schwarz et al., 2010; Lus-
sier et al., 2011; Lussier et al., 2012). Interestingly, both our bio-
chemical and morphological evidence supports the idea that
CaV2.1 and RNF138 colocalize at synaptic regions in the rat brain
(Fig. 2). It remains to be determined in the future whether
RNF138-mediated regulation of CaV2.1 protein level and func-
tional expression may play a significant role in modulating pre-
synaptic and postsynaptic neuronal activities in the brain.

A substrate protein may be subject to regulation by more than
one type of E3 ligase; for instance, at least seven distinct types of
E3 ligase appear to contribute to the ubiquitination of the human
Cl-channel cystic fibrosis transmembrane conductance regulator
(CFTR; Lukacs and Verkman, 2012; Pranke and Sermet-
Gaudelus, 2014). Therefore, in theory, there is a possibility that
CaV2.1 WT and EA2 mutants, as well as EA2 mutant-induced
enhanced degradation of CaV2.1 WT, may be differentially regu-
lated by distinct E3 ubiquitin ligases. Our biochemical analyses
reveal that the impaired protein stability of R1281X and F1406C
is effectively rescued by interrupting endogenous RNF138 func-
tion with shRNA infection or RNF138-H36E overexpression
(Figs. 7, 8), suggesting that RNF138 also mediates the ubiquitin–
proteasome pathway of the two EA2 mutants. In addition, if the
dominant-negative effect of the EA2 mutants is promoted by a
different E3 ligase, then one would expect that rescuing CaV2.1
WT and EA2 mutant protein expression with RNF138-H36E
should not affect EA2 mutant-induced aberrant degradation of
CaV2.1 WT detectably, which is quite opposite to what we present
in Figure 11. Therefore, as far as EA2 is concerned, we propose
that RNF138 serves as the primary E3 ubiquitin ligase promoting
the pathogenic degradation of human CaV2.1 subunits.

Accumulating evidence indicates that the dominant-negative
effect of EA2-causing N-terminal truncation mutants involves
direct interaction between an N-terminal region of the mutants
and an as yet unidentified region of CaV2.1 WT subunit, which in
turn induces protein misfolding, ER retention, and therefore en-
hanced proteasomal degradation of the WT subunit (Mezghrani
et al., 2008; Page et al., 2010; Dahimene et al., 2016). In this study,
we demonstrate that, in addition to enhanced protein degrada-
tion, both the truncation mutant R1281X and the full-length
mutant F1406C are associated with defective membrane traffick-
ing that cannot be reversed by blocking protein degradation (Fig.
9). A similar lack of improvement in surface expression in re-
sponse to proteasome inhibition was also reported previously for
a mutant CaV2.2 subunit associated with reduced protein expres-
sion (Waithe et al., 2011), suggesting that these mutant CaV2.1/
2.2 subunits are endowed with protein misfolding that perturbs
cell surface trafficking. We further confirm here that the EA2

mutants also disrupt membrane trafficking of CaV2.1 WT, which
appears to be reversed efficiently by low-temperature incubation
(Jeng et al., 2008), but not by coexpression with RNF138-H36E
(Fig. 11). Nevertheless, blocking protein degradation also does
not seem to exacerbate the EA2 mutant-induced membrane traf-
ficking defect of CaV2.1 WT (Fig. 11). Together, these observa-
tions suggest that a significant fraction of the misfolded CaV2.1
WT subunits spared from proteasomal degradation may still be
properly exported to the plasma membrane; otherwise, their
membrane trafficking efficiency would have been substantially
reduced in the presence of RNF138-H36E. At present, the mech-
anistic significance of this inference is still an open question. It
may imply that some of the spared CaV2.1 WT subunits are some-
how successfully refolded by molecular chaperones in the ER.
Alternatively, one can also argue that defective membrane traf-
ficking and impaired protein stability may represent two related,
but independent, consequences of EA2 mutant-induced misfold-
ing of CaV2.1 WT subunits; therefore, the membrane trafficking
efficiency of CaV2.1 WT, albeit defective, remains approximately
constant regardless of the extent of their aberrant degradation.
Further structural investigations are required to address these
issues.

Here, we identify RNF138 as the E3 ubiquitin ligase promot-
ing EA2-associated aberrant degradation of human CaV2.1 pro-
tein. Moreover, we demonstrate that specific interruption of
endogenous RNF138 function effectively recovers CaV2.1 protein
level. Nonetheless, blocking protein degradation is insufficient to
reverse EA2 mutant-induced suppression of CaV2.1 WT current
level fully. A recent study reports the first application of a peptide
derived from N-terminal sequences of EA2 truncation mutants
in disrupting the dominant-negative interaction of the trunca-
tion mutants, which, however, only leads to partial restoration of
the functional expression of CaV2 channels (Dahimene et al.,
2016). In both cases, the lack of complete functional recovery
may be attributed to the foregoing membrane-trafficking deficit
of CaV2.1 WT induced by EA2 mutants because functional ex-
pression is determined by both total protein level and membrane
trafficking efficiency. The disease-causing CFTR �F508 mutant is
associated with severely impaired membrane trafficking that results
in a virtual loss of functional expression and application of low tem-
perature or chemical compounds is known to correct the CFTR
mutant’s membrane-trafficking defect successfully, thereby restor-
ing its Cl-transport function; in fact, several chemical compounds
are being carefully evaluated for their clinical potentials as pharma-
cological chaperones (Birault et al., 2013; Pranke and Sermet-
Gaudelus, 2014). Therefore, it will be essential in the future to search
for novel chemical chaperones capable of correcting membrane traf-
ficking of CaV2.1. Overall, the present study provides a proof of
concept that preventing excessive CaV2.1 degradation with RNF138
blockers, disrupting the deleterious CaV2.1 intermolecular interac-
tion with specific N-terminal peptides, as well as facilitating CaV2.1
membrane trafficking with pharmacological chaperones may to-
gether pave the way for future development of novel therapeutic
strategies aimed at alleviating the neurological disorders associated
with patients suffering from EA2.
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