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Abstract: 

The molecular basis of IP3R recognition by the ubiquitin-proteasome pathway 

Author: Xiaokong Gao 

Sponsor: Richard J.H. Wojcikiewicz 

Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) form ~1.2MDa tetrameric Ca2+ 

channels in the endoplasmic reticulum (ER) membrane of mammalian cells. IP3R1 is the 

most ubiquitously expressed among all three IP3R isoforms. Upon activation by the second 

messenger, IP3, IP3Rs undergo a conformational change that leads to channel opening and 

allows Ca2+ ions to flow from the ER stores into the cytosol. IP3R-dependent Ca2+ signaling 

is crucial to many cellular events.  

The Wojcikiewicz laboratory has found that active IP3Rs are quickly processed by 

the ubiquitin-proteasome pathway (UPP), which is initiated by their association with the 

erlin1/2 complex. The association also recruits the E3 ligaseRNF170 to active IP3Rs. 

However, how activated IP3Rs are recognized by the erlin1/2 complex remains unclear. 

Using IP3R mutants, we discovered that the erlin1/2 complex binding site is on the third 

intraluminal loop (IL3) of IP3R and also found that a region at the N-terminus of IL3 is 

critical to IP3R channel activity.  

We also used UPP inhibitor TAK-243 to confirm the sequence of events that leads 

to IP3R processing by the UPP: the erlin1/2 complex association is prior to IP3R 

ubiquitination and degradation. Surprisingly, we found that long-term treatment with UPP 

inhibitors can inhibit IP3R-mediated Ca2+ signaling and affect other aspects of Ca2+ 

handling in cells. Overall, these results help us understand how the large ion channels are 

deconstructed and further our knowledge of substrate processing by the UPP. 
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1.1 Ca2+ and the endoplasmic reticulum 

1.1.1 Overview of Ca2+ 

Calcium (Ca2+) is a ubiquitous intracellular signaling messenger and regulates 

many vital cellular functions, including gene expression, contraction of muscle cells, 

neurotransmitter release, fertilization and cell death1–5. In contrast to the extracellular Ca2+ 

level (2mM), intracellular Ca2+ levels are typically maintained at a lower level (~100nM) 

under resting conditions primarily by the plasma membrane Ca2+ transport ATPase and 

Na+/Ca2+ exchanger on the plasma membrane6. The intracellular Ca2+ homeostasis is also 

maintained by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), which transports 

Ca2+ to the ER Ca2+ stores and by the mitochondrial Ca2+ uniporter (MCU), which uptakes 

a relatively small amount of Ca2+ into the mitochondria6,7. The intracellular Ca2+ signals 

are derived from the external Ca2+ influx through the plasma membrane and the internal 

Ca2+ flow through the ER membrane, which are primarily mediated by either voltage-gated 

channels in excitable cells or ligand-gated channels in all types of cells.  

 

1.1.2 The endoplasmic reticulum 

The endoplasmic reticulum (ER) is a large membrane-enclosed organelle in 

eukaryotic cells and has many crucial cellular functions, e.g., protein synthesis, lipid 

biogenesis and Ca2+ storage. The ER has two distinct compartments: the rough ER and the 

smooth ER. While the rough ER is the site for protein synthesis, the smooth ER is the site 

for lipid biogenesis and Ca2+ storage. Even though these two parts of the ER have different 

functions, they are still connected to each other.  
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1.1.3 Ca2+ in the ER 

A high ER Ca2+ concentration (~100-800 µM) is maintained by SERCA that pumps 

Ca2+ into the ER lumen and balances the passive Ca2+ leak through the so-called “Ca2+-

leak channels” on the ER membrane. When the effect of SERCA is blocked by its inhibitor, 

thapsigargin (TG), the balance will be broken and the Ca2+ leak through the ER membrane 

can deplete the ER Ca2+ stores8. Even though the ER Ca2+-leak channels are not very well 

understood yet, a core component of translocon, sec61, has been proven to be a ubiquitous 

Ca2+-leak channel, and its channel activity is regulated by calmodulin, an ER chaperone 

Bip/ Grp78 and ribosome9.  

Since Ca2+ is required for the ER chaperones to facilitate protein maturation, 

depletion of the ER Ca2+ stores leads to the accumulation of misfolded proteins and results 

in ER stress, which can further initiate unfolded protein response to restore ER protein 

homeostasis10. On the other hand, various agents that induce ER stress independent of ER 

Ca2+ depletion are shown to reduce ER Ca2+ levels substantially11. Therefore, ER Ca2+ 

depletion is strongly associated with ER stress, and these two effects can even be mutually 

dependent. 

 

1.2 Inositol 1,4,5-trisphosphate receptors (IP3Rs) 

 

1.2.1 Overview of IP3Rs and IP3R mediated Ca2+ mobilization 

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are intracellular IP3- and Ca2+-gated 

Ca2+ channels mainly located in the ER membrane of mammalian cells12 (Fig. 1 and 2A). 

IP3Rs are one of the two largest ion channels ever found and the other channel is the 
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ryanodine receptors13. The mammalian genome encodes three isoforms of IP3R: IP3R1, 

IP3R2 and IP3R3, which share ~70% sequence identity and form ~1.3MDa homo-/hetero-

tetramers with different tissue distributions14. IP3R activation requires the binding of IP3
15, 

which can be initiated by activating some cell-surface receptors (e.g., G protein-coupled 

receptors (GPCRs) or receptor tyrosine kinases), since activating these receptors stimulates 

phospholipase C (PLC) and then catalyzes the hydrolysis of the phospholipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3 
16

 (Fig. 1). IP3 then flows through the 

cytosol and binds to IP3Rs, and all four IP3R subunits in a tetramer need to bind to IP3 

before an IP3R channel is activated17. On the other hand, IP3R activation also requires the 

binding of Ca2+, which works as a co-agonist. Ca2+ in the cytosol regulates IP3Rs 

biphasically: modest increases in the concentration of Ca2+ can intensify IP3R activity, 

while substantial increases are inhibitory14,18, and Ca2+ in the ER likely regulates IP3R 

activity as well13,15,19. Upon activation, IP3R channels open and allow Ca2+ to flow from 

the ER store into the cytosol (Fig. 1) and IP3R mediated Ca2+ mobilization is fundamental 

to numerous physiological processes, such as fertilization, dorsal-ventral determination 

during embryonic development, neurosynapse formation, heart contraction and exocrine 

secretion20,21. Dysregulation of IP3R-mediated calcium mobilization is associated with 

many diseases, including neurodegenerative diseases, heart diseases, and exocrine 

secretion deficit21. 
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Figure 1 

 

 

Figure 1. IP3R-mediated Ca2+ mobilization upon GPCR activation. A ligand binds to a 
G protein-coupled receptor (GPCR) located in the cell membrane. The binding leads to Gα 
subunit dissociation from β and γ subunits and activates the phospholipase C (PLC), which 
hydrolyzes phosphatidylinositol bisphosphate (PIP2) on the membrane into diacylglycerol 
(DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 diffuses in the cytosol and binds to IP3Rs 
with another co-agonist Ca2+, which activates IP3Rs and induces Ca2+ influx from the ER 
into the cytosol. The figure was prepared with BioRender. 
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1.2.2 IP3 signaling initiated by G protein-coupled receptors  

G protein-coupled receptors (GPCRs) are a large group of receptors with seven 

transmembrane domains in the plasma membrane. GPCRs respond to different types of 

stimuli (e.g., light, odor and hormone) and are involved in a wide range of physiological 

events. A conformational change in the GPCR induced by ligand binding activates the 

associated G protein and exchanges the GDP bound to the Gα subunit for GTP. The Gα 

subunit then dissociates from the β and γ subunits and interacts with other proteins on the 

cell membrane (Fig. 1), which further affects the downstream intracellular signaling 

pathways depending on the G protein type (e.g., Gq, Gs and Gi).  

The GTP-bound α subunit of Gq activates PLC and catalyzes the hydrolysis of the 

PIP2 into diacylglycerol and IP3. According to unique structures, there are six classes of 

PLC family members: β, γ, δ, ε, η and ζ22. All PLCs have the EF-hand motifs, the X domain, 

the Y domain and the C2 domains, and the catalytic activities of these domains are 

regulated by Ca2+ 22. Different PLC isoforms have different tissue distribution and cellular 

localization. PLCβ and PLCγ family members generally respond to extracellular stimuli, 

but the other PLCs respond to internal stimuli in the cells22. 

 

1.2.3 IP3R1 structure 

IP3R1 is ubiquitously expressed and is the most widely studied isoform among all 

three IP3R isoforms14. The majority of a tetrameric IP3R1 channel is in the cytosol and the 

Ca2+ channel core across the membrane is relatively small (Fig. 2A)23–27. One IP3R1 

subunit has ~2700 amino acid residues and contains ten structural domains with a particular 

structural arrangement to fulfill IP3R’s function (Fig. 2B and C)23. Two β-trefoil domains 
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(β-TF1 and β-TF2) at the amino terminus (N-terminus) roughly correspond to the 

suppressor domain (SD, residue 1-223) and β-domain of IP3-binding core (IBC-β, residue 

224-436), respectively23. There are three armadillo solenoid folds (ARM1-3) after β-TF2, 

and α-domain of IBC (IBC-α, residue 437-604) is located at the N-terminus of ARM1. The 

‘intervening lateral’ domain (ILD) connects to the channel domain with ARM3, whereas a 

linker domain (LNK) links the channel domain on the ER membrane and the carboxyl- 

terminal domain (CTD) in the cytosol23. The channel domain of IP3R1 across the ER 

membrane contains 6-transmembrane (TM) helices, in which TM5 and TM6 line the ion 

conduction pore (Fig. 2C and D). Along the ion conduction pathway, F2586 and I2590 of 

TM6 have the maximum constriction and are speculated to be the pore gate (Fig. 2D)25,26. 

In response to activation, IP3R will undergo a structural rearrangement and remove the 

constriction in the channel pore26.  

 

1.2.4 Binding of IP3 and Ca2+
 to IP3R 

IP3R has a large cytosolic domain and thus the IP3-binding core (IBC) has a 

relatively long distance (~7nm) from the constriction on TM6 in the closed state (Fig. 2C 

and D)28. It is very intriguing to understand how this ligand-binding region communicates 

with the channel domain and makes the pore open upon IP3 binding. IP3, especially 

phosphate groups 4 and 5, bind to the inner residues of IBC-α and β29 (roughly 

corresponding to the N-terminus of ARM1 and β-TF2 in Fig. 2B and C). The SD domain 

regulates IP3 binding via its inter-subunit interactions with IBC-α and β, and the three 

domains form a triangle structure together30. The SD domain is also indispensable for 

channel activation: deletion and some mutations of the SD domain, which remove the 
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inhibition of IP3 binding and interfere with the interaction between the SD and IBC, can 

dramatically diminish IP3R channel activity31. IP3 binding reduces the angle between IBC-

α and β and disrupts the original interactions within the triangle structure26,30. Interactions 

between other domains, including ARM3-ILD, ILD-LNK and β-TF2-CTD interactions 

(Fig. 2C), all seem responsible for the conformational change initiated by IP3 binding to be 

relayed down to the channel domain28,32.  

As mentioned above, IP3R channel opening also requires Ca2+ binding, but the 

understanding of Ca2+ binding to IP3Rs is far from adequate. One of the challenges for 

people to elucidate the molecular basis of the Ca2+ binding is that IP3Rs do not have a 

known Ca2+ binding motif, such as an EF-hand and C2 domain33. Since Ca2+ regulates 

IP3Rs biphasically, as mentioned in section 1.2.1, there should be both activating and 

inhibitory Ca2+ binding sites on IP3Rs. Many Ca2+ binding sites in various cytosolic domain 

have been proposed by different studies so far24,27,33–35, but lots of evidence merely using 

molecular and cell biology techniques was not convincing enough to show the Ca2+ binding 

until the single-particle cryoelectron microscopy (Cryo-EM) has been used to advance the 

knowledge. The most recent studies using the Cryo-EM technique showed that E1978 and 

E2042 in the ARM3 domain are the activating Ca2+ binding sites and form a Ca2+ binding 

pocket together with a T2657 residue in the LNK domain24,27,34. Interestingly, these three 

residues are conserved in not only all IP3R isoforms but also in RyR isoforms, and the 

functional analysis indicates that these Ca2+ binding sites are indispensable for the channel 

activity of all IP3R isoforms34. Another Ca2+ binding site found by Cryo-EM is at the 

interface between ARM1 and 2 domains when Ca2+ is at the inhibitory concentration 

(above 1 mM)24, but its effect on IP3R activation still needs to be ascertained.  
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Figure 2 

 

Figure 2. Overview of IP3R1 structure. A. Structure of IP3R1 visualized in the side view 
along the membrane plane. B. Linear representation of IP3R1 structural domains. C. An 
individual subunit of IP3R1 color-coded by different domains. D. Structure of the ion 
conduction pore including TM5, TM6, and the luminal loop between TM5 and 6. F2586 
and I2590 have the maximum constriction and are speculated to serve as the channel gate. 
(Adapted from reference 23 and 25) 
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As for now, there are still many puzzles to be solved, such as the inhibiting Ca2+ binding 

sites, how many IP3R subunits need to be bound by Ca2+ for activation, and whether there 

is a real ER calcium binding site. 

The relationship between IP3 binding and Ca2+ binding regarding IP3R channel 

opening is also very complicated, with some different theories proposed. It has been 

reported that IP3 binding may facilitate Ca2+ binding36 and the Ca2+ binding can dilate the 

channel pore24, so Ca2+ binding primed by IP3 contributes to the channel opening. On the 

other hand, the inhibitory concentration of Ca2+ may interfere with the IP3 binding24. 

Overall, IP3- and Ca2+-regulated IP3R activation is a complex process and more studies are 

still required to further elucidate the mechanism of it. 

 

1.2.5 Other IP3R modulators. 

IP3-mediated Ca2+ mobilization can be sensitized by many modulators13,37, and 

some modulators may aid in the transmission of the signal from the ligand binding site or 

cause a conformational change of the channel domain, which therefore helps to dilate the 

channel pore. Similar to Ca2+, ATP, one modulator of IP3R, has been found to bind to the 

ILD domain and increase the channel open probability of IP3R at a lower concentration but 

inhibit IP3R activity at a higher concentration27,38. However, ATP binding does not cause 

a significant structural change but increases the rigidity of the ILD domain27, which could 

facilitate the signal transmission initiated by ligand binding.  

There are some other different modulators dependent on different states and 

environments. In Huntington’s disease, the pathological protein, Htt with the polyQ 
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expansion can sensitize IP3R activation39. IP3Rs expressed in the mitochondria-associated 

ER membranes (MAM) have different modulators, such as Bcl-2 and Bcl-xL40.   

