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Abstract 

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are endoplasmic reticulum (ER) 

proteins that assemble into tetrameric IP3- and Ca
2+

-gated Ca
2+

 channels. Activation of 

IP3Rs begins with stimulation of cell surface receptors that elevate cytosolic IP3 levels. 

IP3, with its co-agonist Ca
2+

, binds to IP3Rs and causes a conformational change that 

results in the opening of the channel aperture, allowing for Ca
2+

 ions to flow from stores 

within the ER lumen to the cytosol and thereby promoting a number of Ca
2+

-dependent 

cellular events, including secretion, neurotransmitter release and cell division. 

Intriguingly, it appears that the same conformational change that IP3Rs undergo during 

activation makes them a target for degradation by the ubiquitin-proteasome pathway. 

This processing allows the cell to fine-tune its internal Ca
2+

 responses to extracellular 

stimuli. 

In the Wojcikiewicz lab, it was discovered that processing of activated IP3Rs is 

mediated by the Erlin1/2 complex, a large (~2MDa) complex composed of the proteins 

Erlin1 and Erlin2. Constitutively-associated with the Erlin1/2 complex is the E3 ubiquitin 

ligase RNF170. Thus, we employed TALEN and CRISPR/Cas9-mediated gene editing 

technologies to abrogate expression of these three proteins to define their roles in this 

process. Remarkably, analysis of cells lacking RNF170 showed that it is required for all 

ubiquitination of activated IP3Rs. Investigation into the roles of Erlin1 and Erlin2 

uncovered that Erlin2 is the “dominant partner” in the Erlin1/2 complex, mediating 

complex interaction with activated IP3Rs and bringing RNF170 into place to allow for 

ubiquitination to proceed. 
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Mutations to RNF170 (R199C) and Erlin2 (T65I) have been identified as 

causative for progressive neurodegenerative diseases. Investigation of the R199C 

mutation on IP3R processing by RNF170 uncovered that while the mutation did not affect 

normal RNF170 function, it destabilized the RNF170 protein, resulting in a significantly 

reduced cellular complement of RNF170 and inhibition of IP3R degradation. Analysis of 

the Erlin2 T65I mutation showed that the effect of the mutation on Erlin1/2 complex 

function was two-fold. First, Erlin2 T65I interaction with activated IP3Rs was completely 

blocked, thereby inhibiting recruitment of RNF170 and subsequent ubiquitination and 

processing. Second, normal binding of the Erlin1/2 complex to phosphoinositol-3-

phosphate (PI(3)P) – the significance and function of which remains undefined – was 

drastically inhibited. Examination of complex assembly and stability by SDS-PAGE and 

Native PAGE showed no destabilization of individual Erlin2 proteins nor of overall 

Erlin1/2 complex assembly. 

These data demonstrate that proper and tight control of IP3R levels in the cell are 

critical to overall cellular homeostasis, as disruptive mutations to requisite mediators of 

IP3R processing - the Erlin1/2 complex and RNF170 – result in the development of 

progressive neurodegenerative disease. 

  

4



 

Table of Contents 

Title Page ……………………………………………………………………………... 1 

Acknowledgements……………………………………………………………………. 2 

Abstract……………………………………………………………………………… 3-4 

Table of Contents……………………………………………………………………. 5-10 

List of Figures and Tables……………………………………………………,…... 11-13 

List of Abbreviations ……………………………………………………………….. 13-15 

Chapter I.  General Introduction…………………………………………………. 16-47 

 I.  Preface……………………………………………………………………...... 17 

 I.1.  Inositol 1,4,5-Trisphosphate Receptors ………………………………    18-19 

  I.1.1.  IP3R structure and function ………………………………….. 18-19   

  I.1.2.  The IP3R signaling pathway ………………………………..…… 19 

 I.2.  Gene editing techniques ……………………………………………….. 20-22 

  I.2.1.  TAL-effector nucleases (TALENs) ………………………….. 20-21 

  I.2.2.  CRISPR/Cas9 ………………………………………………... 21-22 

 I.R.  References …………………………………………………………….. 23-25 

 I.3.  Inositol 1,4,5-Trisphosphate Receptor Ubiquitination…………………. 25-29 

  I.3.1.  Introduction…………………………………………………... 25-26 

5



I.3.2.  IP3R Molecular Biology……………………………………… 26-27 

I.3.3.  Ubiquitination, The UPP and ERAD………………………… 27-28 

I.3.4.  IP3R ERAD…………………………………………………... 28-30 

I.3.5.  The Erlin1/2 Complex and RNF170 ………………………… 30-31 

I.3.6.  Substrate Recognition by The Erlin1/2 Complex……………. 31-32 

I.3.7.  IP3R Ubiquitination …………………………………………. 32-34 

I.3.8.  The Role of IP3R ERAD ……………………………………. 34-35 

I.3.9.  Diseases of the IP3R-Erlin1/2 Complex-RNF170 Axis ……... 35-37 

I.3.10.  Conclusions and Future Directions …………………………….. 37 

I.3.11.  References ………………………………………………….. 37-41 

I.4.  Summary and aims of thesis …………………………………………… 42-44 

Chapter II.  Materials and Methods ……………………………………………... 44-61 

II.1.  Materials ……………………………………………………………… 45-50 

II.1.1.  Cells …………………………………………………………….. 45 

II.1.2.  Cell culture and transfection materials …………………………. 45 

II.1.3.  Plasmids and molecular biology materials ……………………... 46 

6



II.1.4.  Antibodies ……………………………………………………… 48 

II.1.5.  Reagents for electrophoresis and immunoblotting ……………... 49 

II.1.6.  Drugs and miscellaneous materials …………………………….. 49 

II.2.  Methods………………………………………………………………... 50-61

II.2.1.  Cell culture ……………………………………………………... 50 

II.2.2.  Cell lysis and immunoprecipitation ……………………………. 51 

II.2.3.  SDS-PAGE, Coomassie blue staining and immunoblotting …… 52 

II.2.4.  NativePAGE (BN-PAGE) ………………………………….. 52-53 

II.2.5.  Generation of Erlin2-knockout cell lines using TALEN genome

Editing ………………………………………………………… 54 

II.2.6.  Generation of gRNA constructs for use with CRISPR/Cas9-

mediated gene editing ……………………………………… 54-56 

II.2.7.  Generation of knock-out cell lines using CRISPR/Cas9-mediated

gene editing ……………………………………………………. 57 

II.2.8.  Transfection ………………………………………………… 57-58 

II.2.8.1.  HeLa and HEK cells ……………………………… 57-58 

II.2.8.2.  αT3-1 and SHSY5Y cells ……………………………. 58 

II.2.9.  Generation of RNF170 and erlin2 mutants …………………. 58-59 

7



II.2.10.  Generation of RNF170 and erlin2 mutant-expressing αT3-1

cells …………………………………………………………. 59-60 

II.2.11.  Ca
2+

 fluorometric assay …………………………………..... 60-61

Chapter III.  A Point Mutation in the Ubiquitin Ligase RNF170 That Causes 

Autosomal Dominant Sensory Ataxia Destabilizes the Protein and Impairs Inositol 

1,4,5-Trisphophate Receptor-mediated Ca
2+

 Signaling ………………………… 62-73 

III.1.  Preface ………………………………………………………………. 62-63 

III.2.  Abstract …………………………………………………………………. 64 

III.3.  Introduction ………………………………………………………….. 64-65 

III.4.  Experimental Procedures …………………………………………….. 65-66 

III.5.  Results ……………………………………………………………….. 66-70 

III.6.  Discussion …………………………………………………………… 70-72 

III.7.  References …………………………………………………………… 72-73 

Chapter III. Addendum …………………………………………….…………….. 74-76 

8



 

Chapter IV.  The T65I mutation to erlin2 inhibits the ability of the erlin1/2 complex 

to mediate inositol 1,4,5-trisphosphate receptor ubiquitination and bind to 

phosphatidylinositol-3-phosphate ………………………………………………. 77-103 

 IV.1.  Abstract ……………………………………………………………… 78-79 

 IV.2.  Introduction ………………………………………………………….. 79-80 

 IV.3.  Experimental Procedures …………………………………………….. 81-85 

  IV.3.1.  Materials ………………………………………………………  81 

  IV.3.2.  Plasmids ……………………………………………………….  81 

  IV.3.3.  Expression and analysis of erlin2 constructs ………………  81-82 

  IV.3.4.  Generation and analysis of erlin1 and erlin2 knock-out and 

reconstituted cell lines ……………………………………… 82-83 

  IV.3.5.  Non-denaturing PAGE …………………………………….. 83-85 

  IV.3.6.  Lipid binding ………………………………………………….. 85 

  IV.3.7.  Data Presentation ……………………………………………… 85 

 IV.4.  Results ……………………………………………………………….. 86-95 

  IV.4.1.  The effects of erlin1 and erlin2 deletion on complex  

formation …………………………………………………… 86-88 

  IV.4.2.  Erlin1 and erlin2 play different roles within the erlin1/2  

9



 

complex ……………………………………………………. 88-90 

  IV.4.3.  The T65I mutation to erlin2 inhibits erlin1/2 complex binding to 

IP3Rs and IP3R processing by the ERAD pathway ……….. 91-93 

  IV.4.4.  The erlin1/2 complex specifically binds PI(3)P and the T65I 

mutation disrupts this binding ……………………………… 93-94 

 IV.5.  Discussion …………………………………………………………… 95-98 

 IV.6.  References ………………………………………………………….. 99-102 

Chapter IV. Addendum ……………………………………………………………... 103 

Chapter V.  General Discussion ……………………………………………….. 104-124 

 V.1.  General Discussion ……………………………………………...…. 104-118 

 V.2.  References …………………………………………………………. 119-124 

  

10



 

List of Figures and Tables 

Chapter I.  General Introduction 

 Figure 1. Current model of IP3R1 tetramer structure 

 Figure 2. Simple models of IP3R activation, erlin1, erlin2 and IP3R ERAD 

 Figure 3. UPP-mediated IP3R1 degradation suppresses IP3R-induced Ca
2+

 

Mobilization 

Chapter II.  Materials and Methods 

 Table 1. List of oligonucleotides used to modify lab cDNAs 

 Table 2. Antibodies for use in immunoprecipitations and Western blotting 

 Table 3. List of oligonucleotides designed to generate gRNA targeting molecules 

for use in CRISPR/Cas9-mediated gene editing 

Chapter III.  A Point Mutation in the Ubiquitin Ligase RNF170 That Causes 

Autosomal Dominant Sensory Ataxia Destabilizes the Protein and 

Impairs Inositol 1,4,5-Trisphosphate Receptor-mediated Ca
2+

 

Signaling 

 Figure 1. Membrane topology of RNF170 

 Figure 2. Effects of mutation of Arg
198

 and other amino acids on RNF170 

11



expression 

Figure 3. The R198C mutation reduces RNF170 expression via autoubiquitination 

and the proteasome 

Figure 4. Lack of effect of the R198C mutation on RNF170 membrane 

association and topology, and interaction with the erlin1/2 complex 

Figure 5. RNF170 levels in lymphoblasts from control and ADSA-affected 

Individuals 

Figure 6. Assessment of the IP3-mediated Ca
2+

 signaling pathway in

Lymphoblasts 

Figure 7. CRISPR/Cas9-mediated deletion of RNF170 and reconstitution with 

exogenous RNF170 constructs 

Chapter III. Addendum 

Addendum Figure 1. RNF170
R198C

 does not affect IP3R-mediated Ca
2+

 release in 
αT3 cells. 

Addendum Figure 2. DNA sequencing reveals heterozygosity of R199C mutant 

allele. 

12



Chapter IV.  The T65I mutation to erlin2 inhibits the ability of the erlin1/2 complex 

to mediate inositol 1,4,5-trisphosphate receptor ubiquitination and 

bind phosphatidylinositol-3-phosphate 

Figure 1. The effects of erlin1 and erlin2 deletion on complex formation 

Figure 2. The effects of erlin1 and erlin2 deletion on IP3R1 ERAD 

Figure 3. The T65I mutation to erlin2 disrupts its binding to activated IP3R1 and 

inhibits stimulus-dependent IP3R1 ubiquitination and degradation 

Figure 4. The erlin1/2 complex specifically binds PI(3)P and the T65I mutation 

disrupts this binding 

Chapter IV. Addendum 

Addendum Figure 1. A multiple sequence alignment of the full amino acid 

sequences of erlin2 homologs from homo sapiens, mus musculus and 

rattus norvegicus, as well as homo sapiens erlin1, using ClustalO. 

Chapter V.  General Discussion 

Figure 1. Truncation of IP3R1 intralumenal loop 3 region suggests location of 

erlin1/2 complex interaction site 

Table 1. Table of mutations to genes of the IP3R ERAD axis that result in disease 

Figure 2. Models of IP3R activation, ubiquitination and processing 

13



Abbreviations 

AD assembly domain 

ADSA autosomal dominant sensory ataxia 

BK bradykinin 

Ca2+ calcium (ion) 

cDNA complementary DNA 

ddH2O double-distilled water 

DMEM dulbecco's modified eagle's medium 

DRM detergent-resistant membrane 

DTT dithiothreitol 

E1 ubiquitin-activating enzyme 

E2 ubiquitin-conjugating enzyme 

E3 ubiquitin ligase 

EDTA ethylenediaminetetraacetic acid 

EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid 

ER endoplasmic reticulum 

ERAD endoplasmic reticulum-associated degradation 

ET1 endothelin 1 

FBS fetal bovine serum 

FCS fetal calf serum 

GFP green fluorescent protein 

GLB gel loading buffer 

GnRH gonadotropin-releasing hormone 

GOI gene of interest 

GPCR G protein-coupled receptor 

gRNA guide RNA 

HBSE HEPES-buffered saline with EDTA 

HEK human embryonic kidney 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMGR 3-hydroxy-3-methylglutaryl-coenzyme A reductase

HSP hereditary spastic paraplegia

IMDM iscove's modified dulbecco's medium

IP3 inositol 1,4,5-trisphosphate

IP3R inositol 1,4,5-trisphosphate receptor

kDa kilodalton

KO knock-out

LB lysogeny broth

Lys lysine

MeOH methanol

mRNA messenger RNA

NEB New England Biolabs

14



 

NEM N-ethylmaleimide 

PAF platelet activating factor 

PCR polymerase chain reaction 

PLS primarly lateral sclerosis 

PMSF phenylmethylsulphonylfluoride 

RING really interesting new gene 

RNAi RNA interference 

SCF SKP1, CUL1, F-box protein 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SPFH Stomatin, Prohibitin, Flotillin, HflC/K homology 

TALEN TAL-effector nuclease 

TM transmembrane 

TMD transmembrane domain 

UPP ubiquitin proteasome pathway 

 

15



CHAPTER I 

GENERAL INTRODUCTION 

16



Preface: The Wojcikiewicz Lab has studied the processing of inositol 1,4,5-trisphosphate 

receptors (IP3Rs) by a facet of the Ubiquitin Proteasome Pathway (UPP) known as 

Endoplasmic Reticulum-Associated Degradation (ERAD) for more than two decades and 

in that time has identified many factors directly involved in recognizing activated IP3Rs, 

mediating their ubiquitination, and directing their degradation by the 26S proteasome. In 

2015, Dr. Wojcikiewicz and I were approached to write the review, which represents 

much of the present state of understanding regarding how activated IP3Rs are degraded, 

what effects this control has on overall cellular homeostasis, and how pernicious 

mutations to the proteins that regulate the ERAD of IP3Rs can have deleterious effects on 

the cell and cause human disease. 
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I.1 Inositol 1,4,5-trisphosphate receptors

Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) are large (~260kDa), integral 

membrane proteins that form tetrameric IP3- and Ca
2+

-gated Ca
2+

 release channels
1-4

.

IP3Rs reside primarily in the ER membrane of mammalian cells and govern the release of 

Ca
2+

 from stores within the ER lumen
1
. Upon activation, IP3Rs are converted from stable

proteins into substrates of the Ubiquitin Proteasome Pathway (UPP) and processed by 

ER-Associated Degradation (ERAD), an ER-specific facet of the UPP
5-8

. Activated

receptors are subjected to rapid ubiquitination and degradation, and this processing of 

IP3Rs provides a unique avenue to study the complicated nature of ERAD in a native 

setting with endogenous proteins
9-26

.

I.1.1 IP3R structure and function

Three IP3R homologs exist in mammalian cells, termed IP3R1-3, each with minor 

differences in sensitivities to IP3 and vast differences in tissue distribution
1
. While they

vary only slightly in amino acid composition – sharing roughly 60-80% sequence identity 

– IP3Rs are highly conserved and are capable of forming both homo- and heteroteramers
1
.

IP3R1 is expressed widely and is the predominant isoform expressed in neuronal tissues, 

while IP3R2 and IP3R3 have more sporadic, but cell type- and tissue-specific, 

distributions
1
. The implications of the diverse nature of IP3R function and expression

remain poorly understood, although recent work has suggested that this may allow the 

cell to fine tune its responses to extracellular signals
13,15-18,25,27

.

Due to its broad expression, Type 1 IP3R has been the best-studied isoform, which 

recently culminated in the generation of a high-resolution structure (~4.7Å) of the closed 
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form of the tetramer
3
. This new structure, alongside other recent work, has allowed for 

the development of a newly specific hypothesis for channel opening
3,25,28

. IP3 must bind 

to multiple subunits within the IP3R tetramer for channel opening to occur
28

, and binding 

occurs within the ligand binding domain (LBD); this results in closing of the “clamshell” 

structure of this region and communication of that motion to both the C-terminal domain 

(CTD) and ARM3 regions of a proximal IP3R subunit, as well as to the linker domains 

(LNK) and the pore-lining TM6, thus allowing for opening of the channel aperture
2,3,25

. 

 

I.1.2 The IP3R signaling pathway 

IP3 is generated by the activation of cell surface receptors, typically G protein-

coupled receptors (GPCRs), by extracellular agonists
1,2,4

. Ligand binding to GPCRs 

triggers activation of a heterotrimeric G protein complex (typically, Gq), which 

subsequently activates isoforms of phospholipase C (PLC) and results in hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) into diacylglycerol (DAG) and IP3. The 

soluble IP3 diffuses throughout the cytosol and binds – along with its co-agonist Ca
2+

 – to 

IP3Rs at the ER, triggering Ca
2+

 release from within the ER stores
1,2,4

. The subsequent 

increase in cytosolic Ca
2+

 concentration initiates a number of cellular processes including 

release of neurotransmitters
25,29,30

, cell division following fertilization
31

, secretion of 

endocrine signaling factors
32,33

, smooth muscle contraction
33

, and apoptosis
1,30,33

. IP3-

mediated Ca
2+

 signaling links signals from the extracellular milieu to intracellular 

processes, allowing the cell to rapidly respond to its environment. 
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I.2 Gene editing techniques 

The studies in this dissertation are, in part, an expansion and improvement upon 

previous works from the Wojcikiewicz lab. Most notably, alongside immunoprecipitation 

and mass spectrometry, the functional roles of the proteins relevant to IP3R ERAD have 

been identified through the use of RNA interference. With the advent of new and more 

powerful gene editing techniques (TALEN and CRISPR/Cas9), I sought to improve upon 

these previous works by confirming and expanding the results using complete gene 

product (protein) ablation through TALEN- and/or CRISPR/Cas9-mediated knock-out. 

 

I.2.1 TAL-effector nucleases (TALENs) 

Transcription activator-like effectors (TALEs) comprise a large group of proteins 

originally derived from a bacterial plant pathogen
34

. These proteins work in pairs and 

contain ~34 amino acid repeats that allow them to bind to specific DNA sequences
34

. 

Each repeat is very similar in amino acid composition, with the exception of two variable 

amino acid residues, termed “repeat variable di-residues” (RVDs). Variation in these 

RVDs results in recognition of different nucleotides in a DNA sequence, and the cipher 

for recognition has been decoded
35,36

. Specifically, there are four commonly utilized 

RVDs that target certain nucleotides: “NI”, “NG”, “NK” and “HD” recognize adenine 

(A), thymine (T), guanine (G) and cytosine (C), respectively. As the requirements for 

targeting to specific nucleotides have been uncovered, repeats containing the desired 

targeting RVDs can be designed and assembled to bind to a specific sequence in the 

desired genome, and when conjugated to a restriction endonuclease, they are known as 

TALENs and can result in the disruption of a particular gene’s expression. TALENs work 

20



in pairs, both to target a specific region of a gene and also because the most commonly-

used endonuclease, FokI, works as a dimer
34-36

. When the paired TALENs bind to their 

targeted regions, the nucleases can dimerize and result in a double-strand break. The cell 

then repairs this break by non-homologous end-joining (NHEJ), commonly resulting in a 

frameshift mutation and a nonsense sequence, effectively ablating the expression of the 

target gene
34,35

. 

 

I.2.2 CRISPR/Cas9 

 The CRISPR/Cas9 system is derived from an adaptive immune defense system 

which evolved in bacteria and archaea, and uses RNA molecules to target and degrade 

nucleic acid material from foreign sources
37,38

. These systems have been adapted for use 

in specific targeting of eukaryotic gene sequences to allow for editing of genomic 

DNA
37,38

. In this work, I have used the basic CRISPR/Cas9 system described by several 

groups, including Mali and Church at Harvard
37

 and Zhang at MIT
38

. CRISPR/Cas9-

mediated gene disruption works as a multistep process. Guide RNA (gRNA) molecules 

are designed to target a particular gene of interest; these gRNAs are comprised of three 

components: 1) a trans-activating CRISPR RNA (tracrRNA) that provides as scaffolding 

unit for Cas9 nuclease binding 2) a targeting CRISPR RNA (crRNA) sequence that is 

~20bp in length and contains the sequence matching the gene of interest, and 3) a 

protospacer-adjacent motif (PAM) at the 3’ end of the target sequence
37,38

. The PAM is 

an essential component for targeting of the Cas9 endonuclease complex to the desired 

gene sequence and, while variations in PAM sequence requirements exist based upon the 

Cas9 source species, the best characterized  systems use a Cas9 derived from 
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Streptococcus pyogenes, whose PAM sequence must be NGG (where N is any base)
37,38

. 

Finally, the components are combined in cells for the gene editing to occur. Expressed 

gRNA molecules bind to their specific target(s), which subsequently recruit Cas9 

endonucleases to create double-strand breaks (DSBs) in dsDNA at the target site(s). 

These DSBs are repaired by the cell’s DNA repair machinery, often erroneously creating 

a frameshift mutation that results in the reading of a novel stop codon. Typically, a 

selection marker such as a fluorescent protein (often, GFP), is co-expressed alongside the 

CRISPR/Cas9 components to allow for cell selection and sorting following gene 

disruption. 
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Abstract

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are large (∼300 kDa) proteins that asso-
ciate into tetrameric ion channels in the endoplasmic reticulum (ER) membrane.
Activation and opening of the channel upon binding of IP3 and Ca2+ allows the flow
of Ca2+ ions from stores within the ER lumen to the cytosol, thereby promoting a
number of Ca2+-dependent cellular events, such as secretion, neurotransmitter
release, and cell division. Intriguingly, it appears that the same conformational change
that IP3Rs undergo during activation makes them a target for degradation by the
ubiquitin–proteasome pathway and that this mode of processing allows the cell to
tune its internal Ca2+ response to extracellular signals. Here, we review recent studies
showing that activated IP3Rs interact with an array of proteins that mediate their
degradation, that IP3Rs are modified by a complex array of ubiquitin conjugates, that
this ubiquitination and degradation functions to regulate IP3-mediated Ca2+

responses in the cell, and that mutations to different proteins involved in IP3R deg-
radation result in a set of similar diseases.
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1. INTRODUCTION

The endoplasmic reticulum (ER) is a crossroad for various cellular

processes: synthesis, signaling, and degradation. Here, information is inte-

grated, allowing the cell to regulate metabolism and adapt to its external

environment. Inositol 1,4,5-trisphosphate receptors (IP3Rs) are located in

the ER membrane and significantly contribute to ER functions.1–3 Their

activation requires input transmitted from the cell surface in the form of IP3
that is often generated following G protein-coupled receptor (GPCR)

activation.1–3 IP3Rs relay that signal by releasing Ca2+ stored in the ER

lumen—an event that affects processes as varied as neurotransmitter release,

secretion of insulin, regulation of cell division, and modification of mito-

chondrial metabolism.1–3 In response to activation, IP3Rs are rapidly

degraded4 and this destruction is carried out by the ER-associated degrada-

tion (ERAD) pathway, a facet of the ubiquitin–proteasome pathway (UPP),

which functions to degrade misfolded and aberrant proteins or isolated

subunits of multimeric protein complexes at the ER.5–7 IP3Rs are a critical

signaling nexus, and their regulated destruction is exemplary of the elegant

control mechanisms that operate at the ER.