25 and 23 

1.3 Store-operated calcium entry  

 

1.3.1 Overview of store-operated calcium entry 

Once the ER Ca2+ stores are depleted upon IP3R activation, they are refilled 

primarily via a very complex process termed store-operated calcium entry (SOCE)41. 

SOCE results in Ca2+ influx from the extracellular space into cells, and as mentioned in 

section 1.1.1, SERCA can then uptake the imported Ca2+ to replenish the ER Ca2+ stores. 

SOCE is induced by the communication between the ER calcium sensors, STIM1/2 and a 

plasma membrane Ca2+ channel formed by ORAI proteins, and plays a central role in Ca2+ 

signaling41,42. 

 

1.3.2 STIM1 and STIM2 

STIM1 and STIM2 are primarily located in the ER as dimers, but a small amount 

(~5-10%) of STIM1 is expressed at the plasma membrane. STIM1 and STIM2 are 

structurally similar to each other: they both have a pair of EF-hand domains and a sterile 

alpha motif (SAM) domain in the ER lumen, a TM domain, and three ‘coiled-coil’ (CC1, 

2 and 3) domains with other C-terminus domains in the cytosol (Fig. 3A)43. Only one of 

the EF-hand domains has a canonical motif and can bind to Ca2+, whereas the other EF-

hand has only a stabilization function41,43,44. Recent studies showed there could be five or 

six Ca2+ bound to a STIM1/2, but the binding sites have not been determined43. Under 
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resting conditions, the N-terminus portions from two subunits of a STIM1 dimer are 

separated in the ER lumen. However, CC1, 2 and 3 domains form a ‘coiled-coil’ interaction, 

which makes the STIM C-terminus highly packed and also contributes to the dimerization 

of STIM proteins44. Functions of STIM1/2 are modulated by various post-translation 

modifications (PTMs), e.g. STIM1 glycosylation contributes to SOCE and STIM1 

phosphorylation leads to enhanced SOCE45. The role of STIM2 in SOCE is much less 

understood than that of STIM146.  

 

1.3.3 ORAI  

SOCE is mainly through homo-/ hetero-hexameric Orai Ca2+ channels assembled 

by ORAI subunits and there are three Orai isoforms: Orai1, Orai 2 and Orai 3 41,42. Among 

all three Orai isoforms, Orai1 is ubiquitously expressed and is most studied as a SOCE 

component. Orai proteins, especially Orai 3, can also form other special Ca2+ channels 

independent of store depletion with specific tissue distribution, including Arachidonic acid 

regulated Ca2+ channels or arachidonic acid metabolite Leukotriene C4 regulated Ca2+ 

channels47. 

 

1.3.4 The process of SOCE  

When the ER Ca2+ level is reduced, STIM1 sense the change by its EF-hand and is 

subject to structural conformational changes in different domains (Fig. 3B): the STIM1 ER 

domains from two subunits in a dimer interact with each other, but the cytosolic domains 

are free from the packed state and become elongated41,44. STIM1 then couples to Orai in 
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ER-plasma membrane junctions, which opens the Orai Ca2+ channel and allows Ca2+ to 

flow from the extracellular space into cells41,44. 

 

Figure 3  

 

 

 
Figure 3. Structures of STIM proteins. A. Linear representation of different structural 
domains in the ER and the cytosol for STIM1 and STIM2 (adapted from reference 44). B. 
STIM1’s conformational change and its interaction with Orai (adapted from reference 43). 
When the ER Ca2+ is depleted, Calcium release-activating domain (CAD) which contains 
CC2 and CC3 domains is exposed and couples with Orai Ca2+ channel on the plasma 
membrane for the channel activation.  

44 43 
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1.4 The ubiquitin-proteasome pathway 

 

1.4.1 Overview of the ubiquitin-proteasome pathway  

The ubiquitin-proteasome Pathway (UPP) is one of the two major pathways for 

protein degradation and the other pathway is the lysosomal proteolysis pathway. The UPP 

tags substrates with ubiquitin-linked chains, which results in the recognition and 

degradation of the substrates by the 26S proteasome (Fig. 4A)48, and regulates different 

cellular processes in mammalian cells, such as cell cycle progression, protein quality 

control and apoptosis49,50.  

 

1.4.2 Ubiquitin and ubiquitination 

Post-translation modifications (PTMs) after protein synthesis play numerous 

cellular roles and are very often seen in crucial proteins51. More than 400 PTMs have been 

found so far and one of the most studied PTMs is ubiquitination51, which is a process that 

ubiquitin, a highly conserved 76-amino-acid regulatory protein, is covalently attached to a 

substrate protein.  

Ubiquitination is a very versatile type of PTM since a substrate protein can be 

modified by ubiquitin moieties in different ways52. It has been found that ubiquitination 

can occur on all 20 amino acids but most frequently occurs on lysine residues51. A ubiquitin 

molecule can be attached to one of the seven lysine residues (K6, K11, K27, K29, K33, 

K48, and K63) or the first methionine (M1) from the previously attached ubiquitin 

molecule, which can build eight types of linear polyubiquitin chain52. Therefore, a substrate 

can be monoubiquitinated when one single ubiquitin is attached to it,  
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Figure 4 

 

 

Figure 4. Overview of the ubiquitin-proteasome pathway (UPP). A. The major 
components in the UPP (adapted from reference 48). B. Different E3 ligases and how they 
catalyze the ubiquitination process (adapted from reference 53). C. The structure of the 26S 
proteasome, including the 20S core particle (CP) and the 19S regulatory particles (RP) 
(adapted from reference 54). 
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while a substrate can also be polyubiquitinated when a polyubiquitin chain is attached. The 

increasing complexity of ubiquitin chains will be seen when mixed-linkage and branched 

ubiquitin chains are formed or there is a second different PTM (e.g., phosphorylation and 

methylation) on ubiquitin52.  

K48-linked polyubiquitination, the best known among all types of ubiquitination, 

targets proteins for degradation by the 26S proteasome, while K11- and K29-linked 

polyubiquitination coexisting with it in the mixed-linkage or branched ubiquitin chains 

enhance proteasomal degradation55,56. However, targeting proteins for degradation is not 

the only outcome of ubiquitination and the modification can also modulate the activities, 

re-localization and complex formation of substrates and in turn, affect many cellular 

processes56–59. The other functions of ubiquitination are likely dependent on the type and 

structure of ubiquitin chains attached to the substrates56—for example, monoubiquitination 

on histone is crucial to DNA repair and regulates gene expression58, and both M1-linked 

and K63-linked polyubiquitination play essential roles in the regulation of the nuclear 

factor-κB signaling and inflammation52,60. Mixed-linkage polyubiquitin chains can be 

recognized by different linkage receptors and further induce multiple signals61.  

 

1.4.3 Mechanisms of ubiquitination 

The substrate ubiquitination is accomplished by the successive actions of the 

ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin 

ligases (E3) (Fig. 4A). There is only one major E1 enzyme, UBE1, which is responsible 

for ~99% of ubiquitin activation, and in contrast, there are almost a hundred identified E2s 

and a thousand identified E3s in human62,63, which allow for the increasing specificity 
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through the serial actions of these enzymes. Ubiquitin is activated when a thioester bond is 

formed between its carboxyl terminus (C-terminus) and a cysteine residue of the E1 

enzyme in an ATP-dependent manner. The ubiquitin is then transferred to an active site 

cysteine of an E2 enzyme and further attached to a residue (most frequently to a lysine on 

its ε-amino group) of the substrate via an isopeptide bond by an E3 enzyme. After one 

ubiquitin molecule is attached to the substrate, another can be attached to the former 

ubiquitin via an isopeptide bond by an E3 enzyme with the same successive actions and 

elongate the ubiquitin chain.  

There are at least four families of E3 ligases based on structures and functions: 

HECT (homologous to E6AP C-terminus) E3 ligases, RING (Really Interesting New 

Gene)-finger E3 ligases, U-box E3 ligases and RBR (RING-IBR-RING) E3 ligases (Fig. 

4B)53. HECT E3 ligases contain a HECT domain at their C-terminus where the E2 enzyme 

binds and also transfer ubiquitin to an active cysteine site before the E3 ligases catalyze the 

ubiquitin attachment to the substrate. In contrast, both RING-finger E3 ligases and U-box 

E3 ligases bind to E2 enzymes on their conserved domains (zinc-binding RING domain 

and U-box domain, respectively), and can directly transfer ubiquitin to the substrate from 

the E2 enzymes. The main difference between RING-finger E3 ligases and U-box E3 

ligases is that U-box E3 ligases do not have zinc chelating residues. RBR E3 ligases share 

some structural similarity with RING E3 ligases and contain two RING domains with the 

in-between-RINGs (IBR) domain. RBR E3 ligases also transfer ubiquitin to the substrate 

similarly to HECT E3 ligases with two steps: firstly a RBR E3 ligase binds to a E2 enzyme 

on its first RING domain and transfer ubiquitin from the E2 enzyme to an active cysteine 

site on the second RING domain, and secondly the RBR E3 transfer the ubiquitin to the 
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substrate53. E1, E2, E3 enzymes are known to be required for the substrate ubiquitination, 

but some ubiquitin conjugating factors have been defined as “E4” enzymes and can 

cooperate with E3 enzymes to facilitate the elongation of polyubiquitin chains64,65. 

 

1.4.4 Deubiquitinases  

Ubiquitination is a reversible PTM and the reversed modification, removing the 

ubiquitin from the substrates, is catalyzed by proteases termed deubiquitinases (DUBs). 

There have been ~100 identified DUBs encoded by the human genome, most of which are 

catalytic cysteine-based proteases and the rest are metalloproteases based on zinc 

binding66. DUBs are very critical to ubiquitin’s life cycle since they can cleave ubiquitin 

from ubiquitin precursor proteins or ubiquitinated substrates and free ubiquitin can be 

activated and utilized in the successive E1-E2-E3 actions67,68. DUBs can accurately 

recognize the complex structure of ubiquitination chains and substrates by their ubiquitin-

binding domains and catalytic domains, which play fundamental roles in modulating 

signaling pathway, regulating substrate ubiquitination and supporting the process of 

protein degradation67. 

 

1.4.5 The 26S proteasome  

The 26S proteasome is a ~2.5 MDa multi-subunit protease complex located in the 

cytosol and nucleus of mammalian cells and serves as the key degrading component in the 

UPP69. The 26S proteasome is composed of a 20S core particle (CP) with one or two 19S 

regulatory particles (RPs) attached to its side (Fig. 4C). The 19S RP consists of both non-

ATPase subunits as its lid complex and ATPase subunits as its base complex, and 
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recognizes ubiquitinated proteins, unfolds and delivers them to the 20S CP. During the 

process, ATP hydrolysis by the ATPase subunits is required, and some non-ATPase 

subunits serve as ubiquitin receptors and DUBs, which recognize and cleave polyubiquitin 

chains from the substrate protein54. The 20S CP consists of four hetero-heptameric rings: 

two outer α-rings and two inner β-rings. The inner β-rings, especially β1, β2 and β5 

subunits which have caspase-like, trypsin-like and chymotrypsin-like activities, 

respectively, are responsible for the cleavage of the substrate proteins54,70. Actually, the 

sedimentation coefficient of one 20S CP capped with two 19S is 30S, but it is very often 

referred to as “26S” too71,72. Additionally, the 20S CP itself occasionally can also function 

as proteasome, and it has been found that mammalian cells usually have a mixture of 20S, 

26S and 30S proteasomes73.  

 

1.5 ER-associated degradation 

 

1.5.1 Overview of ER-associated degradation 

The ER-associated degradation (ERAD) pathway (Fig. 5) is a unique facet of the 

UPP and targets misfolded ER proteins for degradation for ER protein quality control 

purposes. ERAD also regulates properly folded active ER proteins, such as IP3Rs, with 

strict controls to maintain cellular and organellar protein homeostasis74–77. ERAD is a 

complex process with three major steps: recognition, retrotranslocation (extraction from 

the ER) and ubiquitin-dependent proteasomal degradation74,76,77, and these steps link 

proteins in the ER to the degradation system in the cytosol as mentioned in section 1.4. 
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Figure 5 

 

 
 

Figure 5. Model of the ER-associated degradation (ERAD) pathway (adapted from 
reference78). Misfolded regions of the substrates (indicated by star icons) can be recognized 
by the ERAD pathway. ER proteins substrates with a misfolded region in the cytoplasm 
(ERAD-C), in the ER lumen (ERAD-L) or in the ER membrane (ERAD-M) are 
retrotranslocated by a large E3 ligase complex, and then delivered to the proteasome for 
degradation. Small circles indicate ubiquitin moieties. 
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1.5.2 Substrate recognition 

The first step of ERAD is substrate recognition by the pathway, and based on the 

recognition site in the cytosol, ER membrane or ER lumen, the degradation process can be 

divided into three categories: ERAD-C, ERAD-M and ERAD-L pathways (Fig. 5). The 

common feature of the recognition sites on the ERAD substrates has yet to be found and 

may not even exist76,79. One feature seen in some substrates is an exposed hydrophobic 

region which is often buried in a soluble protein. The exposed hydrophobic region might 

be bound by a molecular chaperone, such as a member of the 70 kDa heat-shock protein 

family (Hsp70s), to recruit a ubiquitin E3 enzyme78,80,81. Another feature is the 

monoglucosylated N-glycan close to a misfolded region, which leads the substrate to the 

calnexin–calreticulin cycle and target it for degradation likely with the aid of Hsp70s if the 

cycle is not able to correct its protein folding76. Overall, the mechanism of substrate 

recognition is largely unknown and still needs to be elucidated. 

 

1.5.3 Substrate retrotranslocation 

The second step of ERAD is retrotranslocation, the extraction of a substrate from 

the ER to the cytosol, which is the reverse process of translocation, since the degrading 

system, including E1, E2, E3 enzymes and the 26S proteasome, are generally in the cytosol. 

For a substrate in the ER lumen, the entire protein needs to be retrotranslocated to get into 

the cytosol; in contrast, for an ER membrane substrate,  only the luminal and the membrane 

segments need to be exported in this step76,78. Accordingly, ER luminal substrates cannot 

be ubiquitinated until exposed to the cytosol, but membrane substrates may be 

ubiquitinated even before the retrotranslocation step starts.  
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Similar to a translocation channel transporting newly synthesized ER protein, 

models of the retrotranslocation channel (retrotranslocon) have been proposed for the 

extraction of ERAD substrates76,78,82. Lots of the relevant studies were done in yeast, not 

mammalian cells and the retrotranslocon is generally thought to be a large protein complex 

including a core E3 ligase (Fig. 5): ERAD-C substrates are extracted by the Doa10/TEB4 

complex, whereas ERAD-M or ERAD-L substrates are transported by the Hrd1 

complex76,78,82. The protein complex also contains or recruits ATPase CDC48/ p97 and its 

cofactors, Npl4 and Ufd1, to generate force and facilitate the retrotranslocation78,82–85. 

More studies about retrotranslocation are still required since these models may not be 

applied to all the ERAD substrates in mammalian cells.  

 

1.5.4 p97 in ERAD 

The ATPase p97, also known as valosin-containing protein, is involved in the 

general process of the UPP but is most studied in the ERAD pathway (Fig 5). p97 has three 

domains: N-terminal domain, D1 and D2 ATPase domains, and it fulfills its functions in a 

complex composed of a p97 homohexamer and its cofactors, Ufd1 and Npl478,82–85. Most, 

but not all of the ERAD substrates are retrotranslocated by p9786,87. The p97 complex can 

recognize polyubiquitinated substrates, extract them from the ER membrane and deliver 

them to the 26S proteasome. Recent studies helped advance the understanding of this 

complex and showed that the process of ATPase CDC48/p97-mediated extraction is 

initiated by unfolding one ubiquitin84,85. The complex binds to and unfolds a portion of the 

polyubiquitin chain towards the substrate’s C-terminus, and two ATPase domains are 

responsible for moving and releasing the substrate84. Since a large portion of the 
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polyubiquitin chain is still properly folded, a DUB may be involved in this process to chop 

a segment of the ubiquitin chain and prevent the substrate from binding to CDC48/p97 

complex again84. p97 is also in close proximity to the proteasome54, and the way how p97 

coordinates with proteasome to unfold the ERAD substrates is not fully clear. Nevertheless, 

there is no doubt that p97 plays a fundamental role in connecting the substrate to the 

cytosolic proteasome. 

 

1.6 IP3R ERAD 

  

1.6.1 Overview of IP3R ERAD 

The Wojcikiewicz laboratory has found that active IP3Rs can be quickly processed 

and degraded by the ERAD pathway (Fig. 6). The degradation of activated IP3R by the 

ERAD pathway results in a decline in IP3R levels (downregulation) and desensitization of 

IP3R-mediated Ca2+ mobilization12. The ERAD pathway appears to be responsible for basal 

IP3R turnover as well88,89. The Wojcikiewicz laboratory has studied IP3R processing by the 

ERAD pathway for almost two decades,and the study helps advance the knowledge of the 

ERAD pathway and reveals how the large ion conduction channel is deconstructed.  

 

1.6.2 IP3R ubiquitination 

Upon GPCR activation, IP3Rs are subject to ubiquitination. Using mass-

spectrometry analysis and ubiquitin chain linkage-specific antibodies, we found that 

activated IP3Rs are modified primarily with monoubiquitin (~40% of total ubiquitin 

attached to IP3Rs) and homogenous K48- and K63-linked ubiquitin chains90. At least 11 of 
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the 167 lysine residues in each IP3R subunit can be ubiquitinated and those residues are on 

the surface of IP3R tetramers90. K48-linked ubiquitin chains have been proven to be 

required for the proteasomal degradation of IP3Rs91, which is consistent with the general 

role of this type of ubiquitin chain, as mentioned in section 1.4.2. However, the roles of 

monoubiquitin and K63-linked ubiquitin chains attached to IP3Rs are not clear yet. Another 

interesting finding is that ubiquitinated and non-ubiquitinated IP3R subunits co-exist in 

IP3R tetramers90 and suggests that not all IP3R subunits within a tetramer are degraded to 

disable an IP3R channel during the ERAD process. Some non-ubiquitinated IP3R subunits 

may be reused to reform channels to maximize the utilization rate since making these large 

ion channels is more challenging than making smaller proteins. 

 

1.6.3 The erlin1/2 complex and RNF170 

We have discovered the erlin1/2 complex, a large ER membrane complex (~2MDa) 

composed of SPFH domain-containing protein family members, erlin1 and erlin2. The 

erlin1/2 complex binds to activated IP3Rs and initiates their ERAD92 (Fig. 6). It seems to 

have little or no involvement in processing other ERAD substrates and is thought to be a 

recognition factor exclusively for IP3R92. We also identified RNF170, an ER protein 

constitutively binding to the erlin1/2 complex (Fig. 6), as the major E3 ligase in IP3R 

ERAD93. It is indispensable for IP3R ubiquitination since deletion of RNF170 blocks the 

attachment of all ubiquitin conjugates to IP3Rs88. 

Our studies showed that the erlin1/2 complex recruits RNF170 to activated IP3Rs, 

because ablation of the erlin1/2 complex blocks the RNF170 association of activated IP3Rs, 

but RNF170 depletion still allows erlin1/2 complex binding88,89, indicating the erlin1/2 
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complex directly binds to IP3Rs. In addition, deletion of these essential proteins in IP3R 

ERAD, erlin1/2 or RNF170, increases IP3R level under resting conditions88,89, which 

suggests that the pathway is also responsible for basal IP3R turnover to maintain cellular 

homeostasis.  

 

1.6.4 IP3R recognition by the ERAD pathway 

As mentioned in section 1.2.1, active IP3Rs undergo a structural conformational 

change upon Ca2+ channel activation23,26, and the conformational change also appears to 

target IP3Rs for the ERAD pathway75. Based on the existing ERAD substrate recognition 

theory78, the conformational change may expose a region of IP3R that was buried in the 

inactive state, which leads to recognition by the erlin1/2 complex for ERAD. What we 

know about the erlin1/2 complex is that the vast majority of it is in the ER lumen (Fig. 6)92, 

which suggests that the erlin1/2 complex binds to IP3R in the lumen. From an aspect of the 

IP3R side, the intraluminal loop 3 (IL3) between transmembrane (TM) domain 5 and 6 of 

IP3R is much larger than the other intraluminal loops (Fig. 2C), and undergoes a 

conformational change upon IP3R channel activation23,25,26, and is also the binding site for 

some modulators (e.g. Erp44)13,94. Therefore, the erlin1/2 complex recognition site on IP3R 

for ERAD is likely within the IL3. 
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Figure 6 

 

 

 
 

Figure 6. Overview of IP3R ERAD (adapted from reference 75). Active IP3Rs undergo 
three steps of ERAD: recognition, retrotranslocation and ubiquitin-dependent proteasomal 
degradation, with the erlin1/2 complex being the recognition factor and RNF170 being the 
major E3 ligase. 

 
75 
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1.6.5 Other key elements in IP3R ERAD 

There are also many other mysteries about the other two steps in IP3R ERAD: 

retrotranslocation and ubiquitin-dependent proteasomal degradation. Like many other 

ERAD substrates, IP3R ERAD requires p97 with its cofactors Npl4 and Ufd1 to generate 

force for the retrotranslocation step so that IP3Rs can be delivered and degraded by the 26S 

proteasome95. However, the retrotranslocon for IP3R has not been discovered yet. Besides 

RNF170, other E3s, Hrd1 and gp78, associate with activated IP3R or the erlin1/2 

complex96, which may form a retrotranslocon as described in section 1.4.3 and participate 

in IP3R retro-translocation97,98. Additionally, the E2 enzymes that RNF170 collaborates 

with to attach ubiquitin to IP3R have yet to be confirmed. Previous studies suggested that 

UBC7 might be the mediator of K48-linked ubiquitin chain formation, and UBC13 is the 

only E2 that forms K63-linked ubiquitin chains. Identifying the other key elements in IP3R 

ERAD will help us understand the whole process better. 

 

1.7 UPP inhibitors 

 

1.7.1 The UPP as a druggable target 

The UPP, including E1-E2-E3, p97, DUBs and the proteasome, has been targeted 

to develop new therapeutic drugs for various diseases in different body systems, including 

cancer, neuromuscular diseases and cardiovascular diseases99–102. Some small molecule 

UPP inhibitors (e.g., proteasome inhibitor Bortezomib, DUB inhibitor Pimozide) have 

been approved by FDA for cancer therapies, and other novel UPP inhibitors are also being 

developed. Alternatively, small molecules termed “Proteolysis targeting chimeras” 
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(PROTACs) are designed to bind to a protein of interest and connect it to an E3 ligase for 

further ubiquitin-dependent proteasomal degradation103,104. PROTACs can potentially 

remove unwanted proteins and achieve a therapeutic purpose with higher specificity, but 

they are still at the early stage of preclinical drug development. Currently, clinical success 

has been achieved only with the small molecule UPP inhibitors99. 

 

1.7.2 Proteasome inhibitors  

MG-132 has become a commonly used proteasome inhibitor (PI) in basic research 

for two decades and can be utilized to study the processing of a substrate by the UPP. It 

binds to the β5 subunit of the 26S proteasome at a lower concentration (nM range) and also 

binds to the β1 and β2 subunits at a higher concentration (µM range)105.  

Bortezomib is the first PI approved by the FDA and is used for the therapy of 

multiple myeloma. It can bind to β5 subunit in 20S CP of the proteasome and then perturb 

protein homeostasis by accumulating polyubiquitinated species in cells. The exact 

mechanism of its anti-cancer effects is not fully understood yet, but previous studies 

showed Bortezomib can upregulate a proapoptotic protein, NOXA and lead to apoptosis 

through the interaction with Bcl-2 and Bcl-xL106. After the clinical success of Bortezomib, 

more PIs targeting 20S CP and 19S RP of the proteasome are widely developed, and two 

other PIs, Carfilzomib and Ixazomib with fewer side effects have been approved by the 

FDA to treat cancer as well99,107. 

 

1.7.3 Inhibitors of E1, E2, E3 enzymes and DUBs 
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Inhibitors targeting ubiquitin E1, E2 and E3 enzymes are also being developed for 

therapeutic purposes. There are dozens of E3 inhibitors in preclinical and clinical studies, 

whereas only a few E1 and E2 inhibitors. TAK-243 is a first-in-class E1 enzyme inhibitor, 

which depletes polyubiquitinated species and causes cancer cell death108,109, and it is used 

in clinical trials for cancer treatment now. Due to the increasing specificity through the E1-

E2-E3 serial actions, as mentioned in section 1.4.3, inhibitors of E3 ligases have higher 

selectivity and potentially less risk of side effects. Similar to ubiquitin E3 enzymes, DUB 

inhibitors have relatively good selectivity, among which Pimozide has become an FDA-

approved drug for Tourette’s syndrome99,110. 

 

1.7.4 p97 inhibitors 

As p97 plays an essential role in the degradation of misfolded proteins, especially 

the retrotranslocation from ER proteins in the UPP, it has emerged as a potential therapeutic 

target111. CB-5083 is a potent p97 inhibitor targeting the D2 domain with very high 

selectivity112 and was used in a clinical trial for cancer therapy. Like other UPP inhibitors, 

CB-5083 affects protein homeostasis and induces apoptosis to fulfill an anti-cancer 

effect113,114. However, it also leads to the activation of autophagy113,114, revealing a unique 

role of p97 different from other UPP components.  

 

1.8 Summary and aims of this dissertation 

The work in this dissertation mainly focuses on how IP3Rs, the large Ca2+ channels 

in the ER membrane, are degraded by the UPP upon activation. One key recognition factor 

in IP3R processing by the UPP is a large ER protein complex, the erlin1/2 complex, and 

29



we will discuss the erlin1/2 complex recognition site on IP3Rs in Chapter 3. Using the 

ubiquitin E1 enzyme and UPP inhibitor TAK-243 to study the procedure of IP3R 

processing, we were surprised to find that the UPP inhibitor TAK-243 has major effects on 

Ca2+ handling, including IP3R activity as well as the ER Ca2+ leakage, and these unexpected 

results will be discussed in Chapter 4. In Chapter 5, we will discuss another project 

exploring new elements in IP3R processing using TurboID-based proximity labeling and 

determine the roles of candidate ubiquitin enzymes using CRISPR-Cas9 gene editing. In 

Chapter 6, we will focus on the implications of these studies and the future directions. 
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2.1. Materials 

2.1.1. Cells 

The cell lines used were: αT3 mouse pituitary cells, a kind gift from Dr. P. L. 

Mellon, University of California, San Diego, CA, and IP3R1KO αT3 cells generated in Dr. 

R. Wojcikiewicz’s lab1; HeLa human cervical cancer cells, a kind gift from Dr. Y. Huang, 

Upstate Medical University and HeLa IP3R1-3KO2, a kind gift from Dr. K. Mikoshiba, 

Shanghai Tech University; human embryonic kidney (HEK 293T) cells, a kind gift from 

Dr. S. Taffet, Upstate Medical University and HEK  IP3R1-3KO cells3, a kind gift from 

Dr. D. Yule and Dr. K. Alzayady, University of Rochester; SH-SY5Y human 

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

 

2.1.2 Cell culture and transfection materials 

Fetal Bovine Serum (FBS) was purchased from Atlanta Biologicals or R&D 

Systems. Dulbecco’s modified Eagle medium (DMEM), dimethyl sulfoxide (DMSO), 

Opti-MEM™ I reduced serum medium, Lipofectamine 2000, CoolCell™ FTS30 Cell 

freezing containers, the Neon™ transfection system and its associated reagents were 

purchased from Thermo Fisher Scientific. Penicillin/streptomycin, trypsin/EDTA and cell 

culture dishes were purchased from Corning, BD Falcon or Nest Biotechnology. Linear, 

MW~25,000 polyethylenimine (PEI) was purchased from Polysciences Inc. G-418 was 

purchased from CalBioChem and Plasmotest™ mycoplasma detection kit was purchased 

from Invivogen. TC20TM Automated Cell counter and its counting slides were purchased 

from Bio-Rad.  
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2.1.3. Plasmids and molecular biology materials 

The pcDNA3 mammalian expression vectors were from Invitrogen/Life 

Technologies and all mouse IP3R1 constructs, including mIP3R1-HAWT, were contained 

within this vector. Rat WT and D2550A IP3R1s were generous gifts from Dr. D. Yule, 

University of Rochester. R-CEPIAer was a generous gift from Dr. Ivana Kuo, Loyola 

University Chicago, but it was originally from Addgene (#58216)4. R-CEPIA3mt was from 

Dr. Masamitsu Iino’s lab, Addgene (#140464)5. The self-design target gRNA 

oligonucleotides (targeting ubiquitin E2, E3 enzymes) were cloned into pCas-Guide-EF1a-

GFP vectors (#GE100018) by and purchased from OriGene Technologies. PFU Ultra II 

high fidelity DNA polymerase and associated buffer were both from Agilent Technologies. 

dNTPs, T4 DNA ligase, T4 DNA ligase buffer, restriction enzymes, DNA standard ladders, 

Hifi DNA assembly kit, DH5α electrocompetent cells and DH5α Mix & Go Competent 

cells were purchased from New England BioLabs. Ampicillin (amp) and the NanoDrop™ 

OneC Microvolume UV-Vis spectrophotometer were purchased from Thermo Fisher and 

ethidium bromide (EtBr) was from Sigma. Ultrapure™ agarose was purchased from 

Invitrogen/Life Technologies. The Zyppy Plasmid Miniprep Kit and ZymoPURE II 

Plasmid Maxiprep Kit were purchased from Zymo Research, Inc. The QIAquick PCR 

purification kit, QIAquick Gel Extraction Kit, Dneasy Blood & Tissue kit, other DNA 

purification kits were purchased from Qiagen. MJ MiniCycler and T100™ Thermal Cycler 

were from Bio-Rad. DNA sequencing was performed at Genewiz, Inc. Custom 

oligonucleotides were designed by hand, and were purchased from and synthesized by 

Sigma. Oligonucleotides used to modify or sequence cDNAs (primers) are listed in Table 

1.  
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Table 1.  