2. IP3R MOLECULAR BIOLOGY

IP3Rs are large (∼300 kDa), ER-resident, integral membrane proteins

that exist as tetrameric channels that govern Ca2+ release from the ER

lumen.2,8 These channels are so named for their ability to bind to and be

activated by IP3, a second messenger generated at the plasma membrane as

part of a signal transduction cascade initiated by agonist-bound cell-surface

receptors (eg, GPCRs).1,2,9 Therefore, IP3Rs play a central role in coupling

information contained in extracellular signals such as neurotransmitters,

growth factors, and hormones to increases in cytosolic Ca2+ levels and

regulation of Ca2+-dependent events that extend therefrom.1–3

Three IP3R homologs exist in mammalian cells, termed IP3R1,

IP3R2, and IP3R3, with mildly different sensitivities, but distinctly dif-

ferent tissue distributions.2 They vary slightly in amino acid composition,

but are highly conserved and each is capable of forming homo- and

heterotetramers.2 IP3R1 is expressed widely, while IP3R2 and IP3R3
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have sporadic, but tissue- and cell-type-specific distributions.2,3,9,10 Due

to its ubiquitous expression, IP3R1 has been the most well-characterized

and best-studied isoform, recently culminating in the production of a

high resolution (∼4.7 Angstrom) structure of the closed IP3R1 tetrameric

channel8 (Fig. 1). This structure, along with its predecessors,11,12 has

allowed for an evolution in the hypothesis regarding the nature of channel

opening. IP3 must bind to multiple subunits within the receptor tetramer

for channel opening to occur (Alzayady and Yule, personal communica-

tion), and while IP3 clearly binds to, and conformationally changes, the

LBD, which consists of the β-TF1, β-TF2, and part of the ARM1

domains (Fig. 1B), the locations and effects of Ca2+ binding remain

undefined.8,9 The updated model of channel opening involves binding

of IP3 to the LBD, closing of the “clamshell” IP3-binding pocket, and

transmission of that motion to the C-terminal domain (CTD) and ARM3

domain of an adjacent IP3R subunit8 (Fig. 1C). IP3R CTDs are con-

nected via linker domains (LNK) to TM6; this is thought to allow for

transfer of motion from IP3 binding-induced rearrangement of the LBD

to opening of the channel (Fig. 1C, D).

It has been roughly 25 years since the discovery that, in mammalian

cells, IP3Rs are “downregulated,” or degraded, in response to activation

of cell-surface receptors that generate IP3.
13,14 In that time, we have learned

much about the modes and means by which the levels of IP3Rs are reduced

following such stimulation. The typical response is a >50% loss of the total

cellular IP3R pool, with half-maximal effect 30–60 min poststimula-

tion.15,16 In αT3-1 mouse anterior pituitary cells, this phenomenon is

dramatic; in response to gonadotropin-releasing hormone (GnRH) recep-

tor activation, >70% of the cellular IP3R complement is degraded, with

half-maximal effect at ∼15 min.17,18 All IP3R types can be downregulated

and the response is highly specific, since other ER membrane proteins and

signaling factors are unaffected.19,20 IP3R degradation occurs in a broad

swath of mammalian cell lines in vitro,18,21–24 in primary cultures in

vitro,25,26 in rat pancreas in vivo,27 and in mouse oocytes following fertil-

ization.28,29 Thewidespread utilization of this process indicates that it has an

important homeostatic function, allowing for adaptation of many different

cell types to persistent stimulation.

Initially, the mechanism by which IP3Rs were downregulated was elu-

sive.13,14 After some time, however, it became clear that IP3Rs are destroyed

by the UPP—that is, they are ubiquitinated and then degraded by the

proteasome.22,23
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3. UBIQUITINATION, THE UPP AND ERAD

Today, the UPP is recognized to be the major route by which eukary-

otic cells identify and degrade proteins.5,7,30–32 As such, the UPP is an area of

intense research with a focus on its role in controlling levels of cell cycle

regulators, elements of signal transduction pathways, transcription factors,

and of course, its role in health and disease.31–33 However, it is also now clear

that ubiquitination is more than just a trigger for proteasomal degradation

and that ubiquitin-based posttranslational modification generates diverse

signals (eg, histone modification, recruitment of proteins involved in

DNA damage repair, regulation of protein trafficking, etc.).31,34–36

Ubiquitin can be attached to a targeted substrate in many different

ways—as monoubiquitin on a single lysine or at multiple lysines, or as chains

(polyubiquitination).31,35 Ubiquitin contains seven lysine (K) residues—K6,

K11, K27, K29, K33, K48, and K63—that allow for chain building. The

best-characterized ubiquitin chain types are those linked via K48 or K63 and

these are well-known to trigger, respectively, proteasomal degradation or the

recruitment of proteins to various sites (eg, during DNA damage

repair).31,35,37 Polyubiquitin chains formed using “atypical” linkages (ie,

not K48 or K63) and branched chains of mixed linkage are less well charac-

terized, but recent work has begun to elucidate their possible roles. For

example, the anaphase-promoting complex APC/C is a ubiquitin ligase that

creates K11-linked ubiquitin chains on a number of cell cycle proteins that

target them for proteasomal degradation at the end of mitosis.38

Addition of ubiquitin moieties to a substrate is a multistep process that

involves a cascade of three tiers of enzymes: a ubiquitin-activating enzyme

Figure 1 Current model of IP3R1 tetramer structure. (A) The structure of an IP3R1
tetramer viewed from the cytosol (top) and from the side (bottom). Each of the four
subunits is shaded differently. (B) IP3R1 domains and sites of ubiquitination. The domain
organization of IP3R1 is color-coded in a manner consistent with the structures shown in
(C) and (D). The domains are: β-TF1, beta-trefoil 1; β-TF2, beta-trefoil 2; HD, α-helical
domain; ARM1-3, armadillo solenoid folds 1-3; ILD, intervening lateral domain; TMD,
transmembrane domains; LNK, helical linker domain; CTD, C-terminal domain. The
ligand-binding domain (LBD) consists of β-TF1, β-TF2, and a portion of ARM1. Black
arrows indicate lysine residues shown to be modified by ubiquitin (K916, K962, K1571,
K1771, K1884, K1885, K1886, K1899, K1901, K1924, K2118, K2257). (C) An IP3R1
monomer, color-coded by region to match the linear model in (B). (D) The isolated
core of an IP3R1 tetramer, including the pore-lining TM6, LNK, and CTD domains.
Reproduced and modified from Fan et al.,8 with kind permission.
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(E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3).35

Only one or two E1s are known to exist, whereas there are dozens of defined

E2s, and hundreds of identified E3s, thus allowing the system to become

increasingly specific the further down the cascade one travels, ending at

the target-specifying E3 ligase.30,35,39 Paired with cognate E3s, the E2s

catalyze the covalent linkage of ubiquitin moieties to the ɛ-amino group

of a lysine residue in substrates via an isopeptide bond. For polyubiquitin

chain construction, subsequent ubiquitin moieties are added processively by

linking them to a lysine residue in the preceding ubiquitin.

Importantly, the UPP is also responsible for “quality control” at the ER.

A facet of the UPP, known as the ERAD pathway, scans the ER for mis-

folded or aberrant lumenal or membrane proteins and unused subunits of

multimeric protein complexes.6,7 Once substrates are recognized, ERAD

components utilize a combination of ubiquitination and retrotranslocation

out of or across the ER membrane to deliver them to the cytosolic 26S

proteasome for destruction.7,30 The ERAD machinery must overcome the

membrane boundary to make this delivery and, interestingly, while the

signals that instigate substrate recognition by ERAD sensors are somewhat

understood (eg, the exposure of hydrophobic patches), the precise mechan-

isms by which substrates are recognized and relocated to the cytosol remain

unclear.6,7 Interestingly, it is not only aberrant or misfolded proteins that are

degraded by the ERAD pathway, but native proteins also. The paradigm for

this is 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), the rate-lim-

iting enzyme in sterol synthesis, which is targeted by the ERAD pathway in

the presence of excess sterols.40,41Much remains unknown regarding endog-

enous ERAD substrate processing, but recent technical advances are con-

tinuing to improve our ability to analyze native ERAD mechanisms.42

4. IP3R ERAD

Remarkably, activated IP3Rs are also targeted by the ERAD pathway.

Initial evidence for this came from experiments showing that proteasome

inhibitors blocked IP3R downregulation.22 Being ER-resident proteins, it

was immediately obvious that activated IP3Rs could be targeted for degra-

dation by the ERAD pathway and indeed, activated IP3Rs were subse-

quently shown to be rapidly ubiquitinated.22,23 At this point it became clear

that analysis of the mechanisms of IP3R processing by the ERAD pathway

would be valuable, as it would illuminate a novel aspect of IP3R biology, and
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also afford the ERAD field a unique opportunity for new discoveries, since

endogenous IP3Rs are almost instantaneously converted into ERAD substrates

upon activation. This contrasts with most ERAD studies to date, which

have been performed using model systems (eg, yeast) and model substrates

(eg, exogenously expressed mutant proteins or protein fragments that are

constitutively degraded).6,7

To define the proteins that mediate IP3R ERAD, activated IP3Rs were

immunoprecipitated and copurifying proteins were identified by mass spec-

trometry.19 These experiments showed that several proteins and protein

complexes associate with activated IP3Rs, some of which were subsequently

shown to be crucial for their degradation17,19,43,44 (Fig. 2). An ATPase, p97

(VCP/Cdc48), in complex with polyubiquitin-binding cofactors Ufd1 and

Npl4, binds to activated, ubiquitinated IP3Rs and utilizes ATP to generate

the necessary energy for their extraction from themembrane environment.45

Also, a large complex, composed of the proteins Erlin1 and Erlin2, associates

[(Figure_2)TD$FIG]

Figure 2 Simple models of IP3R activation, ubiquitination, and ERAD. (A) IP3 binding to
IP3Rs causes a yet-to-be-defined conformational change that results in opening of the
channel. This conformational change also allows for activated IP3Rs to be recognized by
the Erlin1/2 complex. RNF170 is constitutively bound to the Erlin1/2 complex and
mediates IP3R ubiquitination. Polyubiquitin chains are recognized by the p97-Ufd1-
Npl4 complex and ubiquitinated IP3Rs are extracted from the ER membrane and fed
to the 26S proteasome for degradation (see text for more details).
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rapidly with activated IP3Rs (<1 min)19,43 as does RNF170, an E3 ubiquitin

ligase that is constitutively associated with the Erlin1/2 complex.17,46

Subsequently, it was shown that the Erlin1/2 complex mediates the inter-

action between RNF170 and activated IP3Rs17,19,43 and that RNF170 is the

ligase responsible for IP3R ubiquitination.17,46

5. THE ERLIN1/2 COMPLEX AND RNF170

The Erlin1/2 complex (Fig. 2A), which is composed of∼40–50 Erlin1
and Erlin2 subunits (Fig. 2B) and has a mass of ∼2 MDa, was initially shown

to be essential for IP3R ERAD via RNAi experiments.19,20,43 When orig-

inally discovered, Erlin1 and Erlin2 were named “SPFH1” and “SPFH2”

because they belong to a family of ∼100 mammalian proteins that contain an

“SPFH” domain, a ∼250 amino acid motif found in the proteins Stomatin,

Prohibitin, Flotillin, and HflC/K.47,48 The proteins that share this SPFH

domain are typically organized into large, high molecular weight complexes

(>1MDa) and localized to detergent-resistant membranes, which are often

cholesterol-rich.47,48 Prohibitins have been found to exist primarily in the

mitochondrial inner membrane and function to maintain protein stability

[(Figure_2 (Cont.))TD$FIG]

Figure 2 (Cont.) (B) Models of Erlin1, Erlin2, and RNF170. Erlin1 and Erlin2 are ∼40-kDa
proteins that each have a single, N-terminal transmembrane domain. Via their Assembly
Domains (AD), Erlin1 and Erlin2, oligomerize to form a ∼2-MDa complex.19,43 RNF170 is
∼21 kDa in size, has three transmembrane domains and a cytosolic RING domain, which
mediates its ubiquitin ligase function.
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and cristae morphology.49 The stomatin-like protein podocin binds choles-

terol and regulates the activity of TRPC6, a receptor-activated cell-surface

Ca2+ channel.50 Although some homology exists between members of

this protein family, no universal function has yet been attached to the

SPFH domain.

Consititutively associated with the Erlin1/2 complex is RNF170

(Fig. 2B), which is a member of the family of RING domain containing

E3 ubiquitin ligases, one of the two major groups of E3s (along with HECT

domain containing E3s).51,52 RING domains are 40–100 amino acid motifs

that function to coordinate zinc ions and whose structures are indispensable

for ubiquitin ligase function and interaction with E2s.51,52 Remarkably, the

human genome encodes over 600 RING domain containing proteins and

this allows the cell to target a broad spectrum of substrates.51,52 In vitro

studies with purified RNF170 confirmed that it is indeed a functional E3

ubiquitin ligase and subsequent RNAi experiments established its role in the

ubiquitination of activated IP3Rs.17

Clearly, a major role of the Erlin1/2 complex is to bind RNF170 and

recruit it to activated IP3Rs (Fig. 2A), but does the Erlin1/2 complex play

other cellular roles? Indeed, it seems surprising that the cell would synthesize

such a large complex simply to act as a specific adaptor. Recent work has

suggested that the Erlin1/2 complex is involved in cellular sterol homeostasis

via regulation of SREBP53,54 and possibly the processing of HMGR.20,55

Other studies have suggested that Erlin2 is overexpressed in some cancers and

that amplification of the Erlin2 gene may offer a means for cancerous cells to

protect against ER stress.56 Thus, it appears that the Erlin1/2 complex may

function in a number of important regulatory processes, in addition to its role

in IP3R ERAD.

6. SUBSTRATE RECOGNITION BY THE ERLIN1/2
COMPLEX

How are activated IP3Rs recognized by the ERAD pathway? To

function, IP3Rs must change conformation between inactive and active

states8 and it appears that there is something about this conformational

change that allows for recognition by the Erlin1/2 complex. Several hypoth-

eses exist for ERAD substrate recognition, but the most widely accepted is

the exposure of hydrophobic regions that would normally be buried within

the protein.7 Conceivably, IP3R channel opening might expose a portion of
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one or more of its hydrophobic TMDs to the ER lumen or cytosol, making

it available for recognition, although currently little is known about how the

TMDs are repositioned upon IP3R activation8 (Fig. 1). Alternatively, as

the bulk of the Erlin1 and Erlin2 polypeptides are within the ER lumen

(Fig. 2B), it is reasonable to think that a lumenal portion of IP3R represents

the interaction site. The lumenal loop that connects TM5 with the channel-

lining TM6 (Fig. 1A, C)8 is the most likely interaction site, as it is by far the

largest lumenal region (∼100 amino acids in length). Further, it contains a

Ca2+-binding site as well as both the pore helix and selectivity filter (Fig. 1C)

and is assumed to flex during channel opening.8,9 Also present in this loop is a

binding site for ERp44, a member of the thioredoxin protein family, which

regulates IP3R function in a Ca2+- and pH-dependent manner.57 Binding of

ERp44 to this portion of IP3Rs is disrupted by high Ca2+ concentrations.57

Perhaps a conformational change in the loop during channel opening,

combined with altered binding of Ca2+-dependent regulatory proteins such

as ERp44, reveals a binding site for the lumenal portion of the Erlin1/2

complex.

7. IP3R UBIQUITINATION

Shortly after binding the Erlin1/2 complex and RNF170, ubiquitina-

tion of activated IP3Rs begins, reaching a peak between ∼5 and 20 min,

depending upon cell type.17,24 Mass spectrometry analysis of IP3R1 com-

plexes isolated fromGnRH-stimulated αT3-1 cells showed that at least 12 of
the 167 lysine residues present in each monomer could be ubiquitinated24,58

(Fig. 1B). Of these ubiquitinated residues, approximately 40%weremodified

with monoubiquitin, and the rest mostly with K48- or K63-linked poly-

ubiquitin chains, suggesting that IP3R ubiquitination is catalyzed in a highly

coordinated manner. Given the well-documented connection between

K48-linked chains and the UPP, the finding that IP3Rs are also modified

with a large amount of K63-linked chains is highly intriguing. K48- and

K63-linked polyubiquitin chains have different structures,36 and while K48-

linked chains clearly signal for proteasomal degradation,35 K63-linked chains

are generally considered to function in other events, such as the recruitment

of proteins for DNA damage repair.59 Further observations showed that the

formation of K48- and K63-linked ubiquitin chains follow differing kinet-

ics,58 with K63-linked chains being added slightly more rapidly than K48-

linked chains, that the K48- and K63-linked ubiquitin chains attached to

150 F.A. Wright and R.J.H. Wojcikiewicz

35



IP3R tetramers are homogenous and exist on different subunits,24 and that

only K48-linked ubiquitin chains are necessary for IP3R degradation.24

Thus, it appears that IP3R ubiquitination may be more than just a signal

for degradation with perhaps K63-linked chains functioning to recruit mod-

ulatory or regulatory proteins to activated IP3Rs.

Excitingly, genetic ablation of RNF170 by CRISPR/Cas9-mediated

gene editing completely blocks stimulus-dependent IP3R ubiquitination.46

This raises two fascinating possibilities. RNF170 could be the only E3

ubiquitin ligase for IP3Rs and interact with more than one E2 enzyme, thus

allowing it to generate more than one polyubiquitin chain type. Several E3s

are known to interact with multiple E2s,60,61 such as Parkin, which interacts

with at least four E2s that mediate its regulation of mitochondrial fission,

fusion, and mitophagy.61–63 Alternatively, RNF170 could be the initial

mediator of IP3R ubiquitination and generate K63-linked chains that then

trigger the recruitment of a second ligase that synthesizes K48-linked chains,

thereby producing the kinetic difference between the two chain types. In this

regard, IP3Rs activation also recruits gp78,19 a well-known E3 involved in

the ERAD pathway64 that creates K48-linked ubiquitin chains,65 although

its precise function relative to IP3R regulation remains undefined. Another

candidate E3 is Hrd1, a well-characterized ERAD component7,32,39 that

interacts with the Erlin1/2 complex.19 Additionally, it appears that Ube2G2

(Ubc7), an E2 enzyme that catalyzes the formation of K48-linked chains in

concert with a number of E3s,66 including gp78,65 is responsible for pro-

ducing these chains on activated IP3Rs,26 however, the E2 that coordinates

K63-linked chain formation on IP3Rs remains unknown.

While the cell does not discriminate between IP3R subtypes—IP3R1,

IP3R2, and IP3R3 are all degraded by the ERAD pathway following acti-

vation23,24,58—different cell types produce a different ratio of K48:K63

chains on IP3Rs in response to stimulation.24 This appears to correlate with

the efficiency of IP3R degradation, since αT3-1 cells produce K48- and

K63-linked ubiquitin chains on IP3Rs in a ∼1:2 ratio and the proteasomal

degradation of IP3Rs is quite fast, whereas in Rat-1 fibroblast cells, the ratio

is much lower (∼1:6) and IP3R degradation is much slower.18,23,24

Interestingly, when mapped onto the new IP3R1 structure, a majority of

the ubiquitination sites identified reside within or near the ARM3 domain

(Fig. 1B, C), a regulatory hotspot.44,67 The clustering of ubiquitin-modified

lysines in this regionmakes sense, as it is in a portion of the IP3R that contains

several exposed loops which likely approach the ER membrane from

beneath the large cytosolic “mushroom cap” portion of the IP3R tetramer
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that should be within reach of the relatively small and membrane-localized

RNF170 (Fig. 1A, C). The revelation that these modified lysine residues

exist at or near regulatory regions of IP3Rs is intriguing, as it supports the

possibility that ubiquitination is not merely a degradative signal, but may also

modify other aspects of IP3R function.

8. THE ROLE OF IP3R ERAD

It has been argued that the ERAD of activated IP3Rs is a homeostatic

process, disconnecting cell-surface receptors that generate IP3 fromERCa2+

release in order to shield the cell from excessive Ca2+ mobilization and the

damage that it can cause (eg, apoptosis).68 Certainly, studies with permea-

bilized cells have indicated that IP3R downregulation reduces the sensitivity

of ER Ca2+ stores to IP3 and limits Ca2+ mobilization.14 This effect can also

be seen in intact cells. In Fig. 3A and B, GnRH-induced changes in cytosolic

Ca2+ concentration were measured in control or RNF170 knockout (KO)

αT3-1 cells either without or with GnRH pretreatment, which downregu-

lates IP3R1 in control cells, but not RNF170 KO cells (Fig. 3C). In control

cells, the reduction in IP3R1 levels (Fig. 3C, lanes 1-3) correlates with a

reduction in responsiveness to GnRH (Fig. 1A). In contrast, in RNF170KO

cells, IP3R1 levels are maintained (ie, not downregulated) in the face of

prolonged GnRH exposure (Fig. 3C, lanes 4-6), and responsiveness to

[(Figure_3)TD$FIG]

Figure 3 UPP-mediated IP3R1 degradation suppresses IP3R-induced Ca2+ mobilization.
(A–B) Fura-2 AM-loaded control and RNF170 KO αT3-1 cells were exposed to 100 nM
GnRH as indicated and cytosolic free Ca2+ concentration ([Ca2+]c) was calculated as
described.46 Solid lines indicate responses of nonpretreated cells, and dashed lines
indicate responses of cells pretreated for 1 h with 100 nM GnRH. (C) Control and
RNF170 KO αT3-1 cells were treated with 100 nM GnRH for 0, 30, or 60 min and
subjected to SDS-PAGE and immunoblotting. Erlin2 and p97 served as loading controls.
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GnRH is unchanged (Fig. 3B). Thus, IP3R degradation truly results in the

desensitization of ER Ca2+ stores to IP3-generating signals.

In the experiments shown in Fig. 3, a maximal, long-term dose of

GnRH was used to cause IP3R1 downregulation and desensitization of

responses. Certainly, these are extreme conditions, and one must wonder

about the physiological relevance of these results. In this regard, Fig. 3C also

shows that the basal level of IP3R1 in αT3-1 RNF170 KO cells is increased

relative to that seen in control cells (compare lanes 1 and 4).46 This suggests

that RNF170 is not only involved in the degradation of activated IP3Rs after

a maximal stimulus, but also under basal conditions. Similar increases in

IP3R1 levels have been observed in Erlin1 and Erlin2 KO cells (data not

shown). Thus, it appears that the Erlin1/2 complex-RNF170 module med-

iates basal IP3R turnover, and that this may be its normal physiological

function.

9. DISEASES OF THE IP3R-ERLIN1/2
COMPLEX-RNF170 AXIS

Mutations to Erlin2 and RNF170 have been linked to a number of

human diseases: sclerosis, paraplegia, and sensory ataxia.3,69–74 Recessive

mutations to the Erlin2 gene have been linked to the development of both

juvenile primary lateral sclerosis (PLS) and hereditary spastic paraplegia

(HSP).70–73,75 PLS is a disease that specifically affects upper motor neurons

and causes their degeneration, leading to a number of phenotypes, includ-

ing weakness in the legs, spasticity, urinary dysfunction, and cognitive

impairment.71 It can be caused by a mutation in the Erlin2 gene that affects

splicing, resulting in the introduction of an in-frame stop codon71 that

prematurely truncates the encoded protein and removes the “Assembly

Domain” (AD), a region that is critical for Erlin1/2 complex assembly

and function (Fig. 2B),43,76 and also reduces Erlin2 mRNA levels

by ∼85%.71 These effects should drastically reduce the cellular complement

of functional Erlin2.

HSP is a group of similar diseases with more than 50 identified genetic

causes, all characterized by degeneration of corticospinal neurons, lower

extremity weakness, and spasticity,75 sometimes including cognitive and

speech impairment.70,73,75 This disease can result from dysfunction of a

number of proteins in a variety of signaling pathways, including maintenance

of ER morphology, cell adhesion and communication, mitochondrial
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function, andmembrane trafficking.75 It can be caused by a genetic alteration

to Erlin2 in which a 20-kb region, beginning just upstream of the Erlin2

exon 2 sequence, is translocated elsewhere in the genome, which results in a

nullimorphic Erlin2 allele with no measurable mRNA expression.73

Likewise, the disease can be linked to a two-nucleotide insertion in the

Erlin2 gene which creates a stop codon that truncates Erlin2 just before

the AD.72Overall, these data strongly suggest that perturbation of Erlin2, and

thus, the Erlin1/2 complex, leads to neurodegenerative disorders.