Gene 
target 

Primer 
name, 
Forward/ 
Rerverse 

Sequence Purpose 
Annealing 
temperatu
re (°C) 

mIP3R1 IP3R1 Δ2463-
2467  FWD 

GCGCTAGCTTGGAAGTAGATAG
GTTGCCCAATGAAACA 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 70-76 

mIP3R1 IP3R1 Δ2463-
2467  RVS 

GCGCTAGCGAAGAACAGATAGC
CCACAATTGAGAACAG 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 70-76 

mIP3R1 IP3R1 Δ2468-
2472  FWD 

GCGCTAGCTTGCCCAATGAAAC
AGCTGTTCCAGAAACT 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 70-76 

mIP3R1 IP3R1 Δ2468-
2472  RVS 

GCGCTAGCGATAAAGTCATCCT
TGAAGAACAGATAGCC 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 70-76 

mIP3R1 IP3R1 Δ2468-
2470  FWD 

GCGCTAGCGATAGGTTGCCCAA
TGAAACAGCTGTTCCA 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 70-76 

mIP3R1 IP3R1 Δ2468-
2470  RVS 

GCGCTAGCGATAAAGTCATCCT
TGAAGAACAGATAGCC 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 70-76 

mIP3R1 IP3R1 Δ2473-
2480 FWD 

GCGCTAGCGAAACTGGCGAGA
GTTTGGCCAACGATTTC 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 68-78 

mIP3R1 IP3R1 Δ2473-
2480 RVS 

GCGCTAGCCCTATCTACTTCCAA
GATAAAGTCATCCTT 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 68-78 

mIP3R1 IP3R1 Δ2481-
2519 FWD 

GCGCTAGCGAACAGGATAAGG
AACACACGTGTGAGACC 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 68-78 

mIP3R1 IP3R1 Δ2481-
2519 RVS 

GCGCTAGCTGGAACAGCTGTTT
CATTGGGCAACCTATC 

Truncate IP3R1 to determine the erlin1/2 
complex binding site 68-78 

mIP3R1 IP3R1 Δ1-223 
FWD 

GCGCGCTAGCATGAAATGGAGT
GATAACAAAGACG 

Make an IP3R1 mutant that does not have 
channel activity 69-75 

mIP3R1 IP3R1 Δ1-223 
RVS 

CGCTAGCGTCCGTGTTGGAAAG
CCTGAC 

Make an IP3R1 mutant that does not have 
channel activity 69-75 

mIP3R1 IP3R1 Δ2463-
2464 FWD 

CCTCGAGGTAGATAGGTTGCCC
AATGAAAC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2463-
2464 RVS* 

CCTCGAGGATAAAGTCGAAGAA
CAGATAGCCC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2471-
2472 FWD# 

CCTCGAGGTATTGCCCAATGAA
ACAGCTGTTCC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2471-
2472 RVS 

CGCCTCGAGGATAAAGTCATCC
TTGAAGAACAGATAGCC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2465-
2467 FWD 

CCTCGAGGTAGATAGGTTGCCC
AATGAAACAGCTGTT 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2465-
2467 RVS 

GCCTCGAGATCCTTGAAGAACA
GATAGCCCACAA 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2471-
2472NR FWD# 

GCCTCGAGGTAAATAGGTTGCC
CAATGAAACAGCTGTTCCAGAA 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2471-
2472DD FWD# 

CCTCGAGGTAGATGATTTGCCC
AATGAAACAGCTG 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2471-
2472GG FWD# 

CTCGAGGTAGGAGGATTGCCCA
ATGAAACAGC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2464-
2465NN RVS* 

GCGCCTCGAGGATAAAGTTGTT
CTTGAAGAACAGATAGCC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2463-
2464AA RVS* 

GCCTCGAGGATAAAGTCTGCTG
CGAAGAACAGATAGCC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 
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Gene 
target 

Primer 
name, 
Forward/ 
Rerverse 

Sequence Purpose 
Annealing 
temperatu
re (°C) 

mIP3R1 IP3R1 Δ2465-
2467AAA RVS* 

CCTCGAGTGCTGCTGCATCCTTG
AAGAACAGATA 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 Δ2471-
2472DQ FWD# 

CCTCGAGGTAGATCAATTGCCC
AATGAAACAGCTGTT 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 D2465N 
RVS* 

GCGCCTCGAGGATAAAGTTATC
CTTGAAGAACAGATAGCC 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 65-75 

mIP3R1 IP3R1 Δ2471-
2472AA FWD# 

CCTCGAGGTAGCAGCATTGCCC
AATGAAACA 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 65-75 

mIP3R1 IP3R1 Δ2471-
2472NQ FWD# 

CCTCGAGGTAAACCAATTGCCC
AATGAAACAGCTG 

Mutate IP3R1 to determine the erlin1/2 
complex binding site 69-75 

mIP3R1 IP3R1 R2596A 
FWD 

GCGCTAGCGAGAAGCAAAAGA
AGGAGGAGATCTTAAAA 

Make an IP3R1 mutant that does not have 
channel activity 63-73 

mIP3R1 IP3R1 R2596A 
RVS 

CGCTAGCCAGGTCAGCAAAGGT
GTCAATGA 

Make an IP3R1 mutant that does not have 
channel activity 63-73 

mIP3R1 mIP3R1_-100~-
80 FWD CACCAAGGAGCTGATTACAA  Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_701-
720 FWD TCAAAGGAGGTGATGTGGTG Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_1501-
1520 FWD AAGCCCAATCGAGAGCGGCA Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_2301-
2320 FWD CATGTCTGACGAGAACCTCC Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_3101-
3120 FWD AAGAACAAGCGGAAGGCATC Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_3901-
3920 FWD ACCCACGGTCGAAACGTCCA Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_4701-
4720 FWD CATTGTGCAGAAAACAGCCC Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_5501-
5520 FWD GCAACACCACCATCCAGCAC Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_6301-
6320 FWD AGCAGACACGATAGTGAAAA Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_7201-
7120 FWD CCTGATGAGCTTTGTGGGCA Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

mIP3R1 mIP3R1_7901-
7920 FWD AGCACAACATGTGGCACTAT Sequence IP3R1 at a specific position 

(nucleotide numbering) N/A 

Turbo Turbo FWD GGCAAGCCCATCCCCAACCCC Assemble a RNF170_TurboID construct 63-73 
Turbo Turbo RVS GGTGGCGGCCGCAAGCTTG Assemble a RNF170_TurboID construct 63-73 

mRNF170 RNF170_turbo 
FWD 

CTTGCGGCCGCCACCATGGCCA
GGTACTACAGT Assemble a RNF170_TurboID construct 71-81 

mRNF170 RNF170_turbo 
RVS 

GTTGGGGATGGGCTTGCCCCTA
GTTAGTCTTTGGGTTATCACTTC
TCG 

Assemble a RNF170_TurboID construct 71-81 

 

Table 1. List of oligonucleotides to modify or sequence cDNAs.  
All sequences are listed in the 5’ to 3’ orientation. 
* indicates that a primer is paired with primer “IP3R1 Δ2463-2464 FWD” when PCR is performed. 
# indicates that a primer is paired with primer “IP3R1 Δ2471-2472 RVS” when PCR is performed. 
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Table 2.  

Name Protein Target Host Lab/ Commercial Source 
CT1 IP3R1 Rabbit Dr. R. Wojcikiewicz 
FK2 ubiquitin Mouse BioMol International (BML-PW8810) 

 ubiquitin (K-48) Human Genentech 
 ubiquitin (K-63) Human Genentech 

Sammy erlin2 Rabbit Dr. R. Wojcikiewicz 
Seymour erlin1 Rabbit Dr. R. Wojcikiewicz 
Barney2 RNF170 Rabbit Dr. R. Wojcikiewicz 

 RNF185 Rabbit Thermo Fisher (PA5-116662) 
Jamie Hrd1 Rabbit Dr. R. Wojcikiewicz 

Howard gp78 Rabbit Dr. R. Wojcikiewicz 
 p97 Mouse Fitzgerald (10R-P104A) 
 OS-9 Guinea Pig Dr. L. Litovchick 
 STIM1 Mouse BD Biosciences (610954) 
 Myc tag (EQKLISEEDL) Mouse Cell Signaling Technology (2276) 

Hillary HA tag (YPYDVPDYA) Rabbit Dr. R. Wojcikiewicz 
HA-11 HA tag (YPYDVPDYA) Mouse Covance (MMS-101R) 

 Ube2G2/ UBC7 Rabbit Dr. Y. Ye 
 Ube2N/ UBC13 Mouse Invitrogen (37-1100) 
 Ube2K/ E2-25K Rabbit Affiniti Research Products Ltd (UG 5920) 
 Ube2R1/ Cdc34 Mouse Transduction Laboratories (25820) 
 Ube2J1 Mouse Santa Cruz Biotechnology (100624) 
 PLCb3 Rabbit Cell Signaling Technology (14247) 
 V5 tag (GKPIPNPLLGLDST) Mouse GenScript (A01724) 
 Streptavidin-HRP N/A Cell Signaling Technology (3999S) 

 

Table2. Antibodies used in western blotting or streptavidin blotting and 
immunoprecipitation. Antibody name is the common name for an antibodie used in the 
lab. Source indicates the commercial entity (includes a catalog number if have) or the lab 
from which the antibody was acquired.   
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2.1.4. Antibodies 

The antibodies utilized in the research presented in this dissertation and the sources 

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

collaboration with the SUNY Upstate Medical University Department of Animal 

Laboratory Research facility, were either purchased from commercial sources or kind gifts 

from the indicated labs, which are greatly appreciated. 

 

2.1.5. Materials for cell lysis and immunoprecipitation 

Ethylenediaminetetraacetic acid (EDTA), Triton X-100, 3-[(3-Cholamidopropyl) 

dimethylammonio]-1-propanesulfonate hydrate (CHAPS), and protease inhibitors 

(pepstatin, soybean trypsin inhibitor (SBTI), phenylmethyl-sulphonylfluoride (PMSF), and 

1,4 dithiothreitol (DTT)) were purchased from Sigma. 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (Hepes) were purchased from Gibco, and Protein A 

Sepharose® CL-4B beads were purchased from GE Healthcare. All antibodies used for 

immunoprecipitation (IP) are listed in Table 2.  

 

2.1.6. Materials for electrophoresis and immunoblotting 

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

PAGE) included 30% bis-acrylamide, ammonium persulfate (APS), N,N,N’,N’-

tetramethylethylenediamine (TEMED), Mini-PROTEAN 3 and Mini-PROTEAN Tetra 

electrophoresis cells, pre-stained Precision Protein Plus standards, Mini-Protean TGX gels, 

Trans-blot SD and Turbo semi-dry electrophoresis transfer systems and were all purchased 

from Bio-Rad. Reagents for Blue native PAGE included NativePAGE™ Bis-Tris Gel (3-
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12%), 20X NativePAGE™ Running Buffer, Cathode Buffer additive, NativeMark™ 

unstained protein standards, 4X NativePAGE Sample Buffer, NativePAGE™ G-250 

sample additive (5%) and the XCell SureLock Mini-Cell’s electrophoresis system and were 

all purchased from Invitrogen/Life Technologies. Nitrocellulose, polyvinylidene fluoride 

(PVDF) blotting membranes and gel blot paper were purchased from GE Healthcare. 

Primary antibodies used for immunoblot are listed in Table 2, and secondary antibody (e.g. 

anti-mouse and anti-rabbit) were purchased from Sigma. SuperSignal™ West Pico PLUS 

enhanced chemiluminescence (ECL) kits were from Thermo Fisher Scientific. 

Immunoblots were detected using the ChemiDoc™ imager from Bio-Rad and quantified 

by ImageJ (https://imagej.nih.gov/ij/). 

 

2.1.7. Materials for Calcium measurements 

96-well black polystyrene microplate (clear bottom) without and with poly-D-

lysine were purchased from Corning and Greiner, respectively. The FLIPR® Calcium6 

assay kit, Flex Station 3 Multi-Mode Microplate Reader, compound plates and instrument 

tips were purchased from Molecular Devices. Phenol red-free DMEM and Hank’s 

Balanced Salt Solution were purchased from Gibco, and ethylene glycol-bis (β-aminoethyl 

ether)-N,N,N,N-tetraacetic acid (EGTA) was purchased from Sigma. EVOS™ Cell 

Imaging System was purchased from Thermo Fisher Scientific. 

 

2.1.8. Drugs and miscellaneous materials 

TAK-243 was purchased from MedChemExpress. CB-5083 was purchased from 

Cayman Chemical, and ionomycin was purchased from Enzo Life Sciences. Gonadotropin-
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releasing hormone (GnRH), thapsigargin (TG), trypsin, carbachol, MG-132 and other 

unlisted chemicals were purchased from Sigma.  

 

2.2 Methods: 

 

2.2.1 Cell culture 

αT3 cells were cultured in DMEM supplemented with 5% FBS and antibiotics (100 

units of penicillin and 100μg streptomycin/mL). HEK cells, HeLa cells, SH-SY5Y cells 

were cultured in DMEM supplemented with 10% FBS and antibiotics. αT3 cells containing 

stably expressed exogenous IP3R1 constructs were cultured in DMEM supplemented with 

5% FBS, antibiotics and 300μg/mL G-418. All cells were cultured and maintained at 37℃ 

with 5% carbon dioxide. Generally, adherent cells 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 the addition of new culture medium, 

and cells were subsequently pipetted ~20 times before being divided as needed for stock 

culture and/or experiments. Cells were regularly screened for mycoplasma infection using 

Plasmotest™ detection kit.  