A point mutation in humanRNF170 (arginine to cysteine at residue 199)

causes a neurodegenerative disorder known as autosomal dominant sensory

ataxia (ADSA).46,74 This disease manifests as progressive development of

abnormal gait due to loss of proprioception and sensory perception, partic-

ularly in the extremities.74 Autopsy results obtained from an ADSA patient

showed axonal spheroids present in the dorsal spinal column, an indicator of

neuronal cell stress, which can be caused by Ca2+ dysregulation.77 RNF170

is highly conserved across species,17 and mutation of an equivalent residue in

mouse RNF170 (R198) affects the stability of RNF170, causing it to be

degraded by the proteasome.46 Immortalized lymphoblasts derived from

ADSA patients (all heterozygotes) also displayed a reduction in total

RNF170 levels (by ∼27%).46 The R198 C mutation does not, however,

affect the ubiquitin ligase activity of RNF170, since stable reexpression of

wild-type or R198 C RNF170 in RNF170 KO αT3-1 cells caused equal

reconstitution of IP3R ubiquitination.46 On the heels of this work, it was

recently shown that a progressive neurodegenerative disorder, phenotypi-

cally quite similar to ADSA, developed in RNF170 KO mice aged

>12 months.78 Taken together, these data suggest that, over a lifetime, a

reduction in RNF170 expression due to the R199 C mutation leads to the

development of ADSA.

Overall, it seems likely that the perturbations to the Erlin1/2 complex

and RNF170 described will lead to dysregulation of IP3R ERAD, which in

turn causes PLS, HSP, and ADSA, perhaps because of dysregulated Ca2+

signaling and degeneration of corticospinal neurons.71,75,77 Interestingly,

ADSA appears to be the mildest of the three diseases,46,74 with both HSP

and PLS displayingmore numerous and dramatic symptoms, as well as having

an earlier onset.71–73 In the context of Erlin1/2 complex-RNF170 module

function, this more dramatic effect makes sense considering that RNF170 is

guided to activated IP3Rs by the Erlin1/2 complex (Fig. 2A)17,19 and loss

of Erlin1/2 complex function should inhibit both IP3R ERAD and its

IP3R-independent roles. In contrast, loss of RNF170 expression, which in
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ADSA is relatively mild, should only affect IP3R ERAD, since RNF170 is

not known to target proteins other than IP3Rs.17,46 Thus, disabling the

Erlin1/2 complex could have numerous consequences for the cell, resulting

in a more severe disease.

10. CONCLUSIONS AND FUTURE DIRECTIONS

IP3R ubiquitination is highly complex and is important for both their

basal and stimulated turnover; however, much about IP3R ubiquitination

and IP3R processing by the ERAD pathway still needs to be explored. The

most pressing questions are: what is the function of K63-linked ubiquitin

chains on IP3Rs, how does the Erlin1/2 complex specifically engage acti-

vated IP3Rs, and how are ubiquitinated IP3Rs extracted from the ER

membrane? Answering these questions will, of course, be of interest to the

neuroscientific and IP3R communities, but also will shed light on some of

the mysteries in the study of the ERAD pathway, the UPP in general and

human diseases.
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I.4 Summary and aims of thesis 

 In summary, mutations that affect the function and/or expression of proteins that 

mediate the ERAD of activated IP3Rs are likely causative for the development of 

progressive neurodegenerative diseases. Over the years of my work, the aims have 

become: 1) to confirm the involvement, and clarify the role(s), of the proteins erlin1, 

erlin2 and RNF170 in the ERAD processing of activated IP3Rs by adapting novel gene 

editing techniques (TALEN and CRISPR/Cas9) to knock-out their protein expression, 2) 

to characterize the lipid binding capabilities of the erlin1/2 complex, and 3) to 

characterize the disruptive effects of mutations to these components which have been 

identified as causative for Autosomal Dominant Sensory Ataxia (ADSA) and Hereditary 

Spastic Paraplegia (HSP). 

 Using TALEN and CRISPR/Cas9, via a helpful introduction from Dr. Danielle 

Sliter, currently of NIH, I was able to adapt these two systems and successfully knock-out 

expression of each of IP3R1, erlin1, erlin2 and RNF170. These knock-out cell lines were 

massively useful tools to investigate the nature of IP3R ERAD. I was able to identify that 

erlin2 is the “dominant partner” of the erlin1/2 complex, driving the interaction of the 

complex with activated IP3Rs, and that cells lacking erlin2 were unable to recruit either 

erlin1 or RNF170 to the receptor locus. Concurrently with this work, I discovered that 

erlin1 and erlin2 were able to independently assemble into high MW complexes of sizes 

similar to that of the endogenous complex containing both proteins. This opened up 

questions regarding the nature of the stoichiometric fidelity and assembly of the 

endogenous complex, work that remains ongoing and worth pursuing.  
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Ablation of RNF170 expression allowed for a significant advance in our 

understanding of IP3R ubiquitination, revealing that its E3 ligase activity is required for 

the creation of both K48- and K63-linked polyubiquitin chain types on activated IP3Rs, 

the predominant types formed following cell stimulation. This opens the door to pursuit 

of a more granular understanding of the complicated process of IP3R ubiquitination and 

the role of each linkage type in directing IP3R ERAD. Indeed, it suggests the involvement 

of multiple as-yet-unidentified enzymes which function concomitantly with, or 

downstream of, RNF170 and the erlin1/2 complex. 

On the heels of my work with the knock-outs of erlin1, erlin2 and RNF170, two 

novel point mutations – one to RNF170 and one to erlin2 – were identified as causative 

of progressive neurodegenerative disorders known as ADSA and HSP, respectively. 

Using the newly-developed knock-out tools, I learned that the RNF170 mutation (R199C) 

resulted in instability of the RNF170 protein brought about by the disruption of a salt 

bridge between two charged residues that reside within the second and third TM domains. 

This instability caused a shortening of the protein’s half-life and, in ADSA patient-

derived cells, inhibited IP3R-mediated ER Ca
2+

 release. These data allowed us to 

hypothesize that the development of ADSA was possibly caused by dysregulation of IP3R 

channel activity due to lifelong reduction in RNF170 protein level. 

The mutation to erlin2 (T65I) appears to have a two-fold defect. Expression of 

erlin2
T65I

 in erlin2 knock-out cells revealed that this mutant erlin2 was incapable of 

binding to activated IP3Rs, thereby inhibiting recruitment of RNF170 and stimulus-

dependent IP3R ubiquitination. The loss of ubiquitination led to an inability of the cell to 

degrade IP3Rs in response to an IP3-generating signal. On top of this, the erlin1/2 
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complex was surprisingly identified as a protein complex that binds monophosphorylated 

phosphoinositides, such as PI(3)P, rather than cholesterol, as has been suggested. 

Investigation of the lipid binding capabilities of erlin2
T65I

 revealed that the mutation 

lowers the sensitivity of erlin2 to these lipids. 

These findings suggest that the regulation of IP3R protein level in cells by these 

ERAD factors is likely crucial to neuronal cell health, although many questions remain, 

some of which are discussed in Chapter V of this dissertation. Chapter V also contains 

some preliminary work using CRISPR/Cas9-mediated knock-out and gene editing to 

define the region(s) of IP3Rs which are recognized by the erlin1/2 complex upon 

activation. Recent structural studies of IP3Rs using state-of-the-art Cryo-EM techniques 

have been helpful in narrowing the possibilities for this interaction site, and application of 

this high-resolution structural technique is currently being pursued for the erlin1/2 

complex in what hopes to be a fruitful collaboration. In all, these studies have resulted in 

the publication of a first author research paper (Chapter III), significant progress toward 

another (Chapter IV) and the publication of a review article on the subject of IP3R ERAD 

(Chapter I).  
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MATERIALS AND METHODS 

 

II.1 Materials 

 

II.1.1 Cells 

The cell lines used were: human HeLa cervical cancer cells, a gift from Dr. Y. Huang, 

Department of Pharmacology, SUNY Upstate Medical University; human fibroblasts, a gift from 

Dr. Frederic Darios, Pierre and Marie Curie University, Paris, France; mouse αT3-1 pituitary 

gonadotrophs, a gift from Dr. P. L. Mellon, University of California, San Diego, San Diego, CA; 

SHSY5Y human neuroblastoma cells, a gift from Dr. J. Beidler, Sloan-Kettering Cancer Center, 

New York, NY; human lymphoblast cells, a gift from Drs. P. N. Valdmanis and G. A. Rouleau, 

Department of Medicine, University of Montreal, Montreal, QC. 

 

II.1.2 Cell culture and transfection materials 

Iscove’s modified Dulbecco’s medium (IMDM) was purchased from Thermo Scientific. 

Fetal Bovine Serum (FBS), fetal calf serum (FCS) and newborn calf serum were purchased from 

Atlanta Biologicals. Dulbecco’s modified Eagle medium (DMEM) was purchased from 

GIBCO/Invitrogen/Life Technologies. Penicillin/streptomycin and trypsin/EDTA were 

purchased from (CellGro). OptiMEM I reduced serum medium and Lipofectamine 2000 were 

purchased from GIBCO/Invitrogen/Life Technologies. Cell culture dishes were purchased from 

Corning/BD Falcon. The NEON transfection system and associated reagents were purchased 

from Invitrogen/Life Technologies. 
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II.1.3 Plasmids and molecular biology materials 

The pcDNA3 and pcDNA3.1 mammalian expression vectors were from Invitrogen/Life 

Technologies. The pCMV vectors were from Clontech. pCAG expression construct was a kind 

gift from Dr. E. Olson, SUNY Upstate Medical University. pMSCV-IRES-GFP fluorescent 

protein expression vector was a kind gift from Dr. G. Mohi, SUNY Upstate Medical University. 

The gRNA cloning vector (pCR-Blunt II-TOPO backbone) and hCas9 expression vector 

(pcDNA3.3-TOPO backbone) were purchased from AddGene and deposited by Dr. G. Church, 

Harvard University. PFU Ultra II high fidelity DNA polymerase and PFU Ultra II buffer were 

both from Stratagene. DH5α electrocompetent cells, T4 DNA ligase, T4 DNA ligase buffer, 

dNTPs, DNA standard ladders and restriction endonuclease enzymes were purchased from New 

England Biolabs. Custom oligonucleotides were designed by hand and were purchased from, and 

synthesized by, Sigma. The PureLink HiPure plasmid maxi-prep kit was purchased from Life 

Technologies. The Zippy Plasmid mini-prep kit was purchased from Zymo Research, Inc. The 

QiaQuick PCR purification kit, DNA agarose gel purification kit and all other DNA/RNA 

purification kits were purchased from Qiagen. The MJ Mini Personal thermal cycler and PTC-

510 MiniCycler were purchased from BioRad and MJ Research, respectively. All DNA 

sequencing was performed at the SUNY Upstate Medical University DNA sequencing core 

facility. Oligonucleotides used to modify cDNAs are listed in Table 1. 
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Table 1 

Table 1. List of oligonucleotides to modify lab cDNAs. Listed are the oligonucleotides 

used to generate mutants/deletions/truncations in RNF170, erlin2 and IP3R1 for the 

experiments presented in this dissertation. All sequences are listed in the 5’3’ orientation. 

  

Gene target Primer Name Forward/Reverse Sequence Purpose

RNF170 RNF170 FWD Forward GGGGTACCAATGGCCAGGTACTACAGT Subclone RNF170

RNF170 RNF170 RVS Reverse CGCGCGGATCCCGGATATTCTAGTAAACTAA Subclone RNF170

RNF170 R198C FWD Forward CTCTTCTGGATGTTCTGCATTAGGATAATGCTT Create R198C mutation in mRNF170

RNF170 R198C RVS Reverse AAGCATTATCCTAATGCAGAACATCCAGAAGAG Create R198C mutation in mRNF170

RNF170 R198S FWD Forward GCCTCTTCTGGATGTTCAGCATTAGGATAATGCT Create R198S mutation in mRNF170

RNF170 R198S RVS Reverse AGCATTATCCTAATGCTGAACATCCAGAAGAGGC Create R198C mutation in mRNF170

RNF170 D232A FWD Forward GGAATTCTGGGCTTTCTAGATGCTTTCTTTGTT Create D232A mutation in mRNF170

RNF170 D232A RVS Reverse AACAAAGAAAGCATCTAGAAAGCCCAGAATTCC Create D232A mutation in mRNF170

RNF170 D232R FWD Forward GGAATTCTGGGCTTTCTAGATCGTTTCTTTGTT Create D232R mutation in mRNF170

RNF170 D232R RVS Reverse AACAAAGAAACGATCTAGAAAGCCCAGAAATCC Create D232R mutation in mRNF170

RNF170 RNF170 HA RVS Reverse
CCGGATCCTCAACCGGCATAGTCAGGCACGTCATA

AGGATAACCCCTAGTTAGTCTTTG
Add a C-term HA tag to mRNF170

RNF170 RNFdTM1for Forward GCCGCTCGAGAGAAATGTACAGCAGAAC Truncate out / Delete TM1

RNF170 RNFdTM1rvs Reverse CGGCCTCGAGTTGGTCGCTCAC Truncate out / Delete TM1

RNF170 RNF170dTM2/3-fwd Forward GCCGCTCGAGATGTATCGAGAAGTGATAACC Truncate out / Delete TMs2/3

RNF170 RNF170dTM2/3-rvs Reverse CGGCGAGCTCAACTGAGAACACTTCCCTGAA Truncate out / Delete TMs2/3

RNF170 RNF170-N Gly1-FWD Forward
GCCGCCTGTAATGGCCAGGAACTACAGTGAAGGT

CAG
Create an N-term N-Gly consensus seq

RNF170 RNF170-N Gly1-RVS Reverse
CTGACCTTCACTGTAGTTCCTGGCCATTACAGGCG

GC
Create an N-term N-Gly consensus seq

RNF170 RNF170-N Gly2-FWD Forward
GCCGAGGTACTACAGTGAAAATCAGAGTTTGCAG

CAG
Create an N-term N-Gly consensus seq

RNF170 RNF170-N Gly2-RVS Reverse
CTGCTGCAAACTCTGATTTTGACTGTAGTAACCTCG

GC
Create an N-term N-Gly consensus seq

RNF170 RNF170-2/3 Loop-HA-N Gly-RVS Reverse

CGGCGGATCCTCACGACATCATCGTCGAGTTGGCA

TAGTCAGGCACGTCATAAGGATAAGGTACAAAAT

CTAGCGGAGA

Truncate RNF170 to loop b/w TMs 2/3 and add C-

term HA tag and N Gly consensus site

RNF170 RNF170-PostRING-Trunc-HA- N Gly Reverse

CGGCGGATCCTCACGACATCATCGTCGAGTTGGCA

TAGTCAGGCACGTCATAAGGATAAACTGAGAACA

CTTCCCTGAA

Truncate RNF170 to just before TM2 start and add 

C-term HA tag and N Gly consensus site

HA-N Gly-BamHI-RVS Reverse
GCGGATCCTCACGACATCATCGTCGAGTTGGCATA

GTCAGGCACGTCATA
Add an N Gly consensus site to any C-term HA tag

RNF170 RNF170-Nterm-Trunc1-D14-FWD Forward
GGGGTACCAATGGCCGATGACTCATTTATAGAAG

GAGTGAGCGAC

Truncate RNF170 N-term to residue D14 (to test 

binding to Erlin1/2 complex)

RNF170 RNF170-Nterm-Trunc2-V25-FWD Forward
GGGGTACCAATGGCCGTCCTTGTGGCTGTGGTGGT

CAGCTTGGCG

Truncate RNF170 N-term to residue V25 (to test 

binding to Erlin1/2 complex)

Erlin2 hErlin2-T65I-FWD Forward TCATATAAGTCTGTGCAGACCATACTCCAG Create T65I mutation in hErlin2 seq

Erlin2 hErlin2-T65I-RVS Reverse CTGGAGTATGGTCTGCACAGACTTATATGA Create T65I mutation in hErlin2 seq

ITPR1 mIP3R1-2468-FWD Forward
GCCGGCTAGCTTGGAAGTAGATAGGTTGCCCAATG

AAACA

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding

ITPR1 mIP3R1-2473-FWD Forward
GCCGGCTAGCTTGCCCAATGAAACAGCTGTTCCAG

AAACT

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding

ITPR1 mIP3R1-2481-FWD Forward
GCCGGCTAGCGAAACTGGCGAGAGTTTGGCCAAC

GATTTC

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding

ITPR1 mIP3R1-2520-FWD Forward
GCGGCTAGCGAACAGGATAAGGAACACACGTGTG

AGACC

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding

ITPR1 mIP3R1-2552-FWD Forward
GCCGGCTAGCCTCAGGAAGCCATCCAAAGAGGAG

CCTCTG

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding

ITPR1 mIP3R1-2467-RVS Reverse
CGGCGCTAGCGATAAAGTCATCCTTGAAGAACAG

ATAGCC

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding

ITPR1 mIP3R1-TM5-RVS Reverse
CGGCCGATCGGAAGAACAGATAGCCCACAATTGA

GAACAG

Create truncations within IL3 of mIP3R1 to 

examine site of Erlin1/2 complex binding
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II.1.4 Antibodies 

The antibodies used in the research presented in this dissertation and their sources are 

listed in Table 2. All antibodies that were not generated by the Wojcikiewicz Lab, in 

collaboration with the SUNY Upstate Medical University Department of Animal Laboratory 

Research (DLAR) facility, were either purchased from commercial sources or gifts from the 

indicated labs kind enough to share their research materials. These gifts are greatly appreciated, 

as they significantly enhanced the productivity and information-gathering capabilities of my 

research. 

Table 2 

Table 2. Antibodies for use in immunoprecipitations and Western blotting. Antibodies 

are listed for each protein targeted. Antibody Name is the lab’s common-use names for the 

antibodies. Protein Target indicates the original species and gene targeted for antibody 

generation. Source indicates the location, commercial entity or lab from which the antibody 

was acquired. 

 

Antibody Name Protein Target Mono- or Polyclonal Source Lab / Commercial Source

CT1 rnIP3R1 Poly Rabbit Dr. R. Wojcikiewicz

CT2 rnIP3R2 Poly Rabbit Dr. R. Wojcikiewicz

CT3 rnIP3R3 Poly Rabbit Dr. R. Wojcikiewicz

NT1 rnIP3R1 Poly Rabbit Dr. S. Joseph, Thomas Jefferson Univ

TL3 mmIP3R3 Mono Mouse BD Transduction

pan-IP3R / APB IP3R Poly Rabbit Dr. J. Parys, Univ of Leuven

Seymour mmErlin1 Poly Rabbit Dr. R. Wojcikiewicz

7D3 hsErlin1 Mono Mouse Dr. S. Robbins, Univ of Calgary

Sammy rnErlin2 Poly Rabbit Dr. R. Wojcikiewicz

Barney2 mmRNF170 Poly Rabbit Dr. R. Wojcikiewicz

Jamie mmHrd1 Poly Rabbit Dr. R. Wojcikiewicz

Howard mmgp78 Poly Rabbit Dr. R. Wojcikiewicz

p97/Cdc48 Mono Mouse Research Diagnostics, Inc.

FK2 mmUbn Mono Mouse BioMol International

Hilary HA Poly Rabbit Dr. R. Wojcikiewicz

HA-11 HA Mono Mouse Babco

Ubn (K48) Poly Human Genentech

Ubn (K63) Poly Human Genentech

DO1 p53 Mono Mouse Santa Cruz

b-Tubulin Mono Rabbit Cell Signaling

FLAG (M2, M5) Mono Mouse Sigma
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II.1.5 Reagents for electrophoresis and immunoblotting

Reagents for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) 

were: 30% bis-acrylamide, ammonium persulfate (APS), TEMED (N,N,N’,N’,-

tetramethylethylenediamine), Mini-PROTEAN 3 and Tetra electrophoresis chambers and 

electrodes, pre-stained Precision Protein Plus standards, and Trans-blot SD and Turbo semi-dry 

electrophoresis transfer systems were purchased from Bio-Rad. Nitrocellulose and poly-

vinylidene fluoride (PVDF) blotting membranes were purchased from GE Healthcare. 

SuperSignal West Pico and Dura enhanced chemiluminescence (ECL) kits were purchased from 

ThermoFisher. Reagents for NativePAGE (“Blue Native”) were: NativePAGE Novex 3-12%, 4-

16% Bis-Tris gels, 20X Running Buffer, 20X Cathode Buffer additive, 5% Coomassie Blue 

G250 dye, NativeMark unstained protein standards, 4X Sample Buffer, and X-Cell Sure-Lock 

electrophoresis cells all purchased from Invitrogen (Life Technologies). Immunoblots were 

detected and quantified using the GeneGnome Imaging System and GeneTools software, 

purchased from SynGene Bio Imaging. 

II.1.6 Drugs and miscellaneous materials

Protease inhibitors (pepstatin, soybean trypsin inhibitor, PMSF 

(phenylmethylsulphonylfluoride), dithiothreitol (DTT)), N-ethylmaleimide (NEM), MG-132, 

carbachol, gonadotropin-releasing hormone (GnRH), bradykinin (BK), ampicillin, kanamycin, 

Triton X-100, digitonin, Tween-20 and all other unlisted chemicals were purchased from Sigma. 

Bortezomib, 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPs), 

endothelin I (ET1), puromycin and G418 were purchased from CalBioChem. Protein A-

Sepharose C1-4B beads were purchased from GE Healthcare. 
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II.2 Methods

II.2.1 Cell culture

αT3-1 and HeLa cells were cultured in DMEM supplemented with 5% FBS and 

antibiotics (100 units penicillin and 100µg streptomycin/mL). SHSY5Y cells were cultured in 

DMEM supplemented with 10% FBS and antibiotics. Human lymphoblast cells were cultured in 

IMDM supplemented with 10% FBS and 1mM L-Glutamine. Human fibroblasts were cultured in 

DMEM supplemented with 5% FBS and antibiotics. αT3-1 and HeLa cells containing stably-

expressed exogenous constructs were cultured in DMEM supplemented with 5% FBS, antibiotics 

and 300µg/mL G418. All cells were cultured and maintained at 37
o
C with 5% carbon dioxide.

Medium was replaced every 48 hours (for αT3-1, HeLa, Human fibroblasts and SHSY5Y cells) 

or 72 hours (for Human lymphoblasts). Generally, adherent cells (all but lymphoblasts) were 

grown to confluence (or near-confluence) and sub-cultured by rinsing the cell monolayers with 

trypsin/EDTA, then trypsinized briefly (2-5 minutes, depending on cell type) to dislodge cells 

from culture dishes. The trypsin enzyme activity was quenched by addition of 10mL culture 

medium and cells were subsequently pipetted 10-20 times before being divided as needed for 

experimentation and stock culture. Lymphoblasts were collected in their culture medium, placed 

in sterile centrifuge tubes and centrifuged gently (500-1000rpm) until pelleted (1-2 minutes). 