For long-term storage, cells were frozen in -80°C. After cells were pelleted and 

resuspended in ice-cold DMEM supplemented with 20% FBS for 20 minutes, DMSO was 

added to the cell solution for a final DMSO concentration of 10%, and cells were aliquoted 

into cryovials. Cells were frozen to -20°C for 1hrs before being transferred to -80°C or 

directly to -80°C using CoolCell™ freezing containers. Cells were typically checked after 
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freezing for viability. For extended storage (more than 12 months), cells were placed in the 

liquid nitrogen tank. Cells were screened for mycoplasma infection using Plasmotest™ 

before being frozen if they were sorted by the SUNY Upstate Medical University Research 

Flow Core. To thaw cells, cryovials were placed directly into a 37°C water bath for ~5 

minutes with or without pelleting and were then transferred into a 10 cm culture dish with 

fresh medium.  

 

2.2.2 Polymerase chain reaction (PCR) and mutagenesis 

2.2.2.1 Universal procedures in PCR 

PCR in this dissertation was mainly used to make cDNA constructs or to sequence 

a targeted region from genome DNA. PCR recipes were prepared as follows: 50ng of wild-

type template plasmid DNA (exception: 150 ng for IP3R1 cDNA constructs) was mixed 

with 5μL of forward and reverse primers (5 μM), 5 μL PFU Ultra II Buffer (10X stock), 1 

μL dNTPs (40mM), 1μL PFU Ultra II enzyme and ddH2O needed for a final volume of 50 

μL. Primers used for PCR are listed in Table 1, and its cycling parameters are in Table 3. 

All reactions were run in either the T100 Thermal Cycler or the MJ MiniCycler. 4-5 PCR 

tubes containing the same components were subject to a gradient temperature (listed in 

Table 1) during the annealing step of the reaction (step 3 in Table 3). All samples were 

transferred to 4°C shortly after cycling was complete, and 5 μL from each tube combined 

with DNA gel loading buffer was loaded and run on a 1% agarose gel in TAE buffer (40 

mM Tris-base, 20 mM acetic acid, 1 mM EDTA, pH 8.0). Agarose gels were then stained 

with EtBr for 10-20 min and imaged on the ChemiDoc™ imager. If only one band with the 

right size was seen on the gel, the PCR reaction were confirmed to be successful and tubes 
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containing the same desired product were combined. If multiple bands were observed on 

the gel, the correct bands containing the same desired product were cut and combined and 

the DNA product was purified using the DNA QIAquick Gel Extraction Kit for further 

procedure. 

 

Table 3 

PCR Cycling Parameters: Targets < 10kb 

STEP Numbers of 
cycles Temperature (°C) Duration 

1 1 95 2 min 
2 

30 

95 20 second 
3 Gradient (as indicated in 

table 2) 
20 seconds 

4 72 15 seconds/kb 
5 1 72 3 min 
6 1 4 Indefinite 

 

PCR Cycling Parameters: Targets ≥ 10kb 

STEP Numbers of 
cycles Temperature (°C) Duration 

1 1 92 2 min 
2 18 92 10 second 
3  Gradient (as indicated in 

table 2) 
20 seconds 

4  68 30 seconds/kb 
5 1 68 2 min 
6 1 4 Indefinite 

 

Table3.  The PCR cycling parameters. Two different optimized cycling conditions 
were used based on the based on the length of target DNAs. 
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2.2.2.2. IP3R1-HA mutagenesis 

Universal procedures in PCR described in 2.2.2.1 was used for the generation of 

IP3R1-HA mutants required, and the primers were typically designed to introduce a novel 

restriction enzyme site 5’ -GCTAGT -3’ (NheI) or 5’ -CTCGAG -3’ (XhoI) in close 

proximity to the mutation site. After the PCR procedure as described in section 2.2.2.1, the 

desired products were digested with DpnI (1ul/PCR tube) to get rid of the template DNA, 

and then the QIAquick PCR purification kit was used to purify the products. The linear 

products were digested using the corresponding restriction enzyme NheI or XhoI to create 

sticky ends. After PCR products were purified with the PCR purification kit again, T4 

ligase was used for 2 hours or overnight at room temperature to connect the PCR products 

on their own two ends. Transformation of ligated DNA products into E. coli was performed 

by either electroporation with DH5α electrocompetent cells or directly mixing with DH5α 

Mix & Go competent cells. Then the cells were spread on Luria Broth (LB) agar plates 

with 50 μg/ mL ampicillin and the agar plates were placed in a 37°C incubator. The next 

day, individual colonies were picked from the plates and inoculated into 3-6 mL LB 

cultures with ampicillin. After growing at 37°C and shaking at ~250 rpm for 12 hours, 

small LB cultures grew to OD600 0.7-0.9 for DNA preparation. The DNA preparation was 

performed using Zippy Plasmid Miniprep kit, and exacted DNAs were screened typically 

through double digestion using the novel restriction enzyme site and an existing single 

cutter, such as XbaI. The candidate plasmids, which showed two bands with the correct 

size on a 1% agarose gel, were sequenced using appropriate primers through Genewiz, Inc. 

The plasmids with the correct sequence were re-transformed into E.coli, re-plated and 

grown to OD600 0.7-0.9 in 600 mL LB cultures with ampicillin, and the large-scale 
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plasmid preparations were performed using the ZymoPURE II plasmid maxi-prep kit. The 

concentration and quality of plasmid DNAs were examined using NanoDrop™ OneC 

Microvolume UV-Vis spectrophotometer. In some exceptional cases (e.g., OD600 is not 

optimal), these plasmid DNAs were examined on agarose gel for diagnostic digestion 

again, as mentioned above. 

 

2.2.2.3 Genomic PCR for sequencing 

One type of unique PCR, genomic PCR, was used to sequence a specific targeted 

DNA region and help to validate the gene editing effect after the generation of knock-out 

cell lines using CRISPR/Cas9. Genomic DNAs were extracted from mammalian cells 

using DNeasy blood & tissue kit, and generally, 3 x 106 cells were used for genomic DNA 

preparation. The concentration and quality of genomic DNAs were examined using 

NanoDrop™ OneC Microvolume UV-Vis spectrophotometer. The PCR procedure was 

very similar to the universal procedure described in 2.2.2.1, except that more template 

DNA (100-500ng) was used to produce enough PCR product, since the genomic DNA also 

contains lots of non-targeted DNA compared to a pure single cDNA. Primers were at 

~300bp upstream or downstream of the targeted exon, and primer designs were facilitated 

by NCBI online software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to match the 

melting temperatures of primers in pairs. Primers and cycling parameters are in Tables 1 

and 3. After running on a 1% agarose gel, a verified PCR product was purified using 

QIAquick PCR purification kit if it showed one major band on 1% agarose gel. Otherwise, 

a potentially correct band was cut, and the PCR product was purified using QIAquick Gel 

Extraction Kit as described in 2.2.2.1. The primers used for genomic PCR were also used 
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for sequencing through Genewiz, Inc, as they were designed to do so. For each pair of 

primers, a pilot genomic PCR was done to sequence the target DNA region in WT cells 

before they were used for knock-out cells.  

 

2.2.3 Transfection 

2.2.3.1 αT3 cells 

αT3 cells were transfected using the Neon™ Transfection System to express 

exogenous proteins with high transfection efficiency. Cells were trypsinized from culture 

dishes and resuspended with culture medium, similarly to normal cell passage. Cell counts 

were taken with an automated cell counter while the cells were centrifuged at ~400g for 5 

min at room temperature to pellets. The cells were then resuspended in PBS at a 

concentration of 3 x 107 cells/mL together with 100 μg/ml cDNA and were electroporated 

(1 pulse, 20 ms, 1500 V) using the Neon™ Transfection System. Electroporation could 

cause cell death and further affect transfection efficiency and cell survival. In order to 

overcome these effects, electroporated cells were transferred to open sterile 

microcentrifuge tubes and placed in a humidified incubator with 5% CO2 for 15-30 min6 

before being recovered in culture medium with antibiotics. 24 hours later, transfected cells 

were either fed with fresh medium or subcultured and transferred to 96-well plates for 

subsequent experiments as described in section 2.2.1 on the next day. 

 

2.2.3.2 HEK cells 

HEK cells have relatively good transfection efficiency and were transfected by PEI. 

Cells were trypsinized from culture dishes and resuspended with culture medium. Based 
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the cell counts by an automated cell counter, the cell solutions were diluted to achieve a 

final concentration of 3 x 105 cells/mL and 2 mL of those were added into 6-well dishes (6 

x 105 cells/ well). Approximately 24 hours later, 1-2μg of the desired cDNAs and 6 μL PEI 

were added to each Eppendorf tube containing 50 μL serum-free culture medium, vortexed, 

centrifuged and incubated for 10 min at room temperature. After 20 minutes’ incubation, 

1 mL fresh medium was added to the same tube, mixed well by pipetting and the ~1ml 

solution was used to replace medium of a corresponding well in 6-well plates. Cells were 

typically incubated in transfection solution for 16 hours before being sub-cultured and 

transferred to other cell culture plates for subsequent experiments as described in section 

2.2.1 on the next day. 

 

2.2.3.3 Hela cells 

HeLa cells were transfected by Lipofectamine 2000. Cells were seeded in a total 

volume of 2 mL at 3-4 x 105 cells/ well in 6-well dishes. On the second day, medium was 

replaced with fresh medium. Transfection solution was prepared by adding 9 μL 

Lipofectamine to 41 μL OptiMEM and was incubated at room temperature for 5 minutes. 

At the same time, 1-2 μg of cDNA was added to tubes containing 50 μL OptiMEM. After 

5 minutes, the 50 μL Lipofectamine solution was mixed with 50uL DNA solution in a tube, 

and each tube was briefly vortexed, centrifuged and then incubated at room temperature 

for 15-20 min. After incubation, each ~100 μL solution was added drop-wise to appropriate 

wells, and then 6-well dishes were swirled gently to mix well the solution within medium. 

After ~16 hours, transfected cells were either fed with fresh medium or sub-cultured and 

transferred to 96-well plates for subsequent experiments as described in section 2.2.1 on 
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the next day. When more cells were required for experiments, Hela cells were transfected 

in 10 cm “medium” dishes or 15 cm “large” dishes.  

 

2.2.4 Generation of knock-out cell lines using CRISPR/Cas9-mediated gene editing  

2.2.4.1 Design of gRNA constructs 

gRNA design was performed using online software (benchling.com). Target 

sequences were chosen based on algorithm scores provided by the online software to 

maximize the activity and minimize the off-target effect of CRISPR/Cas9. The target 

sequences were cloned into pCas-Guide-EF1a-GFP vectors (#GE100018) by OriGene 

Technologies and listed in Table 4. 

 

Table 4 

Gene target  exon Species Sequence Off-target 
Score  

UBC7/Ube2G2 exon1 M. musculus TGGCGGGGACGGCGTTGAAG 90 
UBC7/Ube2G2 exon2 M. musculus GAATCCTCCAGAAGGAATCG 70 
UBC13/Ube2N exon1 M. musculus CAAGAGCAGAGGCCGAACTC 37.3 
UBC13/Ube2N exon2 M. musculus TAACGGGCGTTGCTCTCATC 36.6 
Ube2J1 exon3 M. musculus GGTGGTTTCATGGGGTACTC 82.3 
Ube2J1 exon5 M. musculus AGTCGGCATAAACCCGATGA 96 
HUWE1 exon6 M. musculus TCAAACTATATCACACGTCT 81 
HUWE1 exon14 M. musculus CATCTGGCTAGCTACGATGC 88.1 
Hrd1 exon2 M. musculus GGCCAGCCTGGCGCTAACCG 91.1 
Hrd1 exon4 M. musculus GTCATCCCGAAAAACGGTGA 92 
gp78 exon1 M. musculus GCAGCGACGCCAGAGCCCGT 80.1 
gp78 exon6 M. musculus GGATGTGGTGCATGAGGTCC 70.2 
RNF185 exon2 M. musculus CAGGCATATGTTGCACTCAA 41.7 
RNF185 exon2 M. musculus CTGAGAATTCCAATGCAGGG 38 

Table 4. List of oligonucleotides designed to generate gRNA for CRISPR/Cas9 
mediated gene editing.  All sequences are listed in the 5’ to 3’ orientation. An off-target 
score (0-100) is a measurement of DNA targeting specificity based on the gRNA sequence 
and a higher score is more desired. 
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2.2.4.2. Generation of knock-out cell lines  

The primary cell type subject to CRISPR/Cas9-mediated gene editing is αT3 cells. 

Cells were transfected with gRNA construct using the Neon™ Transfection System as 

described in 2.2.3.1, and medium was changed to remove dead cells on the second day. On 

the third day (~48 h after transfection), cells were removed from dishes by trypsinization 

and recovered in culture medium, and a cell count was taken with an automated cell counter 

while the suspension was centrifuged to pellet cells. The pellet was re-suspended in PBS 

containing 1% FBS at a concentration of 1-5x 106 cells/mL. 1% FBS was added to PBS, 

ensuring to thoroughly pipette to avoid cell clumps which could clog the cell sorter. Cells 

were put into 15mL conical centrifuge tubes and brought to the SUNY Upstate Medical 

University Research Flow Core. Briefly, cells were initially sorted by forward scatter side 

scatter (SSC), which helps to identify desired cells based on size and granularity and then 

sorted for GFP-positive cells. Non-transfected cells were used as a GFP-negative control, 

and sorted cells were seeded at 1 cell/ well in 96-well dishes. Cells were then grown for 2-

4 weeks until wells containing single colonies and were sub-cultured (25%/75% split) into 

two wells of a 24-well dish. Once the wells in the plate with 75% sub-cultured cells reached 

near-confluency, cells were harvested and lysed in an appropriate volume of 1% Triton 

lysis Buffer as described in section 2.2.6. The cell lysates were subject to SDS-PAGE and 

immunoblotting as described in section 2.2.7, except that protein concentrations were not 

measured using Bradford assay, and 15uL of all samples were loaded on SDS-PAGE. All 

the successful KO clones and controls which still express the gene of interest were 

subcultured and screened again by lysis and SDS-PAGE, and protein concentrations were 
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measured on the second round of screening. Usually, 5-6 KO clones and 2 control clones 

were kept for each exon target. 