Supernatant medium was aspirated and cells were recovered in 10mL culture medium before 

being divided as needed for experimentation and stock culture. 
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II.2.2 Cell lysis and immunoprecipitation 

Cells for lysis and immunoprecipitation were routinely grown to confluence, or near-

confluence, before being harvested in lysis buffer (150mM NaCl, 50mM Tris-HCl, 1mM EDTA, 

pH 8.0) containing 1% Triton (for simple lysates) or 1% CHAPs (for immunoprecipitates). Lysis 

buffers were supplemented with 1mM DTT and protease inhibitors (0.2µM soybean trypsin 

inhibitor, 10µM pepstatin, 0.2mM phenylmethylsulphonylfluoride (PMSF)). In experiments 

involving ubiquitin and ubiquitin chain analysis, cells were typically lysed in DTT-free lysis 

buffer containing 5mM N-ethylmaleimide (NEM), used to inhibit deubiquitinating enzymes 

(DUBs), for ~10 minutes before addition of 5mM DTT to quench the NEM. Cell lysates were 

incubated on ice for ~30 minutes, with occasional mixing, before clarifying centrifugation (10 

minutes, 16,000xg, 4
o
C). Protein concentration assays (Bradford) were performed on 

supernatants of clarified lysates, and standard lysate samples were made by adding 10-25µL 4X 

gel-loading buffer (200mM Tris-HCl, 400mM DTT, 8% SDS, 0.4% Bromophenol Blue, 40% 

Glycerol, pH 8.0) to 30-75µL clarified lysate before being stored at -20
o
C. In 

immunoprecipitations, the bulk of the clarified lysates (following Bradford assays and lysate 

samples being taken) were incubated with Protein A-Sepharose CL-4B beads and the appropriate 

antibody at 4
o
C for 4-24 hours. Beads were subsequently collected by gentle centrifugation (1 

minute, 1000xg, 4
o
C) and then washed 3-5 times in ice-cold lysis buffer. Gel-loading buffer 

(typically an appropriate volume of 2X GLB) was added to washed beads and bead solution was 

then incubated at 37
o
C for ~30 minutes before mixing, centrifugation and subjection of the 

resulting protein solution to SDS-PAGE. 
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II.2.3 SDS-PAGE, Coomassie blue staining and immunoblotting 

To prepare for SDS-PAGE, samples were typically incubated at 37
o
C for ~30 minutes. In 

rare instances, samples were boiled (100
o
C) for 3-5 minutes. Samples were loaded onto gels and 

electrophoresed for 30-45 minutes at 30mA constant current per gel in 1X Gel Running Buffer 

(25mM Tris-base, 250mM glycine, 1% SDS, pH 7.4) and then transferred to nitrocellulose 

membranes at 60mA per gel for 1 hour. Following transfer, nitrocellulose membranes were 

incubated in TBS-T (20mM Tris-base, 137mM NaCl, 0.2% Tween-20, pH 7.5) containing 5% 

w/v nonfat milk for ~30 minutes, then washed 2-3 times in TBS-T before being incubated with 

the desired primary antibodies typically diluted in 4% BSA in TBS-T (plus 0.1% w/v NaN3) for 

1-2 hours at room temperature or 16-24 hours at 4
o
C. After overnight incubation, primary 

antibodies were removed and membranes were washed 2-3 times in TBS-T before being 

incubated in 1:2000 secondary antibody diluted in TBS-T with 5% w/v nonfat milk for 45-60 

minutes at 4
o
C. Secondary antibody was then removed and membranes were washed in TBS-T 

2-3 times at room temperature for 10 minutes each. Immunoblots were developed by incubating 

with chemiluminescent substrates for 5 minutes and immunoreactivity was detected (and 

quantitated) using the GeneGnome and GeneTools hardware/software package from SynGene 

Bio Imaging. 

 

II.2.4 NativePAGE (BN-PAGE) 

Cells for NativePAGE (Blue Native PAGE, BN-PAGE) were grown to confluence in 6-

well or 10cm culture dishes and were harvested in appropriate volumes (100µL-1mL) of 1% 

CHAPs Lysis Buffer, as described. Lysates were then cleared of insoluble material by 

centrifugation at 16,000xg for 10 minutes at 4
o
C. 75-150µL clarified lysates were prepared for 
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NativePAGE by addition of 25-50µL 4X Sample Buffer and 5-10µL 5% Coomassie Blue G250. 

NativePAGE Anode Buffer was prepared by dilution of 20X Running Buffer stock in MilliQ 

water. Light and Dark Cathode Buffers were prepared by addition of 1mL (Light) or 10mL 

(Dark) 20X Cathode Buffer Additive to 1X Running (Anode) Buffer, to a final volume of 

200mL. All samples, buffers, gels, equipment and reagents were stored at / chilled to 4
o
C before 

use. Gels were placed in the X-Cell Sure-Lock gel electrophoresis apparatus, wells were washed 

with water, then 1X Running (Anode) Buffer and finally filled with Dark Cathode Buffer before 

samples were loaded into 3-12% or 4-16% Bis-Tris gels. The inner chamber was filled with Dark 

Cathode Buffer and the outer chamber was filled with 1X Running (Anode) Buffer. Samples 

were electrophoresed for 1 hour at 4
o
C and 150V (constant voltage). After 1 hour, the Dark 

Cathode Buffer within the inner chamber was aspirated away and was replaced by Light Cathode 

Buffer. Samples were then electrophoresed for a minimum of 45 minutes (or longer until dye 

front reached the desired or appropriate range near the end of the gel) at 4
o
C and 185V (constant 

voltage). Following electrophoresis, gels and materials were prepared for Western blotting by 

first priming PVDF membrane in MeOH for 30-60 seconds. This membrane was then rinsed 

twice with MilliQ water before equilibration in Transfer Buffer for 10 minutes. Gels were also 

equilibrated in Transfer Buffer for 10 minutes before transferring to PVDF at 85mA (constant 

current) for 1 hour. Following transfer, PVDF was rinsed in Destain Buffer (40% MeOH, 10% 

Acetic Acid in water) for 10 minutes, washed twice with MilliQ water and then incubated in 

TBS-T Buffer for 10 minutes. After incubation in TBS-T Buffer, PVDF was incubated in 5% 

nonfat milk in TBS-T and subsequent immunoblotting was performed as described. 
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II.2.5 Generation of Erlin2-knockout cell lines using TALEN genome editing 

Mouse Erlin2-targeting Transcription activator-like effector nuclease (TALEN) 

constructs were kindly generated by Dr. Danielle Sliter and others at the Youle Lab at NIH. 

TALENs were used to knockout gene expression of Erlin2 in HeLa and αT3-1 cells. (Miller 

et al., 2011).  Erlin2 was targeted by inserting complementary 16 base pair sequences into 

pcDNA3.1-Talen (+63) to generate Erlin2-Talen-L and Erlin2-Talen-R constructs (Huang, et al., 

2011). Exon3 of mouse Erlin2 was targeted with the sequence, 

ctgctgacctccaccagtggcccggttccatctcatgctcccgttc where the underlined regions correspond to 

MmErlin2-Talen-R and MmErlin2-Talen-L, respectively.  Human Erlin2 was targeted at exon 6 

with the following sequence, tccaccacgaactgaaccagttctgcagtgtgcacacgcttcaagaagt where the 

underlined sequences correspond to HsErlin2-Talen-R and HsErlin2-Talen-L, respectively. 

Lipofectamine LTX (Invitrogen) was used to transfect HeLa and αT3-1 cells with 0.8 μg of 

Erlin2-Talen-L, 0.8 μg of Erlin2-Talen-R, and 0.4 μg of YFP-C1 (Clontech), Hs or Mm 

respectively, in a 6-well plate. Two days after transfection, YFP positive cells were separated by 

FACS at the NINDS Flow Cytometry Core Facility.  Cells were distributed into 96-well plates, 

and single colonies were expanded and screened by western blotting for Erlin2 

immunoreactivity.  Genomic DNA from clones lacking Erlin2 expression was sequenced to 

confirm disruption of the gene. 

II.2.6 Generation of gRNA constructs for use with CRISPR/Cas9-mediated gene editing 

Design of gRNA targeting molecules was based on several criteria: exons within the gene 

of interest (GOI) were chosen by their proximity to the 5’ end of the gene’s sequence, their size 

in bases (preferred not a multiple of 3 to maximize the probability of DNA repair causing a 

frameshift), that they were 23 bases in size and contained a protospacer adjacent motif (PAM) 
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sequence (NGG for our hCas9 enzyme) at the 3’ end of the 23 base targeting sequence. 

Candidate exon sequences were entered into an algorithm provided by the Zhang Lab (MIT, 

crispr.mit.edu), scored by the number of identifiable off-target matches and ranked by inverse 

likelihood of off-target binding. Sequences chosen by this design process and used in 

experimentation are listed in Table 3. 

Oligonucleotides were then designed using the highest ranked targets provided by the 

Zhang Lab’s algorithm from the selected GOI exon sequence. The 23 base sequences were 

inserted into template oligonucleotide sequences (Table 3) to allow for subsequent ligation into 

our gRNA vector (purchased from AddGene, Plasmid#41824, deposited by the Church Lab at 

Harvard) by Gibson Assembly. Empty gRNA vector was digested by the exonuclease AflII at 

37
o
C for 1 hour. Simultaneously, target gRNA oligonucleotide pairs were diluted in annealing 

buffer (1X PFU Buffer, 200µM dNTPs, 0.5µL of PFU Ultra II enzyme in water) and 

annealed/extended by incubation in the thermocycler (melted at 98
o
C for 60 seconds and cycled 

three times total at 98
o
C for 10 seconds, 53

o
C for 20 seconds and 72

o
C for 30 seconds). Gibson 

Assembly, which creates single-stranded 3’ overhangs in the oligonucleotides, anneals the 3’ 

overhangs and repairs the remaining gaps, was then performed by mixing the linearized empty 

gRNA vector and the annealed/extended oligonucleotide pairs with Gibson Assembly master 

mix (https://www.neb.com/products/e2611-gibson-assembly-master-mix) and water and 

incubated at 50
o
C for 15 minutes. NEB DH5α electrocompetent cells were then transformed with 

the assembled constructs by electroporation and plated onto LB-Kan plates. Colonies were 

selected and grown overnight in 3mL LB-KAN, miniprepped using the Zippy Plasmid Miniprep 

kit and screened by EcoRI digestion. Correct clones released a 460bp band (compared with 

420bp for empty constructs), which was resolved by electrophoresis using a 2% agarose gel, and 
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confirmed by DNA sequencing using the M13 forward primer (GTA AAA CGA CGG CCA 

GT). 

 

Table 3 

 

 
Table 3. List of oligonucleotides designed to generate gRNA targeting molecules for use 

in CRISPR/Cas9-mediated gene-editing. Algorithm Score indicates score calculated by 

Zhang Lab algorithm designed to rate and rank candidate target sequences within a given 

exon by proximity to a PAM site and relative to a weighted sum of off-target hits. 

gRNA target Exon Species Algorithm Score Forward/Reverse Primer Sequence

Hrd1 1 M. musculus 92 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCACTGCCCCGGTTAGCGCCAGG

Hrd1 1 M. musculus 92 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTGGCGCTAACCGGGGCAGTGC

Hrd1 3 M. musculus 93 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTCATCCCGAAAAACGGTGAAGG 

Hrd1 3 M. musculus 93 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTTCACCGTTTTTCGGGATGAC

gp78 1 M. musculus 95 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAGGCGCGCCTGACCGCCGGCGG 

gp78 1 M. musculus 95 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCGCCGGCGGTCAGGCGCGCCTC

gp78 3 M. musculus 72 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAGTGGTGATGTGGTGCCTCTGG 

gp78 3 M. musculus 72 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCAGAGGCACCACATCACCACTC

Erlin1 1 M. musculus 96 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGATGCGTCACTGACCGGTGAGG

Erlin1 1 M. musculus 96 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTCACCGGTCAGTGACGCATCC

Erlin1 2 M. musculus 90 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCTTGTGGATGGAGGCGTACAGG

Erlin1 2 M. musculus 90 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCTGTACGCCTCCATCCACAAGC

IP3R1 5 M. musculus 93 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGTGCGGAGTATCGATTCAT

IP3R1 5 M. musculus 93 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACATGAATCGATACTCCGCACC

IP3R1 13 M. musculus 89 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCACCTCCACGCAGAGTCGT

IP3R1 13 M. musculus 89 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACACGACTCTGCGTGGAGGTGC

RNF170 6 M. musculus 33 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGATACTGGCGATACGGGTCCTGG

RNF170 6 M. musculus 33 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCAGGACCCGTATCGCCAGTATC

Ube2N 1 M. musculus 20 (alg error) Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGATGATCCTGCGGGGCAGCCCGG

Ube2N 1 M. musculus 20 (alg error) Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCGGGCTGCCCCGCAGGATCATC

Ube2N 2 M. musculus 87 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGTCATGAAACGTACTTTAGG

Ube2N 2 M. musculus 87 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTAAAGTACGTTTCATGACC

Ube2G2 1 M. musculus 90 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGCGGGGACGGCGTTGAAGAGG

Ube2G2 1 M. musculus 90 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTCTTCAACGCCGTCCCCGCCC

Ube2G2 3 M. musculus 47 Forward TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGAATTTTTTTGAATGGGAGG

Ube2G2 3 M. musculus 47 Reverse GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTCCCATTCAAAAAAATTCTCC
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II.2.7 Generation of knock-out cell lines using CRISPR/Cas9-mediated gene editing 

To generate cell lines with ablation of expression of desired genes-of-interest, cells were 

transfected with a combination of three constructs: the gRNA vector containing the desired target 

sequence, the hCas9-containing vector (purchased from AddGene, Plasmid#41815, deposited by 

the Church Lab from Harvard) and a vector expressing GFP (pMSCV-IRES-GFP, a gift from the 

lab of Dr. G. Mohi). DNAs were mixed in a 2:2:1 ratio, respectively, and 10ug total DNA was 

transfected into 3*10
6
 cells / 100µL using the Invitrogen NEON transfection system. 48-72h 

post-transfection, cells were removed from dishes by trypsinization, collected by centrifugation, 

washed in sterile PBS and resuspended at a concentration of 5*10
6
 cells / 1mL in PBS containing 

1% FBS. These cells were then brought to the SUNY Upstate FACS Core facility, sorted for 

GFP-positive cells and set at 1 cell per well in 96-well dishes. Cells were then grown for 2-3 

weeks and wells containing clonal colonies were sub-cultured to two wells each of a 24-well 

dish. After another week of growth, clones were harvested in HBSE, centrifuged for 1 minute at 

5000xg in a benchtop microfuge and lysed in an appropriate volume of 1% Triton Lysis Buffer. 

Lysates were processed into samples and subjected to SDS-PAGE and Western blotting, as 

described above. 

 

II.2.8 Transfection 

II.2.8.1 HeLa and HEK cells 

HeLa and HEK cells to be transfected were seeded at appropriate densities in BD Falcon 

6-well dishes (250,000 and 100,000, respectively). 24 hours later, 8-10µg of the desired DNA 

was diluted into 50µL (final volume) of OptiMEM and added to 7µL Lipofectamine 2000, also 

in 50µL (final volume) OptiMEM, mixed by gentle pipetting and incubated for 15 minutes at 

room temperature before being added dropwise to the well of cells to be transfected. The next 
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day, the medium was replaced with fresh culture medium and cells were cultured for another 24 

hours before being processed for SDS-PAGE or immunoprecipitation, as described above. 

II.2.8.2 αT3-1 and SHSY5Y cells 

As high transfection efficiency by means of Lipofectamine or other lipid-based 

transfection is difficult to achieve, particularly in αT3-1 cells, αT3-1 and SHSY5Y cells were 

transfected using the Invitrogen NEON Transfection System. To transfect by this process of 

electroporation, cells were trypsinized to remove from culture dishes, recovered in culture 

medium, centrifuged to collect, washed with sterile PBS and resuspended in sterile PBS at a 

concentration at 3*10
7
 cells / mL. Cells were then mixed with desired DNA(s) for transfection at 

1-10µg DNA per 100µL cell suspension (or 3*10
6
 cells). 100µL portions of this cell and DNA 

mixture were then electroporated (1500V, 20ms, 1 pulse) and then recovered in culture medium 

as necessary (typically, 1x100µL pulse in a single well of a 6-well dish, 10x100µL pulses in a 

10cm dish or 30x100µL pulses in a 15cm dish). 24 hours post-transfection, the medium was 

replaced with fresh medium. 48 hours post-transfection, cells were either harvested directly, or 

treated with agonist / other experimental drug before being harvested, for SDS-PAGE or 

immunoprecipitation, as described above. 

 

II.2.9 Generation of RNF170 and erlin2 mutants 

To assess the effects of disease-causing mutations identified in RNF170 and erlin2, site-

directed mutagenesis was employed to mutate the residue(s) to both mirror the disease and better 

understand the nature of each protein’s structure and function. Using the primers listed in Table 

1, PCR was performed as follows: 50ng of wild-type template plasmid DNA was mixed with 

500nM (final concentration) of each of the forward and reverse primers in a buffer containing 
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5µL PFU Ultra II Buffer (10X stock), 1µL dNTPs (40mM), 0.5µL PFU Ultra II enzyme and 

ddH2O up to 50µL. This mixture was gently pipetted to mix and then run in the thermocycler (2 

minutes at 95
o
C, followed by 19 cycles of 10 seconds at 95

o
C, 20 seconds at 58

o
C, and 30 

seconds per kilobase of the template plasmid at 68
o
C). PCRs were then incubated at 37

o
C for 20 

minutes to 1 hour with 1µL DpnI (to digest the methylated template DNA) and subsequently 

desalted using the QiaQuick PCR purification kit. 5µL purified PCR product was then then 

transformed by electroporation into NEB DH5α electrocompetent cells before being plated onto 

LB-Agar plates containing the appropriate antibiotic(s) (typically, ampicillin). Colonies were 

selected and grown in 3mL LB-Amp cultures overnight and miniprepped using the Zippy 

Plasmid Miniprep kit. Minipreps were screened by digestion with an appropriate endonuclease, 

whenever possible, and subjected to agarose gel electrophoresis. Candidate minipreps were then 

sequenced with an appropriate sequencing primer (typically T7 or M13) in the SUNY Upstate 

Sequencing Core facility. 

 

II.2.10 Generation of RNF170 and erlin2 mutant-expressing αT3-1 cells 

To generate αT3-1 cells expressing mutant RNF170 or erlin2 proteins, cells were 

transfected with the desired plasmids, as described above in II.2.8.2. 48 hours post-transfection, 

medium was removed and replaced with fresh culture medium containing 1.3mg/mL G418. 

Medium containing G418 was replaced every 48 hours for 7-10 days and the surviving cells 

were then trypsinized to remove from dishes, recovered in fresh culture medium without 

antibiotics, centrifuged to collect and resuspended in culture medium containing 0.3mg/mL 

G418 at a concentration of roughly 3-5 cells / mL. 250µL of this cell suspension was then added 

to each well of a 96-well dish. Generally, 1-2 weeks after seeding in 96-well dishes, single clonal 
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colonies were identified in wells, and once grown to near-confluence (approximately, another 

week of growth), these colonies were sub-cultured to two wells of a 24-well culture dish, again 

in 0.3mg/mL G418-containing culture medium. Following growth to near confluence in 24-well 

dishes, one of the two wells of each clone was harvested for screening by SDS-PAGE and 

immunoblotting. Clones expressing the desired protein were subsequently sub-cultured and 

maintained in culture medium containing 0.3mg/mL G418. 

 

II.2.11 Ca
2+

 fluorometric assay 

To examine intracellular calcium concentrations under various conditions, the ratiometric 

dye Fura-2 was used and the assay was performed generally as described (Wojcikiewicz, et al., 

1994). αT3-1 or SHSY5Y cells were removed from culture dishes with a brief rinse, followed by 

a brief incubation (about 2 minutes), in HBSE. Cells were collected by centrifugation, 

resuspended in PBS and protein concentrations were measured by Bradford assay. Cells were 

centrifuged again and brought to 2.0 mg/mL in culture medium. 5µM Fura-2 acetoxymethyl 

(A/M) ester was added and the cells were incubated in the cell culture incubator at 37
o
C for 1 

hour, with inversions to mix the cells every 10 minutes (to avoid adherence of cells to one 

another). Following incubation, cells were collected by gentle centrifugation (1 minute at 3000 

RPM in benchtop microfuge), washed five times in 37
o
C KHB (Krebs’ HEPES Buffer – 25mM 

NaHCO3, 118mM NaCl, 4.7mM KCl, 1.2mM KH2PO4, 1.4mM MgSO4∙7H2O, 10mM d-

Glucose, 9.5mM HEPES, 1.7mM CaCl2∙2H2O) and diluted four-fold into a quartz cuvette in 

37
o
C KHB. Using the Perkin-Elmer LS 50B fluorimeter, and kept at a constant 37

o
C with a 

water bath, αT3-1 cells were stimulated with GnRH, Fura-2 fluorescence was excited at 340nm 
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and 380nm and emission was measured at 510nM. Calcium concentrations were then calculated 

using the formula: 

 

[𝐶𝑎2+] = (𝐾𝑑
(𝑅𝑋 − 𝑅𝑚𝑖𝑛)

(𝑅𝑚𝑎𝑥 − 𝑅𝑋)
) ∗

380𝑚𝑖𝑛

380𝑚𝑎𝑥
 

 

… where [Ca
2+

] is the calcium concentration, Kd is the dissociation constant for Fura-2 A/M, R 

is the Fura-2 A/M 340nm/380nm ratio, Rmin and Rmax are the 340/380 ratios in the absence or 

saturating concentration of calcium, respectively. 

For SHSY5Y, cells were stimulated with carbachol. For human lymphoblasts, cells were 

collected by gentle centrifugation (1 minute at 1000xg) before being processed as described 

above. Lymphoblasts were stimulated with Platelet Activating Factor (PAF). 
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CHAPTER III 

 

A Point Mutation in the Ubiquitin Ligase RNF170 That Causes 

Autosomal Dominant Sensory Ataxia Destabilizes the Protein 

and Impairs Inositol 1,4,5-Trisphosphate Receptor-mediated 

Ca
2+

 Signaling. 

 

This chapter was published: 

Forrest A. Wright, Justine P. Lu, Danielle A. Sliter, Nicholas Dupré, Guy Rouleau and 

Richard J.H. Wojcikiewicz (2015) A Point Mutation in the Ubiquitin Ligase RNF170 

That Causes Autosomal Dominant Sensory Ataxia Destabilizes the Protein and Impairs 

Inositol 1,4,5-Trisphosphate Receptor-mediated Ca
2+

 Signaling. J Biol Chem. 2015 May 

29;290(22):13948-57. doi: 10.1074/jbc.M115.655043. Epub 2015 Apr 16. 

 

Preface: The work to discover the E3 ubiquitin ligase(s) involved in ubiquitinating 

activated IP3Rs was in full swing when I joined the Wojcikiewicz lab in early 2011. 

RNF170, a previously uncharacterized E3 ligase, had recently been identified by my 

contemporaries in the lab as an IP3R-binding protein by co-immunoprecipitation and 

mass spectrometric analysis. Not long after, Valdmanis, et al. published a genetics study 

identifying a point mutation in RNF170 as causative for a progressive neurodegenerative 

disease dubbed Autosomal Dominant Sensory Ataxia (ADSA). In taking up this work, I 

hoped to further characterize the role of RNF170 in processing of activated IP3Rs and 
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identify the specific cause for development of ADSA. Here, I determined that the R199C 

mutation to RNF170 caused instability in its protein structure through disruption of a salt 

bridge within a transmembrane domain, which, in turn, led to a shortening of its half-life 

in the cell and an inhibition of calcium signaling through IP3Rs in human cells with an 

endogenous mutant allele. 
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Autosomal Dominant Sensory Ataxia Destabilizes the Protein
and Impairs Inositol 1,4,5-Trisphosphate Receptor-mediated
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Background: RNF170 is an endoplasmic reticulum membrane ubiquitin ligase that when mutated at arginine 199 causes a
neurodegenerative disease.
Results: The mutation disrupts salt bridges between transmembrane domains, destabilizes the protein, and inhibits Ca2�

signaling via IP3 receptors.
Conclusion: These manifestations of the mutation are likely causative to neurodegeneration.
Significance: Understanding the mechanism of action of mutant ubiquitin ligases will lead to better therapies.

RNF170 is an endoplasmic reticulum membrane ubiquitin
ligase that contributes to the ubiquitination of activated ino-
sitol 1,4,5-trisphosphate (IP3) receptors, and also, when point
mutated (arginine to cysteine at position 199), causes auto-
somal dominant sensory ataxia (ADSA), a disease character-
ized by neurodegeneration in the posterior columns of the
spinal cord. Here we demonstrate that this point mutation
inhibits RNF170 expression and signaling via IP3 receptors.
Inhibited expression of mutant RNF170 was seen in cells
expressing exogenous RNF170 constructs and in ADSA lym-
phoblasts, and appears to result from enhanced RNF170
autoubiquitination and proteasomal degradation. The basis
for these effects was probed via additional point mutations,
revealing that ionic interactions between charged residues in
the transmembrane domains of RNF170 are required for pro-
tein stability. In ADSA lymphoblasts, platelet-activating fac-
tor-induced Ca2� mobilization was significantly impaired,
whereas neither Ca2� store content, IP3 receptor levels, nor
IP3 production were altered, indicative of a functional defect
at the IP3 receptor locus, which may be the cause of neurode-
generation. CRISPR/Cas9-mediated genetic deletion of
RNF170 showed that RNF170 mediates the addition of all of
the ubiquitin conjugates known to become attached to acti-
vated IP3 receptors (monoubiquitin and Lys48- and Lys63-
linked ubiquitin chains), and that wild-type and mutant
RNF170 have apparently identical ubiquitin ligase activities
toward IP3 receptors. Thus, the Ca2� mobilization defect
seen in ADSA lymphoblasts is apparently not due to aberrant
IP3 receptor ubiquitination. Rather, the defect likely reflects

abnormal ubiquitination of other substrates, or adaptation to
the chronic reduction in RNF170 levels.

In eukaryotic cells, ubiquitin ligases (E3)2 work together with
ubiquitin-conjugating enzymes (E2) to promote ubiquitination
of a range of substrates, often leading to their degradation by
the proteasome (1–5). Mammals express hundreds of E3s, the
vast majority of which contain a RING domain, a motif that
appears to provide a docking site for E2s and be necessary for
ubiquitin transfer to the substrate (3–5). Endoplasmic reticu-
lum (ER)-associated degradation (ERAD) is the term used to
describe the pathway by which aberrant ER lumen or mem-
brane proteins are removed from the cell via ubiquitination and
proteasomal degradation (6, 7). A recent bioinformatic survey
of RING domain-containing proteins that localize to the ER
membrane and that could play a role in ERAD identified a
group of 24 E3s (8), some of which (e.g. HRD1) appear be capa-
ble of mediating the ubiquitination of a broad array of sub-
strates, whereas others (e.g. TRC8) have a much narrower sub-
strate range (3, 6, 7). Furthermore, several of the E3s identified
(e.g. RNF170) have yet to be fully characterized (8).

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are ER mem-
brane proteins that form tetrameric Ca2� channels that govern
ER Ca2� store release (9, 10). When persistently activated, a
portion of cellular IP3Rs are ubiquitinated and degraded by the
proteasome apparently via the ERAD pathway, and this IP3R
“down-regulation” suppresses Ca2� mobilization (11, 12).

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK049194 and the National Ataxia Foundation.
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phate; IP3R, inositol 1,4,5-trisphosphate receptor; ER, endoplasmic reticu-
lum; ERAD, ER-associated degradation; ADSA, autosomal dominant sen-
sory ataxia; TM, transmembrane; E2, ubiquitin-conjugating enzyme; PAF,
platelet-activating factor; GnRH, gonadotropin-releasing hormone; endo
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Recent studies on the mechanism of IP3R processing by the
ERAD pathway have shown that a complex composed of the
integral ER membrane proteins erlin1 and erlin2 associates rap-
idly with activated IP3Rs (11–14), as does RNF170 (15). RNF170
is �257 amino acids in length, is highly conserved in mammals,
is predicted to have 3 transmembrane (TM) domains, with the
RING domain facing the cytosol (15, 16), and is constitutively
associated with the erlin1/2 complex. RNF170 contributes to
IP3R ubiquitination (15), although whether it is responsible for
the addition of all of the conjugates that become attached to
activated IP3Rs (monoubiquitin and Lys48- and Lys63-linked
ubiquitin chains) (17, 18) is currently unknown. Remarkably, a
recent molecular genetic study demonstrated that autosomal
dominant sensory ataxia (ADSA), a rare neurodegenerative dis-
ease characterized by ataxic gait, reduced sensory perception,
and neurodegeneration in the posterior columns of the spinal
cord, segregates with an arginine (Arg199) to cysteine mutation
in human RNF170 (16, 19). Here we examine the effects of this
mutation on the properties of RNF170 and find that it destabi-
lizes the protein because of disruption of a salt bridge between
TM domains 2 and 3, and that mutant RNF170 disrupts Ca2�

signaling at the IP3R locus in ADSA lymphoblasts. Genetic
deletion of RNF170 revealed that RNF170 mediates the addi-
tion of all ubiquitin conjugates to activated IP3Rs and that the
ubiquitin ligase activities of wild-type and mutant RNF170
toward activated IP3Rs are apparently identical. Thus, aberrant
ubiquitination of other substrates, or cellular adaptation to
chronically reduced RNF170 levels likely accounts for the
ADSA-associated Ca2� signaling deficit.

Experimental Procedures

Materials—HeLa cells were cultured as described (13).
Human lymphoblast cell lines were isolated from control and
affected individuals (16) and cultured in Iscove’s modified Dul-
becco’s medium (Thermo Scientific) supplemented with 10%
fetal bovine serum, 50 units/ml of penicillin, 50 �g/ml of strep-
tomycin, and 1 mM L-glutamine. Lymphoblasts were cultured in
flasks, fed every 2–3 days, and subcultured 1:10 once per week.
Lipofectamine was from Invitrogen, anti-FLAG epitope clone
M2 was from Sigma, anti-HA epitope clone HA11 was from
Covance, anti-ubiquitin clone FK2 and MG-132 were from
BioMol International, anti-RNF170, anti-erlin1, anti-erlin2,
anti-Hrd1, anti-gp78, anti-IP3R1, and anti-IP3R2 were pre-
pared as described (13–15, 20), anti-�-tubulin was from Cell
Signaling Technology, anti-p97 was from Research Diagnostics
Inc., anti-p53 clone DO-1 was from Santa Cruz Biotechnology,
anti-IP3R3 was from BD Biosciences, anti-Lys48 and anti-Lys63

linkage-specific antibodies were a generous gift from Genen-
tech, anti-IP3R1–3, which recognizes all IP3R types equally well
(21), was a generous gift from Dr. Jan Parys (KU Leuven, Bel-
gium), endoglycosidase H (endo H) was from New England Bio-
labs, and fura2-AM, cycloheximide, platelet-activating factor
(PAF), and gonadotropin-releasing hormone (GnRH) were
from Sigma.

Plasmids—Mouse and human RNF170 cDNAs were cloned
from mouse �T3 cells and human lymphoblasts as described
(15). RNF170FLAG was constructed by ligating the sequence
encoding the 257-amino acid mouse RNF170 into the KpnI and

BamHI sites of the pCMV14 –3xFLAG expression vector such
that a triple FLAG tag (DYKDHDGDYKDHDIDYKDDDDKG)
is spliced to the C terminus (15). RNF170HA was constructed by
PCR amplification of mouse and human RNF170 cDNAs, such
that an HA tag (GYPYDVPDYAG) is spliced to the C terminus.
Additional constructs were created via PCR that encode pro-
teins with an optimal N-glycosylation consensus sequence
(NSTMMS) (22) immediately after the HA tag, and with a vari-
ety of amino acid substitutions. Primer sequences are available
upon request.

Expression and Analysis of RNF170 Constructs—To analyze
the expression of exogenous RNF170 and its mutants, HeLa
cells (750,000/well of a 6-well plate) were transfected (7 �l of
Lipofectamine plus 4.8 �g of total DNA), and 24 – 48 h later
cells were collected with 155 mM NaCl, 10 mM HEPES, 1 mM

EDTA, pH 7.4. Cells were then centrifuged (2,300 � g for 1
min), disrupted for 30 min at 4 °C with lysis buffer (150 mM

NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100, 10 �M

pepstatin, 0.2 mM PMSF, 0.2 �M soybean trypsin inhibitor, 1
mM dithiothreitol, pH 8.0), centrifuged (16,000 � g for 10 min
at 4 °C), and supernatant samples were subjected to SDS-PAGE
and immunoblotting as described (13–15). For studying the
interaction between the erlin1/2 complex and RNF170 by co-
immunoprecipitation (15), cells were disrupted using lysis
buffer that contained 1% CHAPS instead of Triton X-100. The
ubiquitin ligase activity of immunopurified RNF170FLAG con-
structs was assessed as described (15).

Lymphoblasts—To assess protein expression in cell lysates,
lymphoblasts were collected by centrifugation (1,000 � g for 5
min), washed once by resuspension in PBS followed by centrif-
ugation (16,000 � g for 1 min), disrupted for 30 min at 4 °C with
1% CHAPS lysis buffer, centrifuged (16,000 � g for 10 min at
4 °C), and supernatant samples were subjected to SDS-PAGE
and immunoblotting as described (13–15). For measurement of
the cytosolic free Ca2� concentration ([Ca2�]c), lymphoblasts
were collected by centrifugation (1,000 � g for 1 min), washed
once, and then incubated in culture medium at 2 mg of pro-
tein/ml with 5 �M fura2-AM for 1 h at 37 °C, washed 4 times
with Krebs HEPES buffer (23), and finally resuspended at 0.5
mg of protein/ml in Krebs HEPES buffer for measurement of
[Ca2�]c at 37 °C, as described (23). For measurement of IP3
levels, lymphoblasts were collected by centrifugation (1,000 � g
for 5 min), washed once by resuspension in RPMI 1640 (Cell-
gro) followed by centrifugation (1,000 � g for 5 min), resus-
pended in RPMI 1640 and preincubated at 37 °C for 1 h, then
exposed to vehicle (DMSO) or PAF, and IP3 mass was measured
as described (23).

Generation and Analysis of RNF170 Knock-out and Reconsti-
tuted Cell Lines—The CRISPR/Cas9 system (24, 25) was used to
target an exon within the mouse RNF170 gene that was com-
mon to all predicted splice variants (exon 6). Oligonucleotides
that contained the RNF170 target CRISPR sequence
(GATACTGGCGATACGGGTCCTGG) were annealed and
then ligated into AflII-linearized gRNA vector (Addgene). �T3
mouse pituitary cells were transfected (18) with a mixture of the
gRNA construct and vectors encoding Cas9 (Addgene) and
EGFP (Clontech). Two days post-transfection, EGFP-express-
ing cells were selected by fluorescence-activated cell sorting
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and plated at �1 cell/well in 96-well plates. Colonies were
expanded and screened for ablation of RNF170 expression by
immunoblotting with anti-RNF170 (raised against amino acids
50 – 65 of RNF170) (15). Of the cell lines screened, �30% lacked
RNF170 and 2 of those were expanded for characterization of
IP3R1 processing with essentially identical results; clone IC8
was used for the experiments shown in Fig. 7. Reconstituted cell
lines were obtained by transfecting clone IC8 with cDNAs
encoding mouse RNF170 and R198CRNF170 (18), followed by
selection in 1.3 mg/ml of G418 for 72 h, plating at �1 cell/well
in 96-well plates, colony expansion, screening with anti-
RNF170, and maintenance in 0.3 mg/ml of G418. 2 clones
expressing each construct were characterized with essentially
identical results.

For analysis of IP3R1 ubiquitination and protein levels, cells
were incubated with 1% CHAPS lysis buffer lacking dithiothre-
itol, but supplemented with 5 mM N-ethylmaleimide, for 30 min
at 4 °C, followed by addition of 5 mM dithiothreitol and centrif-
ugation (16,000 � g for 10 min at 4 °C). Lysates were then incu-
bated with anti-IP3R1 to immunoprecipitate IP3R1 as described
(15) and complexes were heated at 37 °C for 30 min prior to
SDS-PAGE in 5% gels for ubiquitin conjugate analysis, or
100 °C for 5 min prior to SDS-PAGE in 10% gels for analysis of
other proteins. [Ca2�]c was measured as described (23).

Data Presentation—All experiments were repeated at least
once, and representative images of gels or traces are shown.
Immunoreactivity was detected and quantitated using Pierce
ECL reagents and a GeneGnome Imager (Syngene Bio Imag-
ing). Quantitated data are expressed as mean � S.E. or range of
n independent experiments.

Results

Analysis of the Membrane Topology of RNF170 —The pre-
dicted topology of mouse RNF170, derived from bioinformatic
analysis, together with the amino acid sequences of TM
domains 2 and 3 are depicted in Fig. 1A. The sequence of
human RNF170 is very similar to that of mouse RNF170 (91%
identical) and human RNF170 has the same predicted topology
(15, 16). Note that Arg199 in the human sequence corresponds
to Arg198 in the mouse sequence, because of the absence of
Asp16 from the latter (15, 16). The existence of TM domains 2
and 3 was confirmed experimentally, using a series of trunca-
tion mutants containing a C-terminal HA/glycosylation tag
that together with an assessment of sensitivity to the deglyco-
sylating activity of endo H, can provide information on orien-
tation across the ER membrane (22, 26) (Fig. 1B). That full-
length RNF170 (N267RNF170HA) is insensitive to endo H (and is
therefore not glycosylated) localizes the C terminus of this con-
struct to the cytosol (Fig. 1B). In contrast, the sensitivity of
N230RNF170HA to endo H shows that the C terminus of this
construct is glycosylated and is within the ER lumen, demon-
strating that TM2 traverses the ER membrane (Fig. 1B). Follow-
ing the same logic, that N200RNF170HA is insensitive to endo H
and is not glycosylated localizes the C terminus of this con-
struct to the cytosol and confirms the orientation of TM2 (Fig.
1B). Finally, to confirm the location of the N terminus,
G8NRNF170FLAG was created, which due to replacement of Gly8

with asparagine, contains an N-glycosylation consensus

sequence (NQS) (22, 26) very near the N terminus. This con-
struct was partially glycosylated, indicating that the N terminus
is located in the ER lumen (Fig. 1B); that the glycosylation was
relatively weak may be because the consensus sequence is sub-
optimal in comparison to the optimal sequence (NSTMMS)
present in the other constructs (22). Overall, these data are
consistent with the topology of TM domains 1, 2, and 3 shown
in Fig. 1A.

Effects of the Arg198 to Cys mutation on RNF170 —Remark-
ably, the Arg198 to Cys mutation significantly reduced RNF170
expression. This was seen when the mutation was introduced
into either untagged RNF170 or RNF170FLAG (Fig. 2A). Fur-
thermore, the mutants migrated �1 kDa more rapidly than
their wild-type counterparts (Fig. 2A). Additional mutants were
made to explore the basis for the reduction in expression and
the migration shift, using RNF170FLAG as a template (Fig. 2B).
To examine the possibility that these changes resulted from
disulfide bond formation with the newly introduced cysteine,

FIGURE 1. Membrane topology of RNF170. A, predicted topology of RNF170
(15) with the TM2/3 region expanded to show the mouse amino acid
sequence. Note that the amino acid that corresponds to Arg199 of human
RNF170 is Arg198 in mouse RNF170, and that the sequences of human and
mouse TM2/3 regions are identical, with the exception that Met202 of mouse
RNF170 is Ile203 in human RNF170 (15, 16). The RING domain, the three TM
domain regions, and the N and C termini are indicated, and Arg198 is identified
with an asterisk. The precise limits of the predicted TM domains have not been
defined experimentally, but the scheme shown is predicted by multiple pro-
grams (e.g. TMHMM, TOPCONS, etc). B, N-glycosylation of RNF170 mutants.
An HA/glycosylation tag (black box) was introduced at the C terminus of full-
length RNF170 (N267RNF170HA), or truncated RNF170 lacking putative TM
domain 3 (N230RNF170HA), or putative TM domains 2 and 3 (N200RNF170HA).
These, and G8NRNF170FLAG (FLAG tag indicated by a gray box and the G8N
mutation with a circle) were expressed in HeLa cells, lysates were incubated
without or with 1 unit/�l of endo H for 3 h at 37 °C, and samples were sub-
jected to SDS-PAGE. Blots were then probed with anti-HA or anti-FLAG to
identify the exogenous RNF170 constructs, or anti-erlin2 to identify endoge-
nous erlin2, which is known to be N-glycosylated (13, 14), and which serves as
a positive control for endo H. The migration positions of unmodified and
N-glycosylated species are indicated with arrows and arrowheads, respec-
tively; degylcosylation of erlin2, N230RNF170HA, and G8NRNF170FLAG by endo H
reduces their apparent molecular masses by �2 kDa.
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Arg198 was replaced with serine, which is similar in size to cys-
teine, but which cannot form disulfide bonds. However,
R198SRNF170FLAG was also expressed poorly and migrated rap-
idly (Fig. 2B, lane 3), ruling out a role for disulfide bonds. Like-
wise, to examine whether the changes were due to loss of the
bulky side chain of arginine, or the positive charge, Arg198 was
replaced with glutamine, which is relatively bulky, but is
uncharged, albeit polar. R198QRNF170FLAG was also expressed
quite poorly and migrated rapidly (lane 4), suggesting that it is
not the bulk of arginine, but rather its positive charge, that is
necessary for normal expression and migration. This was con-
firmed by replacing Arg198 with lysine, which has a slightly
shorter side chain, but is still positively charged;
R198KRNF170FLAG was expressed and migrated similarly to
WTRNF170FLAG (lane 5).

Examination of the amino acid sequences of TM domains 2
and 3 (Fig. 1A) revealed the presence of an additional arginine
in TM2 (Arg200) and two aspartic acids in TM3 (Asp231 and
Asp232) (Fig. 1A), suggesting that ionic interactions between
TM2 and TM3 could be required for wild-type behavior. Muta-
tion of these amino acids confirmed this notion, as

R200CRNF170FLAG, D231ARNF170FLAG, D232ARNF170FLAG, and
D231A/D232ARNF170FLAG all expressed poorly and migrated
more rapidly than RNF170FLAG (lanes 6 –9). Thus, ionic inter-
actions between arginines in TM2 and aspartic acids in TM3
appear to be required for normal expression of RNF170. Fur-
thermore, it appears that 2 charged amino acids in each TM are
required for normal expression, because mutation of one argi-
nine and one aspartic acid in R198C/D231ARNF170FLAG did not
rescue expression (lane 10). Finally, it is noteworthy that accel-
erated migration correlated well with reduced expression (Fig.
2B) and was caused by both arginine and aspartic acid loss and
is therefore not due to a change in net protein charge. Rather,
these data, together with the fact that RNF170 migrates at 21.5
kDa rather than the predicted 30 kDa (15), suggest that RNF170
is not fully denatured during SDS-PAGE and that the mutations
affect the structural organization that is retained. The muta-
tions may also alter the structure of RNF170 in vivo, which in
turn, could account for the reductions in expression, perhaps
because of protein destabilization.

Mechanism of Reduced Expression—To explore possible
destabilization mechanisms, we examined the effects of the
proteasome inhibitor MG-132. When incubated with cells
expressing exogenous RNF170FLAG constructs (Fig. 3A),
MG-132 caused a marked accumulation of R198CRNF170FLAG

(lanes 4 – 6), although leaving WTRNF170FLAG levels essentially
unaltered (lanes 1–3). Thus, the proteasome appears to mediate
the reduced expression of R198CRNF170FLAG. Furthermore, as
E3 autoubiquitination is a commonly observed phenomenon
(27), we examined the effects of inactivating ligase activity on
R198CRNF170FLAG expression. Previously, we have shown that
mutation of Cys101 and His103 in the RING domain of mouse
RNF170 blocks ubiquitin ligase activity (15), and introduc-
tion of these mutations into R198CRNF170FLAG (creating
R198C/�RINGRNF170FLAG) normalized expression (Fig. 3B, lane
4), suggesting that ligase activity, and most likely autoubiquiti-
nation, mediates the reduced expression of R198CRNF170FLAG.
Interestingly, the R198C/�RINGRNF170FLAG mutant still
migrated faster than WTRNF170FLAG, suggesting that the puta-
tive structural change has not been reversed by mutation of the
RING domain (Fig. 3B, lane 4). A role for autoubiquitination
was supported by the observation that WTRNF170HA expres-
sion was not differentially affected by co-expression of
WTRNF170FLAG and R198CRNF170FLAG (Fig. 3C, lanes 2 and 3);
this result shows that the apparent destabilizing effect of the
R198C mutation is intramolecular and is not transmitted
to co-expressed WTRNF170HA molecules. Importantly,
R198CRNF170FLAG exhibited in vitro ubiquitin ligase activity
similar to that of WTRNF170FLAG (Fig. 3D, lanes 2 and 4), indi-
cating that it is fully capable of autoubiquitinating. Finally, to
determine protein half-lives, transfected cells were incubated
with the protein synthesis inhibitor cycloheximide (Fig. 3E).
This revealed that the half-life of R198CRNF170FLAG is much
shorter than that of WTRNF170FLAG, and that MG-132 blocks
R198CRNF170FLAG degradation. Overall, these data indicate
that the R198C mutation decreases RNF170 expression by trig-
gering the molecule to autoubiquitinate and then be degraded
by the proteasome.

FIGURE 2. Effects of mutation of Arg198 and other amino acids on RNF170
expression. cDNAs encoding wild-type (WT) and mutant RNF170 constructs
and vector alone were transfected into HeLa cells and cell lysates were
probed as indicated. Erlin2 and �-tubulin served as loading controls. A, lysates
were probed with anti-RNF170, which detects both endogenous and exoge-
nous untagged RNF170 constructs (lanes 1–5), or with anti-FLAG, which
detects just exogenous FLAG-tagged constructs (lanes 6 –10). B, lysates were
probed with anti-FLAG and the histogram shows combined quantitated
immunoreactivity (mean � S.E., n � 3).
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The R198C Mutation Does Not Alter Membrane Topology,
Subcellular Localization, or Interaction with the Erlin1/2
Complex—To explore why mutation-induced salt bridge dis-
ruption triggers RNF170 autoubiquitination, we first examined
whether subcellular localization was altered. However, the
extent of N-glycosylation seen for the relevant constructs
shown in Fig. 1B (N267RNF170HA and N230RNF170HA) was not

substantially altered by introduction of the R198C mutation
(Fig. 4A), indicating that localization to the ER and insertion of
TM domains is normal. Likewise, interaction with the endoge-
nous erlin1/2 complex was normal, because immunoprecipita-
tion with anti-erlin2 (15) recovered WTRNF170HA and
R198CRNF170HA equally well (Fig. 4B). Furthermore, mem-
brane association was normal, as both WTRNF170HA and

FIGURE 3. The R198C mutation reduces RNF170 expression via autoubiquitination and the proteasome. A-C, cDNAs encoding tagged WT and mutant
RNF170 constructs transfected into HeLa cells were treated as indicated, and cell lysates were probed with anti-FLAG or anti-HA to recognize exogenous
RNF170 constructs, or anti-erlin2, which served a loading control. The histograms show combined quantitated immunoreactivity (mean � S.E., n � 4). D,
RNF170FLAG constructs were immunopurified from transfected HeLa cells and incubated with E1 (UBE1), E2 (UbcH5b), and HA-ubiquitin as indicated for 30 min
at 30 °C, with the exception of lane 1, which lacked E2. Samples were then probed with anti-HA to assess ubiquitination (upper panel), or anti-FLAG to assess the
levels of RNF170FLAG constructs (lower panel). The asterisk marks a background band. E, transfected HeLa cells were treated as indicated with 20 �g/ml of
cycloheximide (CHX), without or with 10 �M MG-132. Cell lysates were then probed with anti-p53 as a positive control for cycloheximide action, anti-p97 as a
loading control, and anti-FLAG to recognize exogenous RNF170 constructs (long and short exposures are shown to facilitate visualization of immunoreactivity
changes). The graph shows combined quantitated FLAG immunoreactivity, using the long exposure for R198CRNF170FLAG and the short exposure for
WTRNF170FLAG (mean � range, n � 2).
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R198CRNF170HA were fractionated with membranes (Fig. 4C).
Thus, the R198C mutation does not dramatically alter the local-
ization of RNF170, indicating that a subtle change in its prop-
erties (e.g. in the way that it folds) accounts for its apparent
autoubiquitination and proteasomal degradation.

RNF170 Expression in Control and ADSA-affected Individuals—
Lymphoblast lines from control and ADSA-affected individuals were
examined for RNF170 expression (Fig. 5A). In controls, an anti-
RNF170 immunoreactive band at �21.5 kDa was observed (lanes
1–3), the same size as endogenous HeLa cell RNF170 and untagged
mouse RNF170 (Fig. 2A). Remarkably, in affected lymphoblasts the
strength of the 21.5-kDa band was reduced and an additional weaker
band at �20.5 kDa was also observed (lanes 4–6). These results are
consistent with the expression level and migration differences seen
between exogenous mouse WTRNF170 and R198CRNF170 (Fig. 2A)
and between exogenous human WTRNF170 and R199CRNF170 (Fig.
5B), and with the knowledge that affected individuals are heterozy-
gote (16). Thus, it appears that the R199CRNF170 encoded by the
mutant allele in affected individuals migrates at �20.5 kDa and is

relatively poorly expressed. This leads to an �27% reduction in total
RNF170 immunoreactivity in affected lymphoblasts (Fig. 5A).