 

2.2.5 Generation of stably reconstituted cell lines 

Stably reconstituted cell lines used in this dissertation are mainly αT3 cells 

expressing WT or mutant IP3R1HA cDNAs. To generate these cell lines, IP3R1KO αT3 

cells were transfected with the desired plasmids using the Neon® Transfection System as 

described in section 2.2.3.1. 48 hours post-transfection, medium was replaced with fresh 

culture medium containing 1.3mg/mL G-418. After recovery in culture medium without 

antibiotics for 24 hours, the surviving cells were seeded at a density of 1 cell/ well in 96-

well plates either by manual dilution or by SUNY Upstate Medical University Research 

Flow Core. The medium prepared on the 96-well plates contained 0.3mg/mL G-418. Cells 

were then grown for 2-4 weeks until wells containing single colonies and were sub-cultured 

(25%/75% split) into two wells of a 24-well dish. Once the wells in the plate with 75% 

sub-cultured cells reached near-confluency, the cells were lysed and analyzed similarly as 

in sections 2.2.6 and 2.2.7. Expression levels of WT or mutant IP3R1HA in the clones were 

compared with WT αT3 cells. Very likely due to IP3R1’s large size, it was difficult to select 

clones that had very similar IP3R1 expressing levels as seen in WT αT3 cells. Therefore, 

some clones with relatively highion express levels were picked, sub-cultured and 

maintained in culture medium containing 0.3mg/mL G-418. 

 

2.2.6 Cell lysis and immunoprecipitation 
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Cells for lysis and immunoprecipitation (IP) were routinely grown to near-

confluence. For regular cell lysis to assess protein expression level, cells were harvested 

with HBSE (155 mm NaCl, 10 mm HEPES, 1 mm EDTA, pH 7.4) and centrifuged for 1 

min at 12,700xg. After aspirating the supernatant, cell pellets were resuspended in ice-cold 

Triton lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100, pH 

8.0) supplemented with 10 μM pepstatin A, 0.2 μM soybean trypsin inhibitor, 0.2 

mM phenylmethylsulfonyl fluoride, 1 mM DTT and incubated on ice for 30 minutes with 

occasional vertexing. After centrifuging at 16,000 x g for 10 minutes at 4oC, the 

supernatants were collected for analysis, and the pellets were discarded. Protein 

concentration assays (Bradford assays) were performed by taking 5 μL from each sample, 

mixing with 2 mL ddH2O and 1 mL Bradford reagent, and measuring using the Nanodrop 

followed by a comparison with a standard BSA curve. Samples were mixed with the 

appropriate volume of 4X gel loading buffer (final concentration of 1X loading buffer: 1% 

SDS, 0.05% bromphenol blue, 5% glycerol, 100mM DTT, 50 mM Tris-HCl pH6.8). For 

analysis of IP3R1 ubiquitination and protein association, IP was performed, and cells were 

directly lysed with ice-cold CHAPS lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 

mM EDTA, 1% CHAPS, pH 8.0) supplemented with 10 μM pepstatin A, 0.2 μM soybean 

trypsin inhibitor, 0.2 mM phenylmethylsulfonyl fluoride, 5 mM N-ethylmaleimide and 

incubated on ice for 30 minutes. After adding 5 mM DTT to quench N-ethylmaleimide, 

samples were centrifuged at 16,000 x g for 10 minutes at 4 oC. Supernatants were collected, 

and input lysates (“pre’s”) were saved. Supernatants were then incubated with anti-IP3R1 

and protein A-Sepharose CL-4B beads for ~16-20 hours at 4oC. Beads were then collected 

by gentle centrifugation (1 min, 1000xg, 4°C), and 45 μL supernatant (“post’s”) was taken 
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from each sample. Beads were then washed 3-4 times with CHAPS lysis buffer, 

resuspended in gel loading buffer in 2X gel load buffer, and “pre’s” and “post’s” were 

mixed with 4X gel load buffer. All the samples were incubated at 37oC for 30 minutes or 

boiled for 3-5 minutes before they were subject to SDS-PAGE as described in section 2.2.7. 

 

2.2.7 SDS-PAGE and immunoblotting  

Samples were loaded onto either homemade gels or premade Mini-protean TGX 

gels and electrophoresed for 30-45 minutes at 260V (constant voltage) in 1X Gel Running 

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

nitrocellulose membranes with in blotting buffer (20% methanol, 48 mM Tris-base, 39 mM 

glycine, 1.3 mM SDS) at 60mA per gel (sometimes for better transfer results, e.g. detection 

of IP3Rs, 80mA was used) in Trans-blot SD or  at 25 V, 0.7 A (constant A) in Turbo semi-

dry electrophoresis transfer systems for 1 hour. Following the transfer, nitrocellulose 

membranes were incubated in TBS-T (20mM Tris-base, 137mM NaCl, 0.2% Tween-20, 

pH 7.5) containing 5% nonfat milk for ~30 minutes, then washed 2-3 times in TBS-T 

before being incubated with the desired primary antibodies (typically diluted in TBS-T 

with 4% BSA and 0.1% NaN3) for 16-24 hours at 4°C. After overnight incubation, primary 

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

incubated in secondary antibody diluted in TBS-T containing 5% nonfat milk (typically 

1:2000 dilution) for at least 60 minutes at room temperature. Secondary antibodies were 

removed after incubation, and membranes were washed in TBS-T 2-3 times at room 

temperature. Immunoblots were developed by incubating with SupersignalTM 

chemiluminescence reagents for 5 minutes and immunoreactivity was detected by a 
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ChemidocTM imager. Immunoreactivity in immunoblots was quantitated using ImageJ 

(https://imagej.nih.gov). 

 

2.2.8 Blue native PAGE 

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

culture plates and were lysed in appropriate volumes (~80 μL) of 1% CHAPs lysis Buffer 

supplemented with all four protease inhibitors, same as described in regular cell lysis with 

1%Triton lysis buffer in section 2.2.6. Lysates were then clarified by centrifugation at 

16,000xg for 10 minutes at 4°C. 75 μL lysates were prepared for Native PAGE by the 

addition of 75 μL 4X NativePAGE Sample Buffer and 5μL 5% Coomassie Blue G250 

(final w/v: 0.25%). NativePAGE Anode Buffer was prepared by diluting 20X Running 

Buffer stock in ddH2O. Two types of Cathode Buffers (Light and Dark) were prepared by 

adding 1mL (Light) or 10mL (Dark) 20X Cathode Buffer Additive to 1X Running Buffer, 

to a final volume of 200mL. All samples, buffers, gels, equipment and reagents were 

chilled to 4°C before use. After a gel was placed in the XCell SureLock Mini-Cell’s 

electrophoresis apparatus, all the wells were washed with cold ddH2O twice and then filled 

with Dark Cathode Buffer before NativeMARK™ Unstained Protein Standards, and 

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

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

samples were electrophoresed at 4°C and 150V (constant voltage) for 1 hour. The Dark 

Cathode Buffer within the inner chamber was then by Light Cathode Buffer and samples 

were electrophoresed at 4°C and 185V (constant voltage) until the dye front reached near 

the end of the gel. After electrophoresis was complete, a PVDF membrane was soaked in 
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MeOH for 30-60 seconds, rinsed twice with ddH2O and equilibrated in transfer Buffer for 

10 minutes, while a gel was also equilibrated in transfer Buffer for 10 minutes. The samples 

were then transferred to PVDF at 85mA (constant current) for 1 hour, and the PVDF 

membrane was rinsed in destain Buffer (40% MeOH, 10% Acetic Acid in water) for 10 

minutes. During the 10 minutes’ destaining, protein standards showed up and were marked 

with a pencil. The PVDF membrane was then washed twice with ddH2O water and then 

incubated in TBS-T Buffer for 10 minutes and incubated in 5% nonfat milk in TBS-T 

followed by the subsequent immunoblotting procedures as described in section 2.2.7. 

 

2.2.9 Cytosolic Calcium measurements 

2.2.9.1 General procedure of Cal6 assay 

For all Ca2+ measurement assays, HeLa (3 x 104/ well) cells, αT3 cells (1.2 x 105/ 

well) or SH-SY5Y cells (8 x 104/ well) were seeded onto 96-well plates (black, clear 

bottom), and HEK (3 x 104/ well) were seeded on plates with poly-D-lysine. If protein 

expression of an exogenous protein expressed in cells was measured in parallel with an 

assay, cells were also seeded into 6-well plates. On the next day, medium was removed 

and replaced with a Cal6 buffer, which was made from 1:1 mixture of Phenol Red Free 

DMEM and the FLIPR Cal6 solution (10x Component A re-suspended in an appropriated 

volume of Component B (Hank’s Balanced Salt Solution containing 20mM HEPES, pH 

7.4)). In some cases, the solution was also mixed with DMSO or UPP inhibitors as 

pretreatments for cells. Generally, cells were incubated in Cal6 buffer for 2 h in a 

humidified incubator with 5% CO2. After incubation, drugs diluted in prepared Cal6 buffer 

were added to individual wells by a Flex Station 3 Multi-Mode Microplate Reader with the 
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automated injection function, and fluorescent signals in response to treatments were 

detected by the plate reader (485 nm excitation/ 525 nm emission). Cells from 6-well plates 

(if expressing exogenous proteins) were lysed with 1% Triton lysis buffer for SDS-PAGE 

and immunoblotting as described in sections 2.2.6 and 2.2.7 on the same day as the assay. 

GPCR agonists in the assay, based on cell type, were as follows: HEK- trypsin (0.05-5 μM), 

HeLa- trypsin (0.05 nM-5 μM), SH-SY5Y cells- carbachol (0.1-100 μM), αT3 cells- GnRH 

(10-300 nM). 1 μM TG and 5 μM ionomycin were also usually used to estimate the ER 

Ca2+ content and Cal6 loading into the cells, respectively. 

 

2.2.9.2 Modified Cal6 assay 

96-well plates and Cal6 buffer were prepared as described in section 2.2.9.1. In 

order to study Ca2+ signaling in the absence of extracellular Ca2+, EGTA diluted in the Cal6 

buffer was initially added to individual wells (final concentration: 3 μM) by a Flex Station 

3 Reader three minutes before the addition of drugs. Fluorescent signals were detected by 

the plate reader during the whole procedure. To study SOCE7, 3 μM EGTA was initially 

manually added to individual wells, and three minutes later, 1 μM TG was added to deplete 

the ER store. After 20 minutes of incubation in a humidified incubator with 5% CO2, the 

0-4mM (final concentration) CaCl2 was added to individual wells to induce SOCE. 

 

2.2.10 ER and mitochondria calcium measurement 

For ER and mitochondria calcium measurement, αT3 cells were transiently 

transfected with genetically encoded calcium indicator constructs (R-CEPIAer4 and R-

CEPIA3mt5 for ER and mitochondria calcium measurement, respectively) using the 
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Neon™ Transfection System. 24 hours after transfection, the fluorescence from the 

constructs expressed in cells was checked under the microscope using EVOS™ Cell 

Imaging System. Transfected cells were seeded onto both 96-well plates (2 x 105/ well) 

and 6-well plates. On the following day, the medium was replaced with phenol red-free 

DMEM, and treatment solutions were prepared in the same DMEM. After ~10 minutes’ 

incubation in a Flex Station 3 reader, treatment solutions were added to 96-well plates by 

the reader with the automated injection function, and fluorescent signals in response to 

treatments were detected by the plate reader (530 nm excitation/ 590 nm emission). On the 

same day of this assay, cells from 6-well plates were treated with drugs manually. After 

microscopy images or videos showing R-CEPIA fluorescence were captured using 

EVOS™ Cell Imaging System, cells were lysed and subject to SDS-PAGE and 

immunoblotting as described in sections 2.2.6 and 2.2.7.  

 

2.2.11 Statistical analysis 

Numerical data were analyzed mainly using GraphPad Prism software or Microsoft 

excel and are generally presented as mean ± S.E.M. with n= numbers of independent 

experiments (n≥ 3). Some data analysis (e.g., sorting data, calculating means or fold 

changes) was facilitated by a software library named Pandas (Developer: Wes McKinney) 

executed on Colab Notebook (https://colab.research.google.com). T-tests with Welch's 

correction (to compare two samples) or one-way ANOVA (to compare multiple samples) 

were used to examine the statistical significance, and P-values < 0.05 were considered 

statistically significant.   
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After we identified the erlin1/2 complex as a mediator of IP3R ERAD, a key unresolved 

question was how the erlin1/2 complex recognizes activated IP3Rs. The work in this 

chapter solved this question and advanced our understanding of IP3R ERAD.  
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Long-termactivation of inositol 1,4,5-trisphosphate receptors
(IP3Rs) leads to their degradation by the ubiquitin–proteasome
pathway. The !rst and rate-limiting step in this process is
thought to be the association of conformationally active IP3Rs
with the erlin1/2 complex, an endoplasmic reticulum–located
oligomer of erlin1 and erlin2 that recruits the E3 ubiquitin
ligase RNF170, but the molecular determinants of this interac-
tion remain unknown. Here, through mutation of IP3R1, we
show that the erlin1/2 complex interacts with the IP3R1 intra-
lumenal loop 3 (IL3), the loop between transmembrane (TM)
helices 5 and 6, and in particular, with a region close to TM5,
since mutation of amino acids D-2471 and R-2472 can specif-
ically block erlin1/2 complex association. Surprisingly, we found
that additional mutations in IL3 immediately adjacent to TM5
(e.g., D2465N) almost completely abolish IP3R1 Ca2+ channel
activity, indicating that the integrity of this region is critical to
IP3R1 function. Finally, we demonstrate that inhibition of the
ubiquitin-activating enzyme UBE1 by the small-molecule in-
hibitor TAK-243 completely blocked IP3R1 ubiquitination and
degradation without altering erlin1/2 complex association,
con!rming that association of the erlin1/2 complex is the pri-
mary event that initiates IP3R1 processing and that IP3R1
ubiquitination mediates IP3R1 degradation. Overall, these data
localize the erlin1/2 complex–binding site on IP3R1 to IL3 and
show that the region immediately adjacent to TM5 is key to the
events that facilitate channel opening.

Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) form
tetrameric calcium ion (Ca2+) channels in the endoplasmic re-
ticulum (ER)membraneofmammalian cells (1). IP3R activation is
initiated by the secondary messenger IP3, which can be generated
via activation of cell surface receptors, such as G-protein–
coupled receptors or receptor tyrosine kinases (1). In response to
activation, IP3Rs undergo a conformational change and release
Ca2+ from ER stores into the cytosol (1–3). IP3R-mediated cal-
ciumsignaling is critical to a plethora of cellular processes, such as
fertilization, secretion, and smoothmuscle contraction (4, 5). The
mammalian genome encodes three IP3R types (IP3R1, IP3R2, and
IP3R3), which have different tissue distributions and can form
homotetramers or heterotetramers, with IP3R1 being the most
widely expressed and best characterized of the three types (1).

IP3R1, like IP3R2 and IP3R3, is!2700 amino acids in length and
contains six transmembrane (TM) domains near the C terminus
(1). The channel pore is created by an assemblage of TMdomains
5 and 6 and the intervening intralumenal loop 3 (IL3) (2, 3, 6, 7).

The ER-associated degradation (ERAD) pathway is a facet of
the ubiquitin–proteasome pathway (UPP) and not only targets
misfolded ER proteins for degradation but also regulates native
ER proteins, such as IP3Rs, to maintain cellular homeostasis
(8–11). ERAD usually includes three steps: substrate recogni-
tion, extraction from the ER, and ubiquitin-dependent protea-
somal degradation (8, 10, 11). It appears that the conformational
change in IP3Rs that occurs upon Ca2+ channel activation (2, 6)
targets them for the ERAD pathway (9). This reduces cellular
IP3R levels as well as the sensitivity of ER Ca2+ stores to IP3 (12).
In addition, the ERAD pathway appears to be responsible for
basal IP3R turnover under resting conditions (13, 14).

We have shown previously that the erlin1/2 complex, an
!2 MDa ER membrane complex composed of !40 erlin1 and
erlin2 molecules, binds strongly and rapidly to activated IP3Rs
(15). The erlin1/2 complex recruits RNF170, the critical ubiquitin
ligase in IP3R ERAD (16), and seems to be a recognition factor
speci!c for IP3R processing by the ERADpathway (9). Deletion of
the erlin1/2 complex inhibits RNF170 association with activated
IP3Rs and ablates IP3R ubiquitination and IP3R ERAD (14).
However, themolecularmechanism of how the erlin1/2 complex
recognizes activated IP3Rs remains to be resolved.

We hypothesized previously (15) that the erlin1/2 complex
interacts with IP3R IL3, the largest of the three intralumenal
loops, because the vast majority (>90%) of the erlin1 and
erlin2 polypeptides are located within the ER lumen (15), and
IL3 undergoes a conformational change upon channel opening
(2). Here, we have tested this idea by subjecting IL3 to
mutagenesis and !nd that a small region of IL3 close to TM5
(amino acids 2471–2472) is critical for the erlin1/2 complex to
recognize activated IP3R1 and for IP3R1 to undergo ERAD.
Surprisingly, we also discovered that mutations immediately
adjacent to TM5 (e.g., of D-2465) block Ca2+ channel activity,
showing that this region is critical for IP3R function.

Results
Processing of endogenous IP3R1 is blocked by TAK-243

To better de!ne the sequence of events that lead to IP3R1
ERAD, we examined the effects of TAK-243, a !rst-in-class* For correspondence: Richard J. H. Wojcikiewicz, wojcikir@upstate.edu.
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inhibitor of UBE1, the mammalian E1 enzyme that charges the
vast majority of E2 ubiquitin-conjugation enzymes with
ubiquitin (17). We utilized !T3 mouse pituitary cells, since
these cells represent an excellent model system to study IP3R1
ERAD in response to gonadotropin-releasing hormone
(GnRH), which robustly stimulates IP3-dependent signaling
and initiates IP3R processing (15, 18). E2 enzymes receive
activated ubiquitin from UBE1 and form E2-ubiquitin in-
termediates via DTT-sensitive thiolester bonds (19, 20). E2-
ubiquitin intermediates were detected in !T3 cell lysates
prepared without DTT but were dramatically diminished by
pretreatment of cells with TAK-243 for 10 min (Fig. 1A, lanes
1 and 2), and as expected, only unmodi!ed E2 enzymes were
seen in presence of DTT (lane 3 and 4). The abundance of
high molecular weight ubiquitinated species in cell lysates was
also greatly diminished by TAK-243 (lanes 1 and 2, top panel)
but was not markedly altered by DTT (lane 3), since the iso-
peptide bonds via which polyubiquitinated species are formed
are not DTT sensitive (20). Overall, these data show that brief
TAK-243 pretreatment is suf!cient to greatly inhibit the
loading of multiple E2 enzymes with ubiquitin as well as the
formation of ubiquitin conjugates in !T3 cells, indicating that
UBE1 is ef!ciently inhibited. This pretreatment also
completely blocked GnRH-induced IP3R1 polyubiquitination,
without substantially altering association of the erlin1/2
complex and RNF170 with activated IP3R1 (Fig. 1B), indicating
that erlin1/2 complex and RNF170 association occurs prior to

and independently of IP3R1 polyubiquitination. Further, TAK-
243 completely blocked GnRH-induced IP3R1 downregulation
(Fig. 1C), indicating that it is ubiquitination rather than erlin1/
2 complex and RNF170 association that directly mediates
IP3R1 degradation. Overall, these data con!rm our previous
assumptions (9) about the sequence of events that lead to the
ERAD of activated IP3Rs: !rst, the erlin1/2 complex associates,
followed by IP3R ubiquitination, which in turn triggers IP3R
degradation by the proteasome.

Exogenous IP3R1HA
WT is processed identically to endogenous

IP3R1

Since we intended to use IP3R1 KO !T3 cell lines (21)
reconstituted with exogenous IP3R1 constructs to de!ne the
molecular determinants of the erlin1/2 complex–IP3R1 inter-
action, we !rst sought to validate this approach. WT IP3R1-
hemagglutinin (HA) (IP3R1HAWT) was introduced into
IP3R1KO !T3 cells and was shown by immunoprecipitation
(IP) to bind to endogenous erlin1, erlin2, and RNF170, and
also be polyubiquitinated following GnRH treatment (Fig. 2A)
with kinetics (peaks at 2–5 min, Fig. 2B) very similar to that
seen for endogenous IP3R1 (15, 16). GnRH-induced IP3R1-
HAWT ubiquitination was also blocked by TAK-243 pretreat-
ment without altering erlin1, erlin2, and RNF170 association
(Fig. 2C), indicating that exogenous IP3R1HAWT is processed
by the UPP essentially identically to endogenous IP3R1.

Figure 1. Effects of TAK-243 on the processing of endogenous IP3R1. !T3 cells were preincubated without (-) or with (+) 3 "M TAK-243 for 10 min and
were then treated with 0.1 "M GnRH for the times as indicated before cell lysates were prepared. A, cell lysates were subjected to SDS-PAGE without (-) or
with (+) DTT and then probed in immunoblots for ubiquitin and different E2s (Ube2s) as indicated. Open arrowheads indicate E2-ubiquitin intermediates
and solid arrows indicate unmodi!ed E2s. B, anti-IP3R1 IPs and input lysates were probed for ubiquitin, IP3R1, erlin1, erlin2, and RNF170. C, cell lysates were
probed for IP3R1, with p97 serving as a loading control. GnRH, gonadotropin-releasing hormone; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate
receptors.

Intralumenal loop 3 of IP3R1 binds to the erlin1/2 complex
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Likewise, inhibition of endogenous IP3R1 ERAD by acute
pretreatment with the SERCA pump inhibitor, thapsigargin,
which discharges ER Ca2+ stores (22) (Fig. 2D, lanes 1–4), was
also seen for IP3R1HAWT expressed in IP3R1KO !T3 cells
(lanes 5–8).

IL3 mediates the association between IP3R1 and the erlin1/2
complex

To test the role of IL3, initially large deletions to this region
were made (Fig. 3A). IP3R1KO !T3 cells reconstituted with
IP3R1HA mutants were stimulated with GnRH for 5 min, and
erlin1/2 complex association was assessed via co-IP (Fig. 3B).
The constructs with largest deletions, IP3R1HA"2463-2551 and
IP3R1HA"2463-2519, both failed to associate with erlin1/2 com-
plex after stimulation with GnRH (Fig. 3B, lanes 3–6), indi-
cating that IL3 is indeed crucial for erlin1/2 complex binding.

Interestingly, for constructs with smaller deletions, IP3R1-
HA"2481-2519 bound to the erlin1/2 complex, while IP3R1-
HA"2463-2480 did not (Fig. 3B, lanes 7–10), suggesting that the
erlin1/2 complex–binding region is close to TM5. Likewise,
IP3R1HA"2473-2480 bound to the erlin1/2 complex, while
IP3R1HA"2463-2472 did not (Fig. 3B, lanes 11–14). Since some
substantial deletions to IL3 (e.g., IP3R1HA"2473-2480 and
IP3R1HA"2481-2519) do not impair erlin1/2 complex association,
simply shortening length of IL3 does not explain the inability of
IP3R1HA"2463-2472 to bind. Rather, these results (summarized in
Fig. 3A, right) narrow down the putative erlin1/2 complex–
binding site to the 10 amino acid (aa) region next to TM5.
Additionally, RNF170 association and polyubiquitination par-
alleled erlin1/2 complex association for each IP3R1HA mutant,
indicating that erlin1/2 complex association governs the sub-
sequent processing of IP3R1HA mutants by the UPP.

Figure 2. Processing of exogenous IP3R1HA
WT by the UPP in !T3 IP3R1KO cells. A and B, !T3 IP3R1KO cells were transiently transfected to express

IP3R1HA
WT and were incubated with 0.1 "M GnRH for 0, 2, 5, 10, and 30 min as indicated. Anti-HA IPs and input lysates were probed in immunoblots for

ubiquitin, IP3R1HA, erlin1, erlin2, and RNF170. Quantitated immunoreactivity for ubiquitin, erlin1, erlin2, and RNF170 in anti-HA IPs was normalized to
maximal values and graphed (mean ± SEM, n = 3). C, !T3 IP3R1KO cells were transiently transfected to express IP3R1HA

WT, preincubated without (-) or with
(+) 3 "M TAK-243 for 10 min, treated without (-) or with (+) 0.1 "M GnRH for 5 min, and anti-HA IPs and input lysates were probed in immunoblots as
indicated. D, !T3 cells (lanes1–4) or IP3R1KO !T3 cells transiently transfected to express IP3R1HA

WT (lanes 5–8) were preincubated for 10 min without (-) or
with 1 "M thapsigargin (TG), followed by exposure to 0.1 "M GnRH for 5 min. Anti-IP3R1 or anti-HA IPs were then probed in immunoblots as indicated.
GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor.
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To extend this preliminary characterization, focused de-
letions within the 10 aa region were created and analyzed
(Fig. 4A, IP3R1HA"2463-2464, IP3R1HA"2465-2467, IP3R1-
HA"2468-2470 and IP3R1HA"2471-2472). However, as compared
to IP3R1HAWT (Fig. 4B, lanes 1 and 2) and IP3R1HA"2473-2480

(lanes 11 and 12), none of these mutants associated with the
erlin1/2 complex after stimulation with GnRH (lanes 3–10).
While this suggests that the entire aa 2463 to 2472 region may
be required for erlin1/2 complex binding, failure to bind could
also be due to unanticipated effects on the structural integrity
of IP3R1 or the IP3-induced conformational changes to IP3R1
that normally trigger erlin1/2 complex binding. To assess these
parameters, the mutants were introduced into IP3R1-3KO
HEK cells (23), which exhibit high transfection ef!ciency, and
tetramerization and Ca2+ channel activity were assessed using
native PAGE and trypsin-induced Ca2+ mobilization, respec-
tively. IP3R1HAWT and all of the mutants migrated identically
at !1.2 MDa during native PAGE (Fig. 4C), indicating that

tetramerization and overall structural integrity is normal.
Interestingly, however, of the four mutants, only IP3R1-
HA"2471-2472 functioned as an IP3-activatable Ca2+ channel,
exhibiting !73% of normal channel activity (Fig. 4D), indi-
cating that only this mutant undergoes normal conformational
changes and that failure of this mutant to bind to the erlin1/2
complex can be attributed to a speci!c disruption of the
binding interface. In contrast, IP3R1HA"2463-2464, IP3R1-
HA"2465-2467, and IP3R1HA"2468-2470 lacked channel activity
(Fig. 4D) and may be incapable of undergoing normal
conformational changes, which could account for the failure of
erlin1/2 complex binding. Overall, these data (summarized in
Fig. 4A) indicate that the aa 2471 to 2472 region is a compo-
nent of the IP3R1–erlin1/2 complex–binding site.

Analysis of the aa 2471 to 2472 region

To better de!ne the requirements for erlin1/2 complex
binding, IP3R1 mutants with substitutions in the aa 2471 to

Figure 3. Effects of large deletions to IL3 on erlin1/2 complex binding, RNF170 binding, and IP3R ubiquitination. A, diagram of IP3R1HA mutants
(deleted regions are shown as white lines), with (+) indicating strong binding of the erlin1/2 complex and (-) indicating no binding. Also shown are TM5 and
TM6, the sequence of the aa 2463 to 2472 region and the positions of the pore-helix (P-helix) and selectivity !lter (SF). Amino acid numbering corresponds
to mouse IP3R1 (UniProtKB accession number: P11881). B, !T3 IP3R1KO cells were transiently transfected to express IP3R1HA constructs and were incubated
without (-) or with (+) 0.1 "M GnRH for 5 min. Anti-HA IPs and input lysates were probed in immunoblots for ubiquitin, IP3R1HA, erlin1, erlin2, and RNF170.
GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IL3, intralumenal loop 3; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor;
TM, transmembrane.
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Figure 4. Effects of focused deletions to IL3 on erlin1/2 complex binding, RNF170 binding, and IP3R ubiquitination. A, diagram of IP3R1 deletion
mutants (deleted regions are shown as white lines), with (+) and (-) indicating success or failure in tetrameric assembly, channel activity, and erlin1/2
complex association. B, !T3 IP3R1KO cells were transiently transfected to express IP3R1HAs and were incubated without (-) or with (+) 0.1 "M GnRH for
5 min. Anti-HA IPs and input lysates were probed in immunoblots as indicated. C, native PAGE of IP3R1HAs expressed in IP3R1-3KO HEK cells, probed in
immunoblots as indicated. D, Ca2+ mobilizing (channel) activity of IP3R1HAs expressed in IP3R1-3KO HEK cells in response to 0.5 "M trypsin. The immu-
noblot shows the expression levels of IP3R1HAs in IP3R1-3KO HEK cells, with erlin2 serving as a loading control. The peak calcium response of IP3R1HA

#2471-

2472 was 73 ± 3% (n = 5) of that seen with IP3R1HA
WT. GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IL3, intralumenal loop 3; IP, immu-

noprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor.
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2472 region were created and analyzed (Fig. 5A). Since D-2471
and R-2472 have negative and positive charges, respectively,
these were replaced by neutral amino acids of similar size to
examine the role of charge (Fig. 5A). Interestingly, each of the
mutants created (IP3R1HA2471-2472DQ, IP3R1HA2471-2472NR,
and IP3R1HA2471-2472NQ) bound to the erlin1/2 complex
(Fig. 5B, lanes 3–8) and exhibited Ca2+ channel activity very
similar to IP3R1HAWT (Fig. 5C), indicating that the charges of
D-2471 and R-2472 are not required for erlin1/2 complex
binding. To examine the role of size, D-2471 and R-2472 were
also replaced by the much smaller amino acids, alanine and
glycine (Fig. 5A). Remarkably, IP3R1HA2471-2472AA and
IP3R1HA2471-2472GG both failed to bind to the erlin1/2

complex (Fig. 5B lanes 11–14) but exhibited channel activity
very similar to IP3R1HAWT, in terms of both peak response
and EC50 (Fig. 5D), indicating that these substitutions do not
impair the ability of IP3R1 to undergo IP3-induced confor-
mational changes that lead to channel opening but greatly
impact the erlin1/2 complex–binding site. To gain additional
insight, the highest resolution cryo-EM structure of IP3R1 was
used to visualize the juxta-TM5 region (Fig. 5E) (7). D-2471
and R-2472, being part of IL3, protrude into the ER lumen and
appear to be at the outer surface of the IP3R1 tetramer, which
should allow for access to the erlin1/2 complex. Further, since
this region of IL3 appears to lack secondary structure, the only
clear difference between IP3R1