Ca2� Mobilization via IP3 Receptors Is Impaired in Affected
Lymphoblasts—Because IP3Rs are the only known substrates
for RNF170 (15), we examined whether IP3R function was dif-
ferent in control and affected lymphoblasts, using PAF to trig-
ger IP3R-mediated Ca2� mobilization (28) (Fig. 6). Remarkably,
PAF-induced increases in [Ca2�]c were significantly sup-
pressed in affected lymphoblasts (Fig. 6A), suggesting that
IP3R-mediated Ca2� mobilization might be impaired, although
the suppression could also be due to an effect on Ca2� entry
(29). To rule out any role for Ca2� entry, EGTA was added
immediately prior to PAF to chelate extracellular Ca2� to �100
nM (23), and under these conditions the suppression of PAF-
induced increases in [Ca2�]c was still clearly evident (Fig. 6B).
To examine if the suppression results from ER Ca2� stores
being smaller, cells were exposed to the sarcoplasmic reticulum
Ca2�-APTase pump inhibitor thapsigargin, which allows Ca2�

leak from the ER in an IP3R-independent manner (30). How-
ever, thapsigargin caused the same [Ca2�]c increase in control
and affected lymphoblasts (Fig. 6C), indicating that Ca2� stores
are of equal size. Likewise, reduced IP3 formation was not the
reason for the suppression, as PAF-induced increases in IP3
mass were the same in control and affected lymphoblasts
(increases over basal resulting from 0.5 min exposure to 100 nM

PAF were 24 � 8 and 35 � 15%, respectively; n � 3). Finally,
measurement of the levels of IP3R1–3 did not reveal any con-
sistent differences between control and affected lymphoblasts
(Fig. 6D). Overall, these data indicate that Ca2� mobilization
via IP3Rs is impaired in affected lymphoblasts, but not because
of a change in Ca2� store size, or the abundance of IP3Rs, and
point toward a mechanism that involves a regulation of IP3R
activity.

Ubiquitin Ligase Activity of RNF170 and R198CRNF170 in
Cells—R198CRNF170 exhibits apparently normal ubiquitin
ligase activity in vitro when mixed with purified enzymes (Fig.
3D), but that tells us almost nothing about how its activity
might differ from that of WTRNF170 in vivo, where the intra-
cellular milieu contains a full complement of E2s, substrates,
and other factors. To date, endogenous activated IP3Rs are the
only known substrates for RNF170 (15), but it has yet to be
resolved whether RNF170 is responsible for the addition of all
of the ubiquitin conjugates that become attached to activated
IP3Rs, or just some (17, 18). Initially, we sought to compare the
ligase activities of WTRNF170 and R199CRNF170 toward IP3Rs
in control and ADSA lymphoblasts, but pilot experiments
showed that to be unfeasible, primarily because of the paucity of
IP3Rs therein (data not shown). Thus, we employed �T3 cells,
the cells in which we first identified RNF170 (15) and that
exhibit very robust IP3R1 ubiquitination in response to the IP3
generating cell surface receptor agonist GnRH (17, 18). First, to
determine which ubiquitin conjugates RNF170 adds, we
deleted RNF170 using CRISPR/Cas9-mediated gene editing
(Fig. 7). RNF170 “knock-out” was specific (Fig. 7A), as other
pertinent proteins (e.g. the ERAD pathway proteins p97, Hrd1,
and gp78 (6, 7) and erlins 1 and 2) were expressed at the same
level in control and “�T3 RNF170KO” cells. Interestingly,
IP3R1 expression was enhanced �65% by RNF170 deletion (Fig.

FIGURE 4. Lack of effect of the R198C mutation on RNF170 membrane
association and topology, and interaction with the erlin1/2 complex.
cDNAs encoding HA-tagged WT and mutant RNF170 constructs were trans-
fected into HeLa cells. A, N-glycosylation of N267/R198CRNF170HA and N230/

R198CRNF170HA, R198C-containing versions of the constructs shown in Fig. 1B,
was assessed as described in the legend to Fig. 1B. B, interaction with the
erlin1/2 complex. Erlin1/2 complex was immunoprecipitated with anti-erlin2
was probed for RNF170 constructs (lower panels). Note that the amounts of
WTRNF170HA and R198CRNF170HA that co-immunoprecipitate are proportional
to the amounts in input lysates, indicating that they interact with the erlin1/2
complex equally well. C, cells were lysed and centrifuged into cytosol (C) and
membrane (M) factions as described (13), and probed as indicated.
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7, A and D), indicating that in addition to its role in mediating
the degradation of activated IP3Rs (15), RNF170 also plays a
role in basal IP3R1 turnover. Ca2� mobilization in �T3

RNF170KO cells in response to GnRH was normal (Fig. 7B),
indicating that the IP3-dependent signaling pathway and IP3R
activation are not perturbed by the absence of RNF170.
Remarkably, deletion of RNF170 completely blocks GnRH-in-
duced IP3R1 ubiquitination (Fig. 7C), observed using either FK2
antibody, which detects all ubiquitin conjugates (monoubiqui-
tin, and Lys48- and Lys63-linked chains), or antibodies specific
for Lys48- and Lys63-linked chains (18). In contrast, erlin2 asso-
ciation with IP3R1 was not blocked, indicating that association
of the erlin1/2 complex with activated IP3R1 is unimpaired,
consistent with the notion that it is the erlin1/2 complex that
recruits RNF170 to activated IP3R1, rather than vice versa (12,
15). Thus, RNF170 does indeed catalyze the formation of all
ubiquitin conjugates on activated IP3R1, and as would be
expected, GnRH did not cause IP3R down-regulation in �T3
RNF170KO cells (Fig. 7D).

To directly assess the ligase activity of R198CRNF170, we
sought to reconstitute IP3R ubiquitination in �T3 RNF170KO
cells by stably expressing exogenous RNF170 constructs (Fig.
7E). Cell lines were obtained, although exogenous expression
was less than that seen for endogenous RNF170 in control �T3
cells (data not shown). Both WTRNF170 and R198CRNF170 were
capable of ubiquitinating activated IP3Rs, as indicated by
increases in Lys48- and Lys63-linked ubiquitin chains and total
ubiquitin after exposure to GnRH (Fig. 7E). That less ubiquiti-
nation was seen in R198CRNF170-expressing cells is most likely
a consequence of lower expression level and IP3R binding of the
mutant (Fig. 7E). Thus, the ligase activity of R198CRNF170
toward IP3Rs receptors in vivo appears to be qualitatively nor-
mal, and aberrant IP3R receptor ubiquitination is unlikely to
account for the Ca2� signaling deficit seen in ADSA
lymphoblasts.

Discussion

Our data show that the Arg198 to Cys mutation in mouse
RNF170 reduces the stability and expression level of the pro-
tein. The mutation appears to disrupt a salt bridge between TM
domains 2 and 3 and leads to autoubiquitination and enhanced
turnover via the ubiquitin-proteasome pathway. This mecha-
nism also likely applies to human R199CRNF170 in ADSA-af-
fected individuals, and accounts for the �27% reduction in the
total cellular complement of RNF170. An equivalent decrease
in cellular ligase activity attributable to RNF170 is likely, which
could be critical to development of the disease. Alternatively,
the ligase activity of mutant RNF170 in vivo could be abnormal.

FIGURE 5. RNF170 levels in lymphoblasts from control and ADSA-affected individuals. A, lysates from 3 control (lanes 1–3) and 3 affected individuals (lanes
4 – 6) were probed with anti-RNF170 and anti-erlin2. For the panels shown, immunoreactivity was quantitated and is plotted as total RNF170/erlin2 immuno-
reactivity (arbitrary units). Multiple quantitations of total RNF170 immunoreactivity from these and other lymphoblast lines showed that affected individuals
contained 73 � 5% of the immunoreactivity seen in control lymphoblasts (n � 5). B, cDNAs encoding human WTRNF170HA and R199CRNF170HA were transfected
into HeLa cells and cell lysates were probed as indicated. Erlin2 served as a loading control.

FIGURE 6. Assessment of the IP3-medited Ca2� signaling pathway in lym-
phoblasts. Multiple control and affected lymphoblast cell lines (n) were ana-
lyzed. A–C, fura2-loaded cells were exposed to PAF, EGTA, and thapsigargin
(TG) as indicated and [Ca2�]c was calculated. Values in parentheses are mean �
S.E. of PAF- or TG-induced increases in [Ca2�]c over basal values (n � 4, with *
indicating p � 0.05 when comparing values from control versus affected
cells). D, lysates from 4 control and 4 affected lymphoblast lines were probed
for the proteins indicated. Total IP3R immunoreactivity in control and affected
lymphoblasts, measured with anti-IP3R1–3 (lowest panel), was 80 � 20 and
76 � 15 arbitrary units, respectively (mean � S.E.).
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We did not obtain support for this notion from studies with
purified components in vitro (Fig. 3D), or from analysis of IP3R1
ubiquitination in vivo (Fig. 7E), but that does not rule out the
possibility that mutant RNF170 acts abnormally toward other
substrates. Mutant RNF170 acting in this manner (i.e. domi-
nantly) would be consistent with zebrafish studies, in which
expression of exogenous mutant RNF170 causes aberrant
development (16).

Prior to the current study, our approach to defining the
function of RNF170 (and other proteins suspected to play a
role in IP3R ERAD) has been to deplete them using RNA
interference. Although we have had some success with this

approach (13–15, 31) it has major limitations; in particular,
proteins are only depleted and the effects of residual proteins
are hard to assess and complicate interpretation of data from
reconstitution experiments, and cells expressing short inter-
fering RNA are often unhealthy and are available only in
limited quantities. Use of the CRISPR/Cas9 system (24, 25)
allowed us to delete RNF170 and demonstrate, for the first
time, that RNF170 catalyzes the addition of all ubiquitin con-
jugates to activated IP3R1. Intriguingly, this suggests that
RNF170 interacts with multiple E2s, most likely Ubc13 and
Ubc7, because Ubc13 is the only E2 known to build Lys63-
linked chains (5, 32) and Ubc7, which builds Lys48-linked

FIGURE 7. CRISPR/Cas9-mediated deletion of RNF170 and reconstitution with exogenous RNF170 constructs. A, levels of RNF170, IP3R1, and other
pertinent proteins in lysates from �T3 control and RNF170KO cells. B, GnRH (0.1 �M)-induced Ca2� mobilization in �T3 control and RNF170KO cells. C, IP3R1
ubiquitination in �T3 control and RNF170KO cells. Cells were incubated with 0.1 �M GnRH and anti-IP3R1 IPs and input lysates were probed for the proteins
indicated. D, IP3R1 down-regulation in �T3 control and RNF170KO cells. Cells were incubated with 0.1 �M GnRH and lysates were probed for the proteins
indicated. The histogram shows combined quantitated immunoreactivity (mean � S.E., n � 4). E, reconstitution of IP3R1 ubiquitination in RNF170KO cells. �T3
RNF170KO cells stably expressing WTRNF170 or R198CRNF170 were incubated without or with 0.1 �M GnRH for 20 min, and anti-IP3R1 IPs were probed for the
proteins indicated.
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chains (5, 32), is already strongly implicated in mediating
IP3R1 ubiquitination and degradation (33).

Why does the Arg198 to Cys mutation destabilize RNF170? It
appears that a network of salt bridges couple TM domains 2 and
3 together, because mutation of either Arg198 or Arg200 in TM2
reduces protein expression, as do mutations to Asp231 and
Asp232 in TM3. A hint as to why these mutations are apparently
destabilizing is provided by the fact that they also cause RNF170
to migrate more rapidly on SDS-PAGE, indicative of a struc-
tural change in the protein that either causes more compact
folding and/or alters interactions with SDS. The structural
change appears to be subtle, as the Arg198 to Cys mutation did
not significantly affect TM2 and TM3 insertion into the ER
membrane, or interaction with the erlin1/2 complex, but could
still be sufficient to trigger autoubiquitination and targeting for
ERAD. Interestingly, many other E3s are known to be regulated
by ubiquitination (3, 27), including the ER membrane ligase
gp78 (27), which is relatively unstable and is controlled both by
autoubiquitination and an additional ER membrane ubiquitin
ligase Hrd1 (27). It will be interesting to see whether mutations
in the TM domains of gp78 and other ER membrane ligases (8)
are also destabilizing.

Although the presence of charged residues in TM domains is
energetically unfavorable, such residues are often found
therein, where they play important functions, often involving
salt bridges (34). Intriguingly, TM domain-located charged res-
idues are those most likely to cause disease when mutated, argi-
nine has the highest propensity for disease causation, and the
Arg to Cys mutation is relatively common because cytosine to
thymine transition occurs with relatively high frequency (35).
Situations very similar to that described here for RNF170 are
seen in other proteins. For example, the pore architecture of
cystic fibrosis transmembrane conductance regulator is main-
tained by salt bridges between arginines in TM6 (Arg347 and
Arg352) and aspartic acids in adjacent TMs (36), and naturally
occurring, charge altering mutations of Arg352 cause cystic
fibrosis (37). Likewise, the naturally occurring R279C mutation
in the prostacyclin receptor dramatically reduces protein
expression (38).

Remarkably, the expression of R199CRNF170 correlated with
a reduction in PAF-induced Ca2� mobilization in lymphoblasts
that was not due to a change in IP3R levels, but rather appears to
result from reduced signal transduction efficiency at the IP3R
locus. This was apparently not due to aberrant IP3R ubiquitina-
tion, as the ubiquitination of activated IP3R1 in cells expressing
wild-type or mutant RNF170 was qualitatively identical, at least
in terms of the addition of total ubiquitin and Lys48- and Lys63-
linked chains. Rather, the reduction in signal transduction effi-
ciency at the IP3R locus could be an indirect effect, if RNF170
turns out to ubiquitinate additional substrates (e.g. proteins
that regulate IP3Rs), or if long-term adaptation to the �27%
reduction in total RNF170 expression seen in ADSA lympho-
blasts alters the expression of genes that govern Ca2� signaling.

Dysregulation of Ca2� metabolism and IP3R function is often
mooted to be the cause of the neurodegeneration that under-
pins certain spinocerebellar ataxias and neurodegenerative dis-
eases (39 – 43) and our data suggest that the same could be true
for ADSA. If so, therapies aimed at boosting Ca2� mobilization

could be contemplated, similarly to the way that manipulating
Ca2� metabolism is being examined as a therapy for Hunting-
ton disease and other spinocerebellar ataxias (41– 43). Interest-
ingly, mutations to erlin2 also cause neurodegenerative dis-
eases (44 – 47). Erlin2 is the dominant partner in the erlin1/2
complex, to which RNF170 is constitutively associated (11, 12,
15), and the erlin1/2 complex mediates the interaction of
RNF170 with IP3Rs (15). Clearly, defining the mechanisms by
which mutations to the erlin1/2 complex-RNF170 axis cause
neurodegeneration will be fascinating topics for future study.
Acknowledgments—We thank Erik Vandermark and Jacqua-
lyn Schulman for helpful suggestions.
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Chapter III Addendum 

Following-up on the work presented earlier in Chapter III and published in JBC, I 

sought to expand the pursuit of the mechanism behind the RNF170
R199C

-mediated IP3R 

Ca
2+

 channel dysfunction seen in patient-derived lymphoblast cells. Thus, we examined 

whether IP3R function was also affected by expression of mutant RNF170 using 

RNF170KO αT3 cells. Cells either lacking RNF170 or re-expressing mouse RNF170
WT

 

or RNF170
R198C

 (the same used in Chapter III, Figure 7E for examining IP3R1 

ubiquitination) were loaded with Fura-2 and exposed to a maximal dose (1µM) of GnRH 

(Addendum Figure 1). Surprisingly, no significant difference in IP3-mediated Ca
2+

 

release was uncovered in cells expressing RNF170
R198C

. 

Addendum Figure 1 

 

Addendum Figure 1. RNF170
R198C

 does not affect IP3R-mediated Ca
2+

 release in 

αT3 cells. Fura-2 loaded cells were exposed to GnRH as indicated and [Ca
2+

]cyto were 

calculated. 
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These data represent a dramatic contrast with the results obtained upon measuring 

[Ca
2+

]cyto in ADSA patient-derived lymphoblasts (Chapter III, Figure 6). While more 

work remains to be done to confirm this result, this suggests a disconnect between the 

results we see in the two cell types (αT3 and lymphoblasts); speculatively, this may be 

due to a number of reasons. Indeed, αT3 cells feature a robust IP3-mediated Ca
2+

 

response following treatment with GnRH, a significant reason behind why they have 

been used in these and other studies, while the lymphoblast response to PAF treatment 

was comparatively weak. It may simply be that the difference in the nature and 

physiology of the two cell types means that mild perturbation due to reduced RNF170 

protein levels in RNF170
R199C

-expressing lymphoblasts is enough to affect IP3R 

sensitivity to IP3, while αT3 cells are unaffected by loss of RNF170. Additionally, the 

ADSA patient-derived cells used are from people with an age of onset of ~28-55 years, 

and the inhibition of IP3-mediated Ca
2+

 response to PAF may be the result of long-term 

adaptation to the ~27% reduction in RNF170 levels. Finally, if RNF170 has other (non-

IP3R) targets for degradation which regulate IP3R function or sensitivity to IP3, changes 

in levels of these substrates could be responsible for the results seen in patient-derived 

lymphoblasts. 
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Addendum Figure 2 

 

Addendum Figure 2. DNA sequencing reveals heterozygosity of R199C mutant 

allele. Sequencing of RNF170 gene in Control (C) and ADSA-Affected (A) patient-

derived lymphoblast cell lines. Primer sequence used was 5’-

ACCTGAAGCCTTGTTTGGAA-3’ and sequence results were obtained via the SUNY 

Upstate DNA Sequencing Core facility. 
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Preface: Our continued studies of IP3R processing by ERAD led us to the Calcium 

Signaling Gordon Conference in Maine in 2015; there, we met Dr. Frederic Darios, who 

discussed with us a mutation his research group had found in the human erlin2 gene that 

was predicted to be causative for Hereditary Spastic Paraplegia, a progressive 

neurodegenerative disease. From our work on ADSA and the RNF170 R199C mutation, 

along with our newly-developed erlin2 KO αT3-1 cells, we were primed to take up this 

research. Thus, to better understand how potentially disruptive mutations to proteins that 

regulate IP3R protein levels (i.e., erlins and RNF170), we extended our studies to include 

the T65I mutation in erlin2. 

 

IV.1 Abstract 

 

The erlin1/2 complex is a ~2MDa, endoplasmic reticulum membrane-located 

ensemble of the ~40kDa, type II membrane proteins erlin1 and erlin2. The best-defined 

function of the erlin1/2 complex is to the mediate the ubiquitination of activated inositol 

1,4,5-trisphosphate receptors (IP3Rs) and their subsequent degradation.  Here, we have 

used gene editing to ablate erlin1 and/or erlin2 expression to better define their roles and 

have examined the functional effects of a disease-linked mutation to erlin2 (T65I).  This 

showed that erlin2 is the dominant force in mediating the interaction between the erlin1/2 

complex and IP3Rs and that the T65I mutation to erlin2 dramatically inhibits this 

interaction and the ability of the erlin1/2 complex to mediate IP3R ubiquitination and 

degradation.   Remarkably, we also discovered that the erlin1/2 complex specifically 

binds to phosphatidylinositol 3-phosphate and that this binding is also inhibited by the 
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T65I mutation to erlin2. Overall, the T65I mutation to erlin2 clearly has dramatic effects 

on erlin1/2 complex function and these results point toward a molecular mechanism for 

development of hereditary spastic paraplegia.  

 

IV.2 Introduction 

 

Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) are tetrameric, IP3- and Ca
2+

-

gated Ca
2+

 channels located in the endoplasmic reticulum (ER) membrane.
1-4

 IP3Rs 

function in a plethora of cellular processes, including secretion, proliferation, apoptosis 

and fertilization.
4
 There are three subtypes, IP3R1, IP3R2, IP3R3, which are expressed in 

different proportions in different cell types and can assemble into homo- or 

heterotetramers.
1,5 

Each IP3R is ~2700 amino acids in length and contains 6 

transmembrane (TM) domains
1,2

, and are activated by signal transduction cascades 

beginning at cell surface receptors (e.g. G-protein-coupled receptors) that generate IP3.
1,4

 

The coordinated binding of IP3 and Ca
2+

 facilitates channel opening and allows for flow 

of Ca
2+

 ions stored within the ER lumen to the cytosol.
1,2,4,6

  

Upon stimulation of IP3R-dependent signaling, IP3Rs are polyubiquitinated and 

thus targeted for proteasomal degradation.
7
 This processing by the ubiquitin-proteasome 

pathway (UPP)
8-14

 results in a rapid reduction in the steady-state level of IP3Rs (T1/2 ~15-

60 min), termed “IP3R down-regulation”,
5,7 

and may also be the route by which IP3Rs are 

turned over under basal conditions.
7,15

 Our studies on the mechanism of IP3R processing 

by the UPP have revealed that a complex formed from an assemblage of the ER 
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membrane proteins erlin1 and erlin2 mediates IP3R polyubiquitination and degradation 

by binding to activated IP3Rs and recruiting the ubiquitin ligase RNF170
7,15-18

. 

Erlins 1 and 2 are ~40kDa, type II ER membrane proteins with an N-terminal TM 

domain and the bulk of the polypeptide in the ER lumen
17-19

. They oligomerize into a 

toroidal, ~2MDa complex, to which RNF170 is constitutively bound.
7,18

 By far the best-

defined function of erlins to-date is to mediate IP3R processing,
7
 but other possible roles 

have been proposed, including binding cholesterol
20

 and regulation of lipid 

metabolism
20,21

, and interacting with proteins that mediate SV40 exit from the ER
22

.
 
 

Interestingly, mutations to erlin1 and erlin2 have been linked to neurodegenerative 

diseases, particularly hereditary spastic paraplegia (HSP) and primary lateral 

sclerosis.
7,23-28 

For example, primary lateral sclerosis is linked to a mutation in the erlin2 

gene that removes the C-terminal region necessary for erlin1/2 complex assembly and 

suppresses erlin2 mRNA levels.
7,25

 Further, several mutations to the erlin2 gene, 

including point mutations leading to amino acid substitutions, are linked to HSP18 

(SPG18).
7,23,24,26,28,29

 As yet, however, it has not been possible to define how the 

mutations affect the cell biological function of erlin2 or the erlin1/2 complex and cause 

cell dysfunction.  

Here, we use gene editing to delete either erlin1 or 2 to better define the role of 

each protein in terms of IP3R processing and find that erlin2 is the dominant partner 

within the erlin1/2 complex.  We also reveal that a novel HSP-linked mutation to erlin2 

(T65I) (manuscript in preparation) dramatically alters functionality of the complex.  

Remarkably, we also show that the erlin1/2 complex binds specifically to 

phosphatidylinositol 3-phosphate (PI(3)P), in a manner inhibited by the T65I mutation.    
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IV.3 Experimental Procedures 

 

IV.3.1 Materials 

αT3-1 cells were cultured as described
30

. Anti-Ubiquitin clone FK2 was from 

BioMol International. Anti-p97 was from Research Diagnostics, Inc. Anti-HA clone 

HA11 was from Covance. Anti-erlin1, anti-erlin2, anti-RNF170, anti-gp78, anti-Hrd1, 

and anti-IP3R1 were prepared as described.
5
 Fura-2 A/M and GnRH were from Sigma. 

 

IV.3.2 Plasmids 

Mouse erlin1 and erlin2 cDNAs were sub-cloned from pCMV-Sport6 plasmids 

which were originally purchased from ATCC. Human erlin1 and erlin2 cDNAs were 

cloned from HeLa cells, as described.
17

 Erlin1-HA and erlin2-HA were constructed by 

PCR amplification of mouse and human erlin1 and erlin2 cDNAs, such that an HA tag 

(GYPYDVPDYAG) is spliced to the C-terminus. Primer sequences are available upon 

request. 

 

IV.3.3 Expression and analysis of erlin2 constructs 

To analyze expression of exogenous erlin2 and its mutants, αT3-1 cells were 

transfected by electroporation using the NEON Transfection System from Invitrogen/Life 

Technologies (10µg total DNA in a 100µL suspension of cells at 3*10
7
 / mL, 1 pulse, 

20ms, 1500V). 48h later, cells were collected in HBSE buffer (155mM NaCl, 10mM 

HEPES, 1mM EDTA, pH 7.4). Cells were then centrifuged (2000xg for 1 minute), 

disrupted for 30 minutes at 4
o
C with lysis buffer (150 mM NaCl, 50mM Tris-HCl, 1mM 
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EDTA, 1% Triton X-100, 10µM pepstatin, 0.2mM PMSF, 0.2µM soybean trypsin 

inhibitor, 1mM dithiothreitol, pH 8.0), centrifuged (16,000xg for 10 minutes at 4
o
C) and 

supernatant samples were subjected to SDS-PAGE and immunoblotting. For studying the 

interactions between the erlin1/2 complex, RNF170 and IP3R1, cells were disrupted using 

lysis buffer containing 1% CHAPs rather than Triton X-100. 