WT and the nonbinding mutants

Figure 5. Effects of substitutions to the aa 2471 to 2472 region on erlin1/2 complex binding, RNF170 binding, and IP3R ubiquitination. A, diagram
of IP3R1 mutants, with the red box designating the aa 2471 to 2472 region, and showing the amino acid charges in that region (-, negative; +, positive; or o,
neutral), together with quantitated erlin1/2 complex binding and channel activity for each construct. B–D, protein association and channel activity char-
acteristics of WT and mutant IP3R1s were examined in IP3R1KO !T3 cells and IP3R1-3KO HEK cells, respectively, as in Figure 4. Erlin1/2 complex binding in
the presence of GnRH was quantitated by measuring erlin2 immunoreactivity in anti-HA IPs, relative to that for IP3R1HA

WT (mean ± SEM, n ! 5); this is
appropriate, as erlin2 constitutes the majority of the erlin1/2 complex and is essential for its function (14). Channel activity was quantitated by measuring
the peak calcium response of mutant IP3R1HAs, relative to that of IP3R1HA

WT (mean ± SEM, n ! 3). D, trypsin EC50 values for peak responses are shown and
differences between IP3R1HA

WT and the mutants were not signi!cant (mean ± SEM, n ! 3, p> 0.1 by one-way ANOVA followed by Tukey’s post hoc test). E,
structure of the TM region of an IP3R1 tetramer with one subunit highlighted in gold (derived from PDB ID: 7LHE) (7). The zoomed-in region shows the
positions of TM5, TM6, the pore helix (P), and the juxta-TM5 region that forms the !rst part IL3 and contains the aa 2471 to 2472 region. Structures of IP3R1
mutants were created to illustrate the differences in side chain size, using UCSF chimera. Note: dotted lines indicate unresolved parts of IL3 and the zoomed-
in region was tilted for clarity. GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IL3, intralumenal loop 3; IP, immunoprecipitation; IP3R, inositol
1,4,5-trisphosphate receptor; PDB, Protein Data Bank; TM, transmembrane.
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is side chain length at positions 2471 and 2472. Overall, these
data suggest that the size of residues in the aa 2471 to 2472
region is a crucial factor for the IP3R1–erlin1/2 complex
interaction.

To con!rm the role of the aa 2471 to 2472 region, IP3R1-
HAWT and IP3R1HA2471-2472AA were stably expressed in
IP3R1KO !T3 cells. The highest expressing cell lines contained
!10% of the IP3R1 levels seen in unmodi!ed !T3 cells
(Fig. 6A). Ca2+-mobilizing activity was almost fully restored in
these reconstituted IP3R1KO cell lines, with the peak re-
sponses very similar to that seen in unmodi!ed !T3 cells
(Fig. 6B), indicating that both IP3R1HAWT and IP3R1HA2471-

2472AA form functional channels and undergo normal confor-
mational changes upon stimulation. Note that the low level of
Ca2+ mobilization in IP3R1KO cells is likely due to the pres-
ence of residual IP3R2 and IP3R3 (less than 1% of total IP3R
levels) (21). As expected, stably expressed IP3R1HAWT bound
to the erlin1/2 complex upon GnRH stimulation but
IP3R1HA2471-2472AA did not (Fig. 6C), and RNF170 association,

polyubiquitination, and downregulation of IP3R1HAs followed
in parallel (Fig. 6 C and D). These data con!rm the importance
of the aa 2471 to 2472 region for erlin1/2 complex association
and for IP3R1 processing by the ERAD pathway.

Role of the juxta-TM5 region in channel activity

Sequence alignment of the N-terminal end of IL3 shows that
the juxta-TM5 region is highly conserved (Fig. 7A), indicating
that it might be indispensable to IP3R function. To gain more
insight into why the deletion mutants in this region (IP3R1-
HA"2463-2464, IP3R1HA"2465-2467, and IP3R1HA"2468-2470) lack
channel activity (Fig. 4A), substitution mutants were con-
structed and characterized (Fig. 7, B–D). IP3R1HA2463-2464AA,
with substitutions immediately adjacent to TM5, mobilized
Ca2+ well (Fig. 7C), showing that the replaced K-2463 and D-
2464 are not critical for channel activity and that the structural
integrity of this mutant is still maintained, despite the loss of
charged residues, which could potentially affect the proper

Figure 6. Analysis of IP3R1HAs stably expressed in IP3R1KO !T3 cells. A, lysates from unmodi!ed and IP3R1KO !T3 cells and IP3R1KO cell lines stably
expressing IP3R1HA

WT or IP3R1HA
2471-2472AA were probed in immunoblots for IP3R1, with erlin2 serving as a loading control. B, Ca2+ mobilizing activity (top)

and peak Ca2+ response (bottom) in the different !T3 cell lines after stimulation with 0.1 "M GnRH. One-way ANOVA followed by Tukey’s post hoc test was
used for statistical analysis, with ** indicating p < 0.01, *** indicating p < 0.001, and N.S. indicating not signi!cant (p > 0.05). C, protein association
characteristics of IP3R1HAs stably expressed in !T3 IP3R1KO cells. Cells were incubated without (-) or with (+) 0.1 "M GnRH for 5 min and anti-HA IPs
together with input lysates were probed in immunoblots as indicated. D, !T3 IP3R1KO cells stably expressing IP3R1HAs were treated with 0.1 "M GnRH for
the times as indicated. Cell lysates were probed in immunoblots for IP3R1HA, with erlin2 serving as a loading control. GnRH, gonadotropin-releasing
hormone; HA, hemagglutinin; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor.
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positioning of TM5 in the ER membrane (24). In contrast,
IP3R1HA2465-2467AAA completely lacked channel activity
(Fig. 7C), and IP3R1HA2464-2465NN and IP3R1HAD2465N, with
charge neutralizing D to N substitutions, lost either all or the
vast majority of Ca2+ channel activity (Fig. 7C), indicating
charges in this region, especially that of D-2465, are essential
to IP3R1 channel activity. A nonspeci!c effect of these muta-
tions on the positioning of TM5 is unlikely in view of the
ability of IP3R1HA2463-2464AA to function normally. Finally,
among the mutants, only IP3R1HA2463-2464AA was able to bind
to the erlin1/2 complex (Fig. 7D), which correlates with its
near normal channel activity.

To better understand the importance of the juxta-TM5 re-
gion and particularly the charge of D-2465, the highest reso-
lution cryo-EM model of IP3R1 was used to visualize the
channel core (Fig. 7E) (7). Relative to the selectivity !lter

sequences, which help form the narrow ion conduction
pathway, D-2465 is found slightly laterally and toward the ER
lumen but still within !9 Å of the !lter. It is, thus, possible
that like the negative charges in the pore of other cation
channels (25–28), D-2465 serves to concentrate Ca2+ ions to
facilitate Ca2+ ion conduction.

The relationship between IP3R1 channel activity and erlin1/2
complex binding

Of all the IP3R1 mutants examined in Figures. 4–7, those
that lack channel activity also fail to bind to the erlin1/2
complex, suggesting that the IP3-induced conformational
changes that lead to channel activity are necessary for erlin1/2
complex binding. To further test this correlation, we examined
three constructs with inactivating mutations remote from the

Figure 7. Role of the juxta-TM5 region in channel activity. A, sequence alignment of IP3R1-3 from Mus musculus (m) and IP3R1 from Rattus norvegicus (r),
and Homo sapiens (h) (UniProtKB accession numbers: P11881, Q9Z329, P70227, P29994, and Q14643, respectively), with the red box designating the aa 2463
to 2472 region and black indicating identity between IP3Rs. B, diagram of IP3R1 mutants with the red boxes designating the substitution sites, with
quantitated channel activity and erlin1/2 complex binding for each construct. C and D, channel activity and erlin2 association of WT and mutant IP3R1HAs
were examined in IP3R1-3KO HEK cells and IP3R1KO !T3 cells, respectively, as in Figure 4. Channel activity (% of WT) and erlin1/2-binding ability (% of WT)
were quantitated as in Figure 5 (mean ± SEM, n ! 3). E, structure of IP3R1 channel pore (derived from PDB: 7LHE) (7), with a side view (two subunits shown
for clarity) and a sectional view (indicated by the dashed line box), showing TM5 and TM6 (light blue), D-2465 (red), the selectivity !lter (yellow), and the pore
helix (green). HA, hemagglutinin; IP3R, inositol 1,4,5-trisphosphate receptor; PDB, Protein Data Bank; TM, transmembrane.

Intralumenal loop 3 of IP3R1 binds to the erlin1/2 complex

8 J. Biol. Chem. (2022) 298(6) 102026 74



N-terminal of IL3, suppressor domain deletion ("SD), R2596A
and D2550A, all of which have been reported to lack Ca2+

channel activity (29–33). Surprisingly, while IP3R1HA"SD and
IP3R1HAR2596A indeed lacked channel activity, IP3R1HAD2550A

was still clearly active (!51% of WT, Fig. 8, A and B), showing
that IP3R1HAD2550A actually possesses residual channel ac-
tivity. A similar result was also seen upon comparison of rat
IP3R1

WT and IP3R1
D2550A (Fig. 8C). As expected, erlin1/2

complex–binding ability correlated with channel activity, with
IP3R1HAD2550A binding the erlin1/2 complex but IP3R1HA"SD

and IP3R1HAR2596A not binding. Clearly though, some IP3R1
mutants (e.g., IP3R1HA2471-2472AA and IP3R1HA2471-2472GG)
have normal channel activity but do not bind to the erlin1/2
complex (Figs. 5 and 6). Therefore, Ca2+ channel activity seems
to be necessary but not suf!cient for erlin1/2 complex binding.

Discussion
It is clear that the erlin1/2 complex interacts with activated

IP3Rs (9, 12, 15), but the molecular determinants of this
interaction have yet to be resolved. Here, we show, using IP3R1
mutants, that the erlin1/2 complex binds to IL3 and, in
particular, to two amino acids (D-2471 and R-2472) in a region
close to TM5. Interestingly, these two amino acids and the
residues immediately adjacent to TM5 that are critical for Ca2+

channel activation are highly conserved between IP3R1-3,
suggesting that this region of IL3 plays an important role in the
normal functioning of IP3Rs.

The key result that locates the erlin1/2 complex–binding site
to the D-2471/R-2472 region is that replacement of these amino
acids with alanine or glycine ablates stimulus-induced erlin1/2
complex binding, without altering Ca2+ mobilization (which
shows that themutant IP3Rs canundergonormal conformational
changes). This indicates that the erlin1/2 complex–binding
interface is speci!cally perturbed in IP3R1HA2471-2472AA and
IP3R1HA2471-2472GG. High resolution cryo-EM images of IP3R1
tetramers (7) show that D-2471 and R-2472 are within the ER
lumen close to the channel pore and are relatively exposed and
thus could create a binding site for the erlin1/2 complex. It re-
mains a possibility, however, that the binding site is in fact
immediately adjacent to the D-2471/R-2472 region and that the
reduction in side chain size and/or increased "exibility resulting
from the introduction of alanine or glycine at positions 2471/
2472 causes a local structural change that disrupts that adjacent
binding site. Currently, there is no equivalent high-resolution
cryo-EM structure for the erlin1/2 complex, but a recently ob-
tained structure of the bacterial stomatin/prohibitin/"otillin/
H"K/C (SPFH) domain–containing proteins H"K and H"C,
which share homology with erlin1 and 2 (34, 35), provides insight
into how the erlin1/2 complex might interface with IP3R1. H"K
and H"C form a cup-shaped, !1 MDa complex linked to the
bacterial inner membrane by their N-terminal TM regions, with
the junction between their SPFH1 and SPFH2 domains located
close to the membrane and providing the binding site for client
FtsH hexamers, which the H"K/C complex encircle (34, 35).
Since the erlin1/2 complex forms a similar !2 MDa structure
linked to the ERmembrane (9, 12, 15),models can be constructed

for how it interacts with activated IP3Rs (Fig. 9). Interestingly, the
SPFH1–SPFH2 domain junction in erlin2may well contribute to
the binding site, asmutation of theT-65 residue,which is found at
the junction (Fig. 9) (34), prevents the erlin1/2 complex from
interacting with activated IP3Rs (14). Clearly, the binding inter-
face will be better understood when high-resolution structures
are de!ned for the erlin1/2 complex and, if possible, for active
IP3R1s in association with the erlin1/2 complex.

An additional signi!cant !nding from the analysis of IP3R1
mutants is that the region of IL3 immediately adjacent to TM5
is critical for channel activation. This was revealed by deletion
and substitution mutants that dramatically inhibit channel
activity and implicate the negative charges of D-2464 and
particularly D-2465 as being key, since IP3R1HAD2465N possess
only residual Ca2+ channel activity. D-2464 and D-2465 are
found close to the channel pore and selectivity !lter, and it is
possible that the negative charges serve to concentrate Ca2+

ions, as has been proposed for other negatively charged resi-
dues in IP3R1 (e.g., E-2469) (7) and in other cation channels
(25–28). Alternatively, these residues could contribute to the
putative Ca2+-binding regulatory site (1, 3) that may be present
between aa 2463 to 2528 of IL3 (36). To the best of our
knowledge, the importance of this juxta-TM5 region in IP3R1
channel activation has not been previously examined, but
clearly, our data indicate that it warrants further investigation.

It is intriguing that the erlin1/2 complex is not the only
protein that interacts with IL3 (1, 3). Chromogranins A and B
interact with the C-terminal end of IL3 near the selectivity
!lter and increase channel open probability (37, 38).
Conversely, ERp44 binds to the N-terminal half of IL3 and
inhibits IP3R1 activity (39), and GRP78 interacts with the same
region and supports channel activity and tetramer assembly
(40), although the exact binding sites have yet to be de!ned.
All of these interactions were observed with nonactivated
IP3Rs (37–40). In contrast, the erlin1/2 complex interacts with
IL3 only when IP3Rs