 

IV.3.4 Generation and analysis of erlin1 and erlin2 Knock-out and Reconstituted Cell 

Lines 

The TALEN
31

 and CRISPR/Cas9
32,33

 systems were used to target exons within 

the erlin2 and erlin1 genes, respectively. Erlin2 was targeted by inserting complementary 

16 base pair sequences into pcDNA3.1-Talen (+63) to generate Erlin2-Talen-L and 

Erlin2-Talen-R constructs (Huang, et al., 2011). Exon 3 of mouse Erlin2 was targeted 

with the sequence, 

CTGCTGACCTCCACCAGTGGCCCGGTTCCATCTCATGCTCCCGTTC where the 

underlined regions correspond to MmErlin2-Talen-R and MmErlin2-Talen-L, 

respectively. Two days after transfection, YFP positive cells were separated by 

fluorescence-activated cell sorting (FACS) at the NINDS Flow Cytometry Core Facility.  

Cells were distributed into 96-well plates, and single colonies were expanded and 

screened by western blotting for Erlin2 immunoreactivity.  Genomic DNA from clones 

lacking Erlin2 expression was sequenced to confirm disruption of the gene. 

Oligonucleotides that contained the erlin1 target sequences (exon 1, 

CGATGCGTCACTGACCGGTGAGG or exon 2, 

TCTTGTGGATGGAGGCGTACAGG) were annealed and then ligated into AflII-
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linearized gRNA vector (AddGene). αT3 cells were transfected with a mixture of gRNA 

construct and vectors encoding hCas9 (AddGene) and EGFP (Clontech). 48h post-

transfection, EGFP-expressing cells were selected by FACS and plated at ~1 cell/well in 

96-well plates. Colonies were expanded and screened for ablation of erlin1 expression by 

immunoblotting. Reconstituted cell lines were obtained by transfecting E2KO cells with 

E2HA
WT

 or E2HA
T65I

 cDNAs, followed by selection in 1.3mg/mL G418 for 72h, plating 

at ~1 cell/well in 96-well plates, colony expansion, screening with anti-erlin2 and anti-

HA in immunoblots and maintenance in ~0.3mg/mL G418. 2 clones expressing each 

construct were characterized with essentially the same results. 

 For analysis of IP3R1 ubiquitination and protein levels, cells were incubated with 

1% CHAPs lysis buffer lacking dithiothreitol, but supplemented with 5mM N-

ethylmaleimide, for 30 minutes at 4
o
C, followed by addition of 5mM dithiothreitol and 

centrifugation (16,000xg for 10 minutes at 4
o
C). Lysates were then incubated with anti-

IP3R1 to immunoprecipitate IP3R1 as described
30

 and complexes were heated to 37
o
C for 

30 minutes before being subjected to SDS-PAGE in 5% gels for ubiquitin conjugate 

analysis or in 10% gels for analysis of additional proteins. Cytosolic [Ca
2+

] was measured 

as described.
34

 

 

IV.3.5 Non-denaturing PAGE 

For analysis of erlin1/2 complex assembly, cells for NativePAGE (Blue Native 

PAGE, BN-PAGE) were grown to confluence in 6-well or 10cm culture dishes and were 

harvested in appropriate volumes (100µL-1mL) of 1% CHAPs Lysis Buffer, as 

described. Lysates were then cleared of insoluble material by centrifugation at 16,000xg 
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for 10 minutes at 4
o
C. 75-150µL clarified lysates were prepared for NativePAGE by 

addition of 25-50µL 4X Sample Buffer and 5-10µL 5% Coomassie Blue G250. 

NativePAGE Anode Buffer was prepared by dilution of 20X Running Buffer stock in 

MilliQ water. Light and Dark Cathode Buffers were prepared by addition of 1mL (Light) 

or 10mL (Dark) 20X Cathode Buffer Additive to 1X Running (Anode) Buffer, to a final 

volume of 200mL. All samples, buffers, gels, equipment and reagents were stored at / 

chilled to 4
o
C before use. Gels were placed in the X-Cell Sure-Lock gel electrophoresis 

apparatus, wells were washed with water, then 1X Running (Anode) Buffer and finally 

filled with Dark Cathode Buffer before samples were loaded into 3-12% or 4-16% Bis-

Tris gels. The inner chamber was filled with Dark Cathode Buffer and the outer chamber 

was filled with 1X Running (Anode) Buffer. Samples were electrophoresed for 1 hour at 

4
o
C and 150V (constant voltage). After 1 hour, the Dark Cathode Buffer within the inner 

chamber was aspirated away and was replaced by Light Cathode Buffer. Samples were 

then electrophoresed for a minimum of 45 minutes (or longer until dye front reached the 

desired or appropriate range near the end of the gel) at 4
o
C and 185V (constant voltage). 

Following electrophoresis, gels and materials were prepared for Western blotting by first 

priming PVDF membrane in MeOH for 30-60 seconds. This membrane was then rinsed 

twice with MilliQ water before equilibration in Transfer Buffer for 10 minutes. Gels were 

also equilibrated in Transfer Buffer for 10 minutes before transferring to PVDF at 85mA 

(constant current) for 1 hour. Following transfer, PVDF was rinsed in Destain Buffer 

(40% MeOH, 10% Acetic Acid in water) for 10 minutes, washed twice with MilliQ water 

and then incubated in TBS-T Buffer for 10 minutes. After incubation in TBS-T Buffer, 
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PVDF was incubated in 5% nonfat milk in TBS-T and subsequent immunoblotting was 

performed. 

 

IV.3.6 Lipid binding 

Immobilized lipid arrays used were either Membrane Lipid or PIP strips (Echelon 

Biosciences Inc.), or were made by spotting lipids (Echelon Biosciences Inc.) dissolved 

in chloroform/methanol/water (1:2:0.8, by volume) onto Hybond C membrane (GE 

Healthcare) as described (Dowler et al Biochem J 351,19-31).  Arrays were incubated 

and washed with PBS/1-2% non-fat dried milk at 4°C as follows; 1h pre-incubation to 

block, 3 x 2 min washes, 6-20h incubation with immunopurified erlin1/2 complex or 

erlin2-HA protein (Pearce et al, 2009), 3 x 2 min washes, 1h incubation with 1:50 anti-

erlin2, 3 x 2 min washes, 0.75h with 1:2000 anti-rabbit IgG, 4 x 2min washes, 1 x 2min 

wash with PBS, and exposure to ECL reagents. 

 

IV.3.7 Data Presentation 

All experiments were repeated at least once and representative images of gels or 

traces are shown. Immunoreactivity was detected and quantitated using Pierce ECL 

reagents and a GeneGnome Imager (SynGene Bio Imaging). Quantitated data are 

expressed as a mean +/- S.E. of n independent experiments. 
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IV.4 Results 

 

IV.4.1 The effects of erlin1 and erlin2 deletion on complex formation. 

To define the roles of erlin1 and erlin2 in the erlin1/2 complex, we used TAL-

effector nuclease- (TALEN) and CRISPR/Cas9-mediated gene editing technologies
31-33

 

to ablate expression of either erlin2 or erlin1, respectively, in αT3-1 mouse pituitary 

cells, creating E2KO and E1KO cell lines (Fig 1A). αT3 cells were used because we have 

previously observed therein robust erlin1/2 complex-mediated IP3R1 ERAD.
30

 The 

ablation of erlin1 or erlin2 was specific, since no other pertinent proteins (e.g., the 

ERAD-related proteins p97, Hrd1, gp78 and RNF170)
7,15-18,35-37

 were affected (Fig 1A). 

An exception was IP3R1, the level of which was consistently increased by ~73% and 

~94% in the absence of either erlin1 or erlin2, respectively (Fig 1A), suggesting that in 

addition to their role in processing activated IP3Rs
17,18

, the erlins also play a role in basal 

IP3R1 turnover. This is consistent with the ~65% elevation of IP3R1 levels seen after 

RNF170 deletion.
15
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Figure 1 

Figure 1. The effects of erlin1 and erlin2 deletion on complex formation. A. 

Lysates were made from control, E1KO and E2KO αT3 cells and were probed in 

immunoblots for ubiquitin, IP3R1, p97, Hrd1, gp78, erlin1, erlin2 and RNF170. B. 

Non-denaturing PAGE of cell lysates probed with anti-erlin1 and anti-erlin2, or anti-

p97 as a loading control. C. Anti-erlin1 or anti-erlin2 immunoprecipitates from 

control, E1KO and E2KO αT3 cells, probed for the proteins indicated. 
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To assess the assembly status of erlin1 and erlin2, lysates from control, E1KO and 

E2KO cells were subjected to non-denaturing PAGE (Fig 1B).
17,18,38

 This showed that 

both erlin1 alone (lane 3) and erlin2 alone (lane 5) were able to assemble into high MW 

complexes of a size similar to that of the native erlin1/2 complex (lanes 1 and 4). p97, 

which associates into a ~600kDa hexamer
35,39

, served as a loading control. Further, to 

assess the association status of RNF170, anti-erlin1 and anti-erlin2 immunoprecipitates 

were examined (Fig 1C). Interestingly, while RNF170 interacted strongly with 

immunoprecipitated native erlin1/2 complex (lanes 1 and 2), it bound only weakly with 

immunoprecipitated erlin2 or erlin1 alone (lanes 4 and 5), suggesting that only the native 

complex provides the ideal module for RNF170 binding. 

 

IV.4.2 Erlin1 and erlin2 play different roles within the erlin1/2 complex.  

In αT3 cells, GnRH induces a robust activation of the IP3/IP3R-dependent 

signaling pathway and IP3R ERAD; i.e., the polyubiquitination of IP3Rs and their 

degradation by the proteasome.
30

 To define the role(s) of erlin1 and erlin2 in this process, 

control, E1KO and E2KO αT3 cells were treated with GnRH and IP3R1 

immunoprecipitates were analyzed. In control cells, GnRH induced rapid ubiquitination 

of IP3R1 and association of erlin1, erlin2 and RNF170, reflecting association of the 

erlin1/2 complex-RNF170 module with activated IP3R1 (Fig 2A, lanes 1-5). E1KO cells 

retained the capacity to ubiquitinate IP3R1 upon stimulation, with erlin2 and RNF170  
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Figure 2 

 

Figure 2. The effects of erlin1 and erlin2 deletion on IP3R1 ERAD. A. Cells were 

treated with 100nM GnRH for 0-20 minutes and anti-IP3R1 immunoprecipitates and 

input lysates were probed for the proteins indicated. B. Quantitated IP3R1-associated 

ubiquitin immunoreactivity, graphed as a percentage of control cell maximum (n=4). 

C. Cells were treated with 100nM GnRH for 0, 30 or 60 minutes and cell lysates were 

probed for the proteins indicated. D. Quantitated IP3R1 immunoreactivity, graphed as 

a percentage of t=0 values (n=4). E. Cytosolic free Ca
2+

 concentrations in control, 

E1KO and E2KO αT3 cells exposed to 100nM GnRH. 

  

93



clearly co-immunoprecipitating with activated IP3R1 (Fig 2A, lanes 6-10), indicating that 

erlin2 alone is capable of binding to activated IP3R1 and recruiting RNF170. However, in 

E1KO cells, IP3R1 ubiquitination and the association of erlin2 and RNF170 was 

substantially inhibited relative to control cells (Fig 2A, lanes 1-10, Fig 2B; ~67%+/-2.4% 

(N=4) inhibition of peak ubiquitination), indicating that the complex formed by erlin2 

and RNF170 functions relatively inefficiently. In contrast, analysis of 

immunoprecipitates form E2KO cells showed that these cells did not retain the capacity 

to substantially ubiquitinate activated IP3R1 and, importantly, neither erlin1 nor RNF170 

co-immunoprecipitated (Fig 2A, lanes 11-15), suggesting that erlin1 alone cannot bind to 

activated IP3R1 and recruit RNF170; IP3R1 ubiquitination was inhibited by ~94%+/-

2.4% (N=4) (Fig 2B). 

 Measurement of IP3R1 down-regulation, the decline in steady-state IP3R1 levels 

that is the culmination of IP3R1 ubiquitination and proteasomal degradation (Wright 

review 2016), revealed that the response was lost in E2KO cells, while it was 

considerably inhibited in E1KO cells (Figs 2C and D). This correlated with the extent of 

IP3R1 ubiquitination in E1KO and E2KO cells (Figs 2A and B). Finally, to check that the 

reductions in ubiquitination and down-regulation after erlin1 or erlin2 deletion (Figs 2A-

D) are not due to impairment of the IP3/IP3R signaling pathway, we measured cytosolic 

Ca
2+

 mobilization in response to GnRH (Fig 2E). This revealed that changes in cytosolic 

Ca
2+

 concentration were unaffected by erlin1 or erlin2 KO, indicating that the IP3/IP3R 

signaling pathway is not impaired. 

 

94



IV.4.3 The T65I mutation to erlin2 inhibits erlin1/2 complex binding to activated IP3Rs 

and IP3R processing by the ERAD pathway. 

Several cases have been reported of mutations to erlin2 causing sclerosis or HSPs 

in humans.
7,23-26,28,29

 Recent studies indicate that a previously-uncharacterized T65I 

mutation to erlin2 causes autosomal dominant SPG37, although the mechanism by which 

the mutation causes disease has yet to be defined (Darios, et al., manuscript in 

preparation). This mutation is in a highly-conserved region of erlin2 (Fig 3A). To explore 

how the T65I mutation affects erlin2 function, wild-type erlin2-HA (E2HA
WT

) and T65I 

erlin2-HA (E2HA
T65I

) were stably-expressed in E2KO αT3 cells (Fig 3B). E2HA
T65I

 

migrated slightly more rapidly than E2HA
WT

, was expressed at approximately the same 

levels as E2HA
WT

 (indicating that it is stable) and did not alter the expression level of 

other relevant proteins (Fig 3B). To assess whether the T65I mutation affects erlin1/2 

complex assembly, cell lysates from control, E2KO, two lines of E2HA
WT

 and two lines 

of E2HA
T65I

 were subjected to non-denaturing PAGE (Fig 3C). This showed that both 

E2HA
WT

 (lanes 9 and 11) and E2HA
T65I

 (lanes 10 and 12) were able to assemble into 

high MW complexes of a size similar to that of the native erlin1/2 complex (compare 

with lanes 1 and 7). Analysis of GnRH-induced IP3R1 processing showed that 

introduction of E2HA
WT

 into E2KO cells restored IP3R1 ubiquitination (Fig 3D, lanes 1-

3, 7-9), while, remarkably, E2HA
T65I

 did not (lanes 4-6, 10-12). Further analysis of the 

immunoprecipitates showed that erlin1 and RNF170 co-immunoprecipitated with 

activated IP3R1 when E2HA
WT

 was present (lanes 1-3, 7-9), indicating that E2HA
WT

 

allows for the formation of a functional erlin1/2 complex-RNF170 module. In contrast, 

neither E2HA
T65I

, nor erlin1, nor RNF170 associated with  
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Figure 3 

Figure 3. The T65I mutation to erlin2 disrupts its binding to activated IP3R1 and 

inhibits stimulus-dependent IP3R1 ubiquitination and degradation. A. A multiple 

sequence alignment of amino acids 1-75 of erlin2 homologs from homo sapiens, mus 

musculus and rattus norvegicus, as well as homo sapiens erlin1, using ClustalO. 

Amino acid identity among all species is indicated with asterisks, whereas a colon 

indicates a strongly conservative difference, and a period indicates a weakly 

conservative difference. B. Lysates were made from control, E2KO, and two lines 

each of WT erlin2-HA-reconstituted and T65I erlin2-HA-reconsituted αT3 cells and 

were probed in immunoblots for ubiquitin, IP3R1, p97, erlin1, HA, erlin2 and 

RNF170. C. Non-denaturing PAGE of cell lysates probed with anti-erlin1 and anti-

erlin2, or anti-p97 as a loading control. D. Cells were treated with 100nM GnRH for 

0-10 minutes and anti-IP3R1 immunoprecipitates and input lysates were probed for 

the proteins indicated. E. Cells were treated with 100nM GnRH for 0, 30 or 60 

minutes and cell lysates were probed for the proteins indicated. 
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activated IP3R1 when E2HA
T65I

 was present (lanes 4-6, 10-12), indicated that E2HA
T65I

 

is incapable of forming a functional erlin1/2 complex-RNF170 module. Consistent with 

these results, E2HA
WT

, but not E2HA
T65I

, was able to mediate IP3R1 down-regulation in 

response to GnRH (Fig 3E). 

 

IV.4.4 The erlin1/2 complex specifically binds PI(3)P and the T65I mutation disrupts this 

binding. 

The erlin1/2 complex has been suggested to exist in lipid raft-like, or detergent-

resistant, membrane domains within the ER and thus has been mooted to have some 

capacity to specifically bind lipids, such as cholesterol.
19,20,40,41

 To explore this 

hypothesis, endogenous erlin1/2 complex was immunopurified and its binding to a panel 

of lipids was examined (Fig 4A). Surprisingly, no specific binding to cholesterol was 

discovered, but rather, binding to phosphatidylinositol 4-phosphate – PI(4)P – was 

detected (Fig 4A). Further analysis showed that the binding was specific to 

monophosphorylated phosphoinositides, with the strongest binding to PI(3)P 

(approximately 5-fold greater than that for PI(4)P and PI(5)P) (Fig 4B and C).  

 To determine the malfunction caused by the erlin2 T65I mutation, E2HA
WT

 and 

E2HA
T65I

 were immunopurified and their binding to a panel of monophosphorylated 

phosphoinositides was examined. E2HA
WT

 showed specific binding to PI(3)P (Fig 4D), 

similar to endogenous erlin2. Remarkably, E2HA
T65I

 had a markedly reduced binding to 

PI(3)P (Fig 4D).                                      
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Figure 4 

 

Figure 4. The erlin1/2 complex specifically binds PI(3)P and the T65I mutation 

disrupts this binding. A/B. Erlin1/2 complex was immunopurified from control αT3 

cells
18

, and binding to an array of lipids on Hybond C membranes was assessed by 

anti-erlin2 immunoblot. C. A PI(X)P array was incubated with erlin1/2 complex 

purified from control αT3 cells. Erlin2 probe of complex preparation shown in 

bottom right insert. D. PI(X)P arrays were incubated with E2HA
WT

 or E2HA
T65I

 

prepared from an anti-HA immunopurification of transiently-transfected aT3 E1/2KO 

cells.
18
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IV.5 Discussion 

 

Our data show that ablation of erlin1 or erlin2 by gene editing techniques 

(CRISPR/Cas9 or TALEN, respectively) differentially alter IP3R1 processing by the 

ERAD pathway. Prior to this current study, the approach to define and refine the role(s) 

of the erlin1/2 complex in the cell involved depletion using RNA interference 

techniques.
17,18,38

 While this has been successful in the past, it carries with it significant 

limitations. Whereas RNA interference allows for transient depletion of a target 

protein(s), gene editing techniques such as TALEN or CRISPR/Cas9 permanently and 

completely ablate expression of desired proteins. Use of these techniques allows us to 

clearly define the roles of erlin1 and erlin2 both within the erlin1/2 complex-RNF170 

module as well as relative to their function(s) regarding IP3R ERAD processing. 

Intriguingly, these studies suggest that the erlin1/2 complex, along with RNF170, may act 

as a dedicated unit for what appears to be a critical function for cell homeostasis – that of 

regulating IP3R protein levels in response to extracellular stimuli – since no other 

proteins examined were significantly altered following loss of erlin1 or erlin2 expression.  

While loss of erlin2 does not affect the assembly of erlin1 into a high MW 

complex that interacts with RNF170, the remaining erlin1-RNF170 amalgam does not 

bind to activated IP3Rs upon stimulation and therefore does not generate a significant 

number of ubiquitin conjugates on activated receptors. In contrast, in E1KO cells, the 

remaining erlin2 is capable of binding to activated IP3Rs and recruiting RNF170 for 

ubiquitination, albeit much less efficiently than the endogenous erlin1/2 complex-

RNF170 module. Corresponding with this inhibited or inefficient ubiquitination of IP3Rs, 
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ablation of either erlin1 or erlin2 resulted in the inability of cells to effectively degrade 

IP3Rs in response to activation of the IP3/IP3R signaling pathway. 

 Certainly, the protracted treatment of these cells with GnRH in order to induce 

such rapid ubiquitination and degradation is an aberrant condition. In conjunction with 

the experiments discussed above, it was observed that not only was processing of IP3R1 

in response to cell stimulation inhibited by ablation of erlin1 or erlin2 expression, but 

also that basal levels of IP3R1 were increased in these same cells compared to control 

cells. This suggests that steady-state turnover of IP3Rs is also governed by the erlin1/2 

complex-RNF170 module and that this may be its normal physiological role. 

What is the significance of the Thr65 to Ile mutation to erlin2 function? While the 

T65I mutation does not seem to affect erlin2 protein stability, it does alter its migration in 

SDS-PAGE, suggesting a structural alteration in the protein that either changes its 

interactions with SDS or allows for a more compressed folding. T65I in erlin2 disrupts its 

ability to recognize and bind to activated IP3Rs, thereby recruiting RNF170 and initiating 

ubiquitination of the channels. This loss of ubiquitination significantly inhibits IP3R1 

processing by the ERAD pathway and the inability to properly process IP3Rs could be the 

mechanism that underlies the development of HSP. Indeed, previous studies from our lab 

and others have identified that detrimental mutation (R199C) to, or complete loss of, 

RNF170 results in a similar, yet seemingly less severe, set of phenotypes causing 

development of a progressive neurodegenerative disease known as Autosomal Dominant 

Sensory Ataxia (ADSA).
15,16,42-44

 

The specificity with which the erlin1/2 complex binds to PI(3)P is remarkable, 

especially since it is capable of interacting with all monophosphorylated 
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phosphoinositides and did not have significant interaction with phosphatidylinositol or 

multiply-phosphorylated phosphoinositides, such as PI(3,5)P2. This strongly suggests that 

some portion of the structure of erlin1 and erlin2 folds to form a highly-selective binding 

pocket for monophosphorylated phosphoinositides. Notably, the erlin1/2 complex was 

not found to bind to cholesterol, despite studies showing that the complex localizes to 

cholesterol-rich domains.
19,40

 Taken together, these results are puzzling, as the ER is not 

known to contain an abundance of cholesterol
45

 and other members of the SPFH protein 

family, of which erlin1 and erlin2 are a part, do bind cholesterol with specificity.
20

 Thus, 

our data indicate that the connection between the erlin1/2 complex and cholesterol-rich 

microdomains is likely not mediated by direct interaction with cholesterol, but with some 

other factor directing its localization. 

 What, then, is the significance of this lipid binding discovery? PI(3)P binding by 

proteins has been best studied in the field of autophagy, where PI(3)P plays a key role in 

membrane dynamics, particularly in endosomes and at the ER membrane, as many 

PI(3)P-binding proteins have been shown to be involved in autophagosome signaling and 

formation.
46-51

 Several PI(3)P binding motifs have been identified, such as the FYVE 

domain,
52

 the PX domain
53

 and PROPPIN repeats
48,54

, and proteins that contain these 

motifs often function to recruit and scaffold proteins that regulate these dynamic 

membrane structures.
48

 That the erlin1/2 complex contains an as-yet-undefined motif that 

allows for it to bind specifically to PI(3)P, as shown above, raises the possibility that it 

may also have some function relative to ER membrane dynamics. The most alluring 

prospect is that the erlin1/2 complex-PI(3)P could have a function relative to ERAD 

processing of IP3Rs. If PI(3)P is an important lipid for formation of dynamic membrane 
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structures, surrounding activated IP3Rs in a PI(3)P-based microdomain could allow for 

recruitment of factors to generate a favorable environment for extracting the large 

tetrameric channel from the ER membrane, thereby lowering the energetic requirement 

for the cell to ship IP3Rs to the proteasome for degradation.  

Certainly, there remains the possibility that the erlin1/2 complex has other 

unknown functions separate from its well-defined role in regulating IP3R processing by 

the ERAD pathway. One of HSP’s defining features is that of degeneration of motor-

sensory neurons,
29

 a feature shared by the RNF170-related disease ADSA.
15,42,43

 

However, HSP-related genes cover a wide swathe of cellular functions, including 

mitochondrial function, ER stress response, membrane trafficking and phospholipid 

metabolism.
29

 That the T65I mutation to erlin2 causes such a dramatic effect to its PI(3)P 

binding capability could also lead to autophagic, endosomal or other previously-

identified PI(3)P-related dysfunctions. Elucidating the ultimate role that PI(3)P binding 

plays in erlin1/2 complex function(s) is, of course, of great interest to the IP3R and 

ERAD communities, but also could serve to shed light on the mechanism of development 

of a set of neurodegenerative diseases.  
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Chapter IV Addendum Figure 1 

 

Addendum Figure 1. A multiple sequence alignment of the full amino acid sequences of 

erlin2 homologs from homo sapiens, mus musculus and rattus norvegicus, as well as 

homo sapiens erlin1, using ClustalO. Amino acid identity among all species is indicated 

with asterisks, whereas a colon indicates a strongly conservative difference, and a period 

indicates a weakly conservative difference.  

 

107



 

CHAPTER V 

 

 

 

 

 

 

GENERAL DISCUSSION 
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In this dissertation, I have described studies that have focused primarily on 

disruptive mutations to two critical components of the complex that regulates IP3R 

processing by the ubiquitin-proteasome pathway – RNF170 and erlin2. Here, I will 

briefly articulate the major findings of this work, highlight how I would proceed 

experimentally, and finally, generally discuss the implications of the data found herein. 

Previous work from the Wojcikiewicz lab includes mass spectrometric analysis of 

IP3R immunoprecipitates, which revealed three proteins that mediate IP3R ubiquitination 

and degradation – erlin1, erlin2 and RNF170
1-6

. Reduction in cellular levels of these 

proteins using RNA interference techniques gave the first evidence of their importance to 

IP3R processing
2-4

. In my studies, with some critical introductory steps from a former 

Wojcikiewicz lab member, Dr. Danielle Sliter (currently of NIH/NINDS), I implemented 

the more advanced gene-editing techniques of TALEN and CRISPR/Cas9 to ablate 

expression of each of these three components. This work gave clear evidence that both 

erlin1 and erlin2 are important for efficient processing of activated IP3Rs following 

stimulation of the IP3/IP3R-dependent signaling pathway, with erlin2 being the essential 

factor for targeting of receptors by the erlin1/2 complex. Abrogation of RNF170 protein 

expression also disrupted IP3R processing by, to our surprise, completely blocking all 

stimulus-dependent ubiquitin chain formation and suggesting a role in producing both of 

the predominant ubiquitin chains (K48- and K63-linked) that are attached to activated 

receptors
5-8

. 

As this work was being done, mutations to both RNF170 and erlin2 were 

identified as causative for autosomal dominant, progressive neurodegenerative diseases, 

known as Autosomal Dominant Sensory Ataxia (ADSA)
9
 and Hereditary Spastic 
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Paraplegia
10-12

, respectively. The R199C mutation to RNF170 affected its structure by 

disrupting a salt bridge between its second and third transmembrane domains, leading to 

protein instability and subsequent degradation
5
. Examination of patient-derived 

lymphoblast cells showed that expression of the R199C allele inhibited IP3R-mediated 

Ca
2+

 release
5,6

. Dysregulation of IP3R-mediated Ca
2+

 signaling has been suggested to be 

the foundation of several neurodegenerative disorders, including some spinocerebellar 

ataxias
13

, and this could be the case with ADSA as well. 

The T65I mutation to erlin2 also appears to cause a structural defect, as evidenced 

by a molecular weight shift in SDS-PAGE, while apparently not affecting overall 

complex formation, by non-denaturing PAGE (Chapter IV, Fig 3B and C, respectively). 

While the nature of this defect has yet to be fully defined, the mutation has a severe effect 

on erlin2 function, causing it to be unable to bind to activated IP3Rs and recruit RNF170 

to ubiquitinate them (Chapter IV, Fig 3D). This ubiquitination defect led to a further 

defect in ERAD processing of IP3Rs, blocking their degradation by the proteasome 

(Chapter IV, Fig 3E). The inability to properly regulate IP3R levels following cell 

stimulation likely leads to an accumulation of IP3Rs, which conceivably could affect 

IP3R-mediated Ca
2+

 signaling and, over a lifetime, cause neuronal cell stress and the 

progressive degeneration of corticospinal neurons, as seen in HSP
10,11,14,15

. Further work 

remains to be done to characterize the effect(s), if any, of the defective erlin2
T65I

 on IP3R 

Ca
2+

 channel function. 

The erlin1/2 complex was originally discovered within “detergent-resistant 

membrane” (DRM) fractions by mass spectrometry
16

. Often, these membrane fractions 

are cholesterol-rich, and therefore, the lipid-binding capabilities of the erlin1/2 complex 
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were examined. These experiments showed that, interestingly, the erlin1/2 complex did 

not bind cholesterol, but instead bound to monophosphorylated phosphoinositides (PIPs), 

and most specifically to PI(3)P. This was surprising indeed, given the nature of its 

discovery and that other members of the SPFH/PHB superfamily do bind cholesterol with 

specificity
17

. Given the functional defect caused by erlin2
T65I

, its binding to PIPs was 

examined, revealing that the mutation causes a reduction in sensitivity to these lipids. 

Further experimentation should be done to fully define the PI(3)P binding pocket of 

erlin2, to identify if a parallel binding site exists in erlin1 and characterize the purpose of 

PI(3)P binding by the erlin1/2 complex. 

IP3R ubiquitination and degradation is a complex process
1,5-8,18-22

. Knock-out of 

RNF170 in αT3 cells, which rapidly and robustly ubiquitinate IP3Rs upon cell stimulation 

with GnRH
23

, revealed that RNF170 was essential for production of both K48-linked and 

K63-linked ubiquitin chains attached to activated IP3Rs
5
. To date, the only defined 

consequence of stimulus-dependent IP3R ubiquitination is its proteasomal degradation, 

which requires K48-linked chains
7,8,22

. The relationship of K63-linked chains and other 

forms of ubiquitination, such as monoubiquitination, to IP3R ERAD have yet to be 

defined
7
. Therefore, the questions remain: What role does conjugation of K63-linked 

polyubiquitin chains to activated IP3Rs play? Is RNF170 the sole E3 ligase for IP3Rs, 

acting with multiple E2s to generate the two predominate polyubiquitin chain types, or 

could RNF170 “prime” IP3Rs for subsequent polyubiquitination by other enzymes? 

Several E3s are known to have multiple E2 partners
24-29

, such as Parkin, which is known 

to interact with at least four different E2s to generate different types of polyubiquitin 

chains that function to regulate mitochondrial fusion, fission and mitophagy
29-31

. As the 
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erlin1/2 complex is a large, multimeric structure that mediates targeting of RNF170 to 

IP3Rs, it could conceivably recruit multiple RNF170 molecules (or another E3), which 

could then pair with different E2 enzymes, allowing for generation of different 

polyubiquitin chain types on a single activated IP3R tetramer. Alternatively, RNF170 

could mediate the initial ubiquitination of IP3Rs and generate K63-linked chains that 

subsequently recruit another E2/E3 pair that mediates K48-linked ubiquitination. 

Certainly, other E3 ligases have been identified through co-immunoprecipitation 

with activated IP3Rs, such as gp78, Hrd1, HUWE1 and Ufd2
2,3

 (Dr. Danielle Sliter, F. 

Wright unpublished data), but their roles relative to IP3R ubiquitination and processing 

remain poorly defined. HUWE1 remains a tantalizing candidate, as it is known to target 

Mcl-1 for ubiquitination by generating K63-linked chains
32

, and preliminary work using 

RNAi-mediated knockdown of HUWE1 expression suggested that reduced levels of 

HUWE1 corresponded to a reduction in IP3R ubiquitination (Dr. Danielle Sliter, 

unpublished data). Ube2G2/Ubc7 is an E2 ubiquitin-conjugating enzyme that generates 

K48-linked ubiquitin chains
33,34

 and overexpression of a dominant negative mutant has 

been shown to inhibit IP3R ERAD, suggesting a role in processing of activated 

receptors
21

. Ube2N/Ubc13 is the best characterized E2 that generates K63-linked 

ubiquitin chains and has been connected to multiple cell signaling pathways, including 

regulating immune responses
35

 and recruiting proteins for DNA damage repair
36

. K63-

linked ubiquitin chains form different structures than those that are linked at K48, and 

thus signal for different outcomes
37,38

, with K63-linked chains most commonly signaling 

for recruitment of proteins for other cellular processes, such as DNA damage repair, 

endolysosomal trafficking or autophagy
35,39,40

. Preliminary experiments have suggested 
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that K63-linked chains may not affect IP3R degradation (D. Sliter, unpublished data) and 

therefore, they may play another role in regulating IP3Rs, possibly by recruiting other 

factors to mediate some signaling effect(s) such as protecting a portion of the cellular 

IP3R population from degradation, or modifying IP3R function. Identification of E2/E3 

pairs that collaborate in vivo has historically been difficult
38-42

 as their interactions are 

typically transient and lower affinity
38,41,43,44

; however, the advent of novel gene-editing 

techniques has opened the door to new forms of interrogating signaling cascades by 

CRISPR/Cas9-mediated knock-out or gene silencing
45,46

, presenting the opportunity to 

pursue and identify the E2(s) and any further E3(s) involved in the mechanisms of IP3R 

ubiquitination and processing. To this end, I created gRNA-encoding vectors targeting 

multiple exons in both the Ube2G2 and Ube2N gene sequences (sequences listed in 

Chapter 2, Table 3), but had no success in generating knock-out cell lines, suggesting that 

these two gene products may be essential.  

Recently, Kuchay, et al. identified FBXL2 as an IP3R3-binding E3 ubiquitin 

ligase of the SCF (SKP1, CUL1, F-box protein) ubiquitin ligase family which generates 

K48-linked polyubiquitin chains and mediates IP3R3 degradation in a p97- and 

proteasome-dependent manner
22

. It was suggested that this degradation is key to 

maintaining proper mitochondrial Ca
2+

 homeostasis and preventing apoptosis
22

. This is 

an exciting development and studies to determine if FBXL2 is an IP3R3-specific ligase or 

one that broadly targets all IP3R isoforms must be pursued. Much exciting and intriguing 

work remains to be done to define the precise ubiquitination profile generated by 

RNF170 activity, including identifying which E2 and E3 enzymes may be involved, as 

well as the consequences of each type of ubiquitination on IP3R function and processing. 
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The erlin1/2 complex, with RNF170 in tow, seems to be the first on the scene 

following IP3R activation, interacting almost immediately following channel opening (<1 

min)
2,3

. That the erlin2
T65I

 mutation disrupts this binding is in some ways astounding, 

considering that the T65 residue lies within a region that is extremely well-conserved 

between the erlin1 and erlin2 amino acid sequences (Chapter 4, Fig 3). Given that erlin1 

alone is unable to bind to activated receptors, it is therefore unlikely that this region is 

directly responsible for interaction with IP3Rs. What, then, allows for erlin2 to act as the 

dominant partner, driving interaction with, and recognition of, activated IP3Rs? The only 

region of significant amino acid difference between the two proteins lies within their C-

termini, which are generally understood to function in high MW complex assembly
2,3,47

. 

Further mutation to residues at, and proximal to, T65 should be pursued to uncover 

further details of erlin structure and function, which may help to explain the dysfunctions 

resultant from the T65I mutation. Additionally, advances in membrane protein structural 

biology, such as the nanodisc-based Cryo-EM that allowed for much higher resolution 

structures of the IP3R1 tetramer to be resolved
48

 could be applied to resolve erlin1/2 

complex structure at high resolution as well. 

How are activated IP3Rs recognized by the erlin1/2 complex? Activation of IP3Rs 

requires a conformational change and it appears that something about this change allows 

for its recognition by the erlin1/2 complex. As the majority of the erlin1 and erlin2 

polypeptides are within the ER lumen (Chapter 1, Figure 2B), it is sensible to hypothesize 

that a lumenal portion of IP3R could contain the interaction site. IP3Rs contain three 

lumenal regions, the largest of which: connects TM5 to the channel-lining TM6, is ~100 

amino acids in length
48

, and is presumed to flex during channel opening. It also contains 
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the pore helix, selectivity filter, a Ca
2+

-binding site
49

 and a binding site for ERp44, a 

thioredoxin protein that regulates IP3R function in a Ca
2+

- and pH-dependent manner
50

. 

High Ca
2+

 concentrations disrupt the interaction between ERp44 and IP3R within this 

region
50

. Thus, IP3 binding resulting in conformational change and altered binding of 

regulatory proteins such as ERp44, could reveal a binding site for the erlin1/2 complex. 

To this end, mouse IP3R1-HA lacking residues 2463-2551 (mIP3R1HA
Δ2463-2551

) 

was generated. These residues map to the lumenal loop between TMs 5 and 6, beginning 

at the C-terminus of TM5 and deleting up to and including the selectivity filter, with ~10 

amino acids remaining after the deletion. To explore if loss of this loop affects erlin1/2 

complex binding to activated IP3R1, mIP3R1HA
WT

 and mIP3R1
Δ2463-2551

 were expressed 

in αT3 cells lacking IP3R1 (IP3R1KO) (Chapter 5, Figure 1) and cells were treated with 

100nM GnRH for 0 or 10 minutes to induce erlin1/2 complex binding and subsequent 

ubiquitination. Analysis of HA immunoprecipitates showed that mIP3R1HA
WT

 was 

bound by the erlin1/2 complex and RNF170, and robustly ubiquitinated following GnRH 

treatment (lanes 1 and 2), indicating that reconstituted mIP3R1HA
WT

 can indeed be 

targeted by the endogenous erlin1/2 complex. Remarkably, mIP3R1
Δ2463-2551

 was not 

bound by either the erlin1/2 complex or RNF170 and no ubiquitination was detected 

following GnRH treatment, suggesting that loss of the majority of the large intralumenal 

loop blocks erlin1/2 complex association (lanes 3 and 4). Concerns regarding the activity 

of the mutant IP3R1 channel are partially alleviated by preliminary experiments using 

transiently expressed mIP3R1HA
D2550A 

in IP3R1KO αT3 cells. mIP3R1HA
D2550A

 is a 

“pore-dead” channel that does not function as a Ca
2+

 channel
51

, yet was ubiquitinated 

similarly to mIP3R1HA
WT

 upon GnRH treatment (Dr. Richard Wojcikiewicz, data not 
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shown). This suggests that IP3 binding and IP3R conformational change are required for 

recognition by the erlin1/2 complex, but actual function as a Ca
2+

 channel is not. 

 

 

Figure 1 

 

 

Figure 1. Truncation of IP3R1 intralumenal loop 3 region suggests location of 

erlin1/2 complex interaction site. Cells were treated with 100nM GnRH for 0 or 10 

minutes and anti-HA immunoprecipitates and cell lysates were probed for the 

proteins indicated. 
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IP3Rs are large, tetrameric structures within the ER membrane, with 24 

transmembrane domains in a single tetramer. The precise means of disposal of these 

tetramers once fated for degradation by K48-linked polyubiquitination remains unclear. 

ER membrane proteins are degraded by a facet of ERAD known as ERAD-M
52-54

, which 

involves extraction of targeted proteins from the ER membrane, likely via a conduit 

composed of several integral membrane proteins and the action of the AAA ATPase 

Cdc48/p97
52,54-56

. Several ER membrane proteins have been suggested to act as channels 

for this retrotranslocation, such as the Hrd1 complex
57,58

, the Sec61 channel 
59-64

, and 

derlins
61,65-67

. Each of these candidates is proposed to function as a multimeric complex 

that allows for extraction of proteins from the ER membrane. 

Although other roles have been suggested for the erlin1/2 complex
16,68-72

, by far 

the strongest evidence has pointed to the complex, along with RNF170, functioning as a 

dedicated module for targeting activated IP3Rs
1-6

. The interaction between the erlin1/2 

complex and activated IP3Rs is strong, as it survives CHAPs detergent cell lysis and 

immunoprecipitation, and can be seen in IP3R1 co-immunoprecipitates up to ~1 hour 

post-stimulation in different cell types
2-4

. Presumably, this is to allow for the complicated 

process of IP3R ubiquitination to occur, but also overlaps with recruitment of Cdc48/p97, 

which functions to extract ubiquitinated IP3Rs from the ER membrane
2,18

.  

Could the erlin1/2 complex act as a retrotranslocon for IP3Rs? Structural 

information regarding the erlin1/2 complex remains scarce, with only de novo and 

homology models and a low (~33Å) resolution TEM structure
3
 as contemporary sources. 

Its as-yet-undefined PI(3)P binding domain has no apparent homology to known PI(3)P 

binding motifs, such as FYVE domains
73-75

, PX domain
73,74

 or PROPPIN repeats
76,77

. 
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However, that it binds specifically to PIPs (with the strongest binding to PI(3)P) raises 

the possibility that it may have some function relative to ER membrane dynamics. 

Proteins that contain such PI(3)P binding motifs often serve as scaffolds for recruitment 

of factors involved in membrane remodeling events
78-80

. Indeed, PI(3)P binding by the 

erlin1/2 complex could serve a similar purpose. Removal of IP3R tetramers from the ER 

membrane for proteasomal degradation is certainly an energetically unfavorable event, 

and likely would be complex and tortuous. However, PI(3)P is known to function in 

dynamic membrane structures at the plasma membrane
78,79

, within endosomes and 

multivesicular bodies
76,78,79

, as well as nascent autophagosomal structures 

(omegasomes)
78-80

. Thus, PI(3)P bound to the erlin1/2 complex could serve to recruit 

proteins to scaffold the removal of ubiquitinated IP3Rs from the ER membrane by p97 

activity. 

Mutations to RNF170 and erlin2 have been linked to neurodegenerative diseases 

such as ADSA, HSP and juvenile primary lateral sclerosis (PLS)
5,10-12,14,15,81-83

 (Table 1). 

In each of these cases, IP3R ERAD is negatively affected, which likely leads to 

dysregulation of Ca
2+

 signaling and, eventually, degeneration of corticospinal 

neurons
5,14,15,83,84

. Certainly, neuronal cell stress induced by dysregulation of Ca
2+

 has 

been suggested as the cause of many neurodegenerative disorders
13,84-88

. Mutations to 

IP3R that affect its function have been implicated in the development of spinocerebellar 

ataxias
87-91

 and Gillespie syndrome
92

. Interestingly, mutations in other genes known to 

cause neurodegenerative disease, such as in Alzheimer’s and Huntington’s diseases, are 

known to generate mutant proteins that affect IP3R function as well, implicating IP3Rs in 

their disease pathogenesis
87,88

. Degradation of IP3Rs by ERAD is a means of 
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disconnecting signaling from cell-surface receptors and Ca
2+

 mobilization from the ER to 

protect the cell from the deleterious effects of excessive Ca
2+

 release, such as 

mitochondrial Ca
2+

 overload and apoptosis
6,93-95

. 

 

Table 1 

 

Table 1. Table of mutations to genes of the IP3R ERAD axis that result in disease. 

Selected mutations to genes in the IP3R1-erlin1/2 complex-RNF170 axis that have been 

identified as causative for disease are highlighted. Excepting erlin1
I291V

, each of these 

gene disruptions results in the development of progressive neurodegenerative disease, 

and these diseases share many phenotypes. References to the identification and 

characterization of each mutation have been listed. 

 

  

Gene Mutation(s) Species Disease(s) Reference(s)

ITPR1

R36C,T267M, T267R, 

S277I, T594I, N602D, 

V1553M

Human Spinocerebellar Ataxia 29 (SCA29)

Huang, et al. 2012, Fogel, 

et al. 2014, Ohba, et al. 

2013, Sasaki, et al. 2015, 

Casey, et al. 2017

ITPR1 Δexons 1-10, 1-40, 1-44 Human Spinocerebellar Ataxia 15 (SCA15)
van de Leemput, et al. 

2007

ITPR1 R269W, V494I, P1059L Human Spinocerebellar Ataxia 15 (SCA15)

Ganesamoorthy, et al. 

2009, Hara, et al. 2008, 

Das, et al. 2017

ITPR1 I2550N Human Pontocerebellar hypoplasia van Dijk, et al. 2017

RNF170 R199C Human
Autosomal Dominant Sensory 

Ataxia (ADSA)

Valdmanis, et al. Brain 

2011

RNF170 R199C Human
Autosomal Dominant Sensory 

Ataxia (ADSA)
Wright, et al. JBC 2015

RNF170 Knock-out Mouse ADSA-like ataxia
Kim, et al. Hum Mol 

Genet. 2015

Erlin2
20kb transposition 

upstream of exon 2
Human Hereditary Spastic Paraplegia (HSP)

Alazami, et al. 

Neurogenetics 2011

Erlin2 2bp insertion Human Hereditary Spastic Paraplegia (HSP)
Yildirim, et al. Hum Mol 

Genet. 2011

Erlin2 R180C Human Hereditary Spastic Paraplegia (HSP) Tian, et al. 2016

Erlin2
Mutation in Intron 7, 

altered splicing
Human Primary Lateral Sclerosis (PLS)

Al-Saif, et al. Neurology 

2012

Erlin1 I291V Human
Non-alcoholic Fatty Liver Disease 

(NAFLD)
Feitosa, et al. 2013
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Data presented in this dissertation expand upon previous work regarding the 

regulation of IP3Rs by ERAD in a number of ways. Details about the complexities of 

IP3R processing have been uncovered: RNF170 is identified and confirmed as an E3 

ligase required for all types of polyubiquitin chain formation on activated receptors; 

erlin2 is now known to be the dominant partner in the erlin1/2 complex responsible for 

recognizing activated IP3Rs, and mutations to RNF170 and erlin2 that affect their 

functions are demonstrated to dysregulate IP3R ERAD and likely lead to 

neurodegenerative disease. Much work remains to be done: to clarify the specific 

defect(s) caused by erlin2
T65I

, to define the interaction sites between the erlin1/2 complex 

and IP3Rs, to refine the structure of the erlin1/2 complex and use that structure to better 

understand its roles as a PI(3)P binding protein and critical regulator of IP3Rs, to define 

the consequences of ubiquitination of IP3Rs following cell stimulation, and identify and 

define the roles of a number of other proteins involved in IP3R processing. Although 

many gaps in our knowledge remain, an intriguing model for the ERAD of IP3Rs can be 

proposed. Following IP3R activation (Fig 2A), the erlin1/2 complex immediately 

recognizes activated channels, recruiting RNF170 to mediate its early ubiquitination and 

catalyzing the formation of K63-linked polyubiquitin chains, possibly with the E2 

ubiquitin-conjugating enzyme Ube2N, or acting in unison with HUWE1 (Fig 2B). 

Following this, K48-linked polyubiquitin chains are generated, either by RNF170 

engaging with another E2, such as Ube2G2, or by recruitment of another E2/E3 pair. As 

K48-linked ubiquitin chains are being formed, K63-linked chains and the PI(3)P bound to 

the erlin1/2 complex cooperate to recruit proteins to scaffold IP3R extraction from the ER 

membrane (Fig 2B).  
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Figure 2 

 

Figure 2. Models of IP3R activation, ubiquitination and processing. A. Model of IP3R 

activation. IP3 is generated by activation of a cell surface receptor, typically linked to the 

heterotrimeric G protein, Gq. The activated G protein the activates isoforms of PLC, 

which subsequently cleave PI(4,5)P2 into diacylglycerol (DAG) and IP3. IP3 diffuses 
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through the cytosol and binds to IP3Rs with its co-agonist Ca
2+

, causing a conformational 

change in the IP3R tetramer that allows for channel opening to occur. B. Model of 

ubiquitination of activated IP3Rs. Activated IP3Rs are bound by the erlin1/2 complex. 

The erlin1/2 complex recruits RNF170, an E3 ubiquitin ligase that is responsible for all 

of the polyubiquitin chains formed on IP3Rs. K48-linked chains are known to signal for 

recruitment of factors that dislocate IP3Rs from the ER membrane and direct them to the 

26S proteasome for degradation. The role of K63-linked ubiquitin chains on IP3Rs 

remains unclear. Refer to text for more details. 

 

The hexameric p97-Ufd1-Npl4 AAA ATPase complex then interacts with K48-linked 

ubiquitin chains conjugated to activated IP3Rs and extracts the receptors from the 

prepared membrane structure within or around the PI(3)P-bearing erlin1/2 complex, 

allowing for subsequent degradation by the 26S proteasome. This model is proposed as a 

broad means of degrading all IP3R isoforms by the erlin1/2 complex-RNF170 module. 

Certainly, there is a possibility that other ligases, such as FBXL2, could target IP3Rs in an 

isoform-specific manner
22

. That FBXL2 targets IP3R3 and acts to protect the 

mitochondria from IP3R-mediated Ca
2+

 overload and apoptosis, and that mitochondrial 

stress could lead to neurodegeneration, leaves open the possibility that these enzymes 

could coordinate to regulate IP3Rs. As these and other studies progress, it will be 

fascinating to see if this model bears truth. 
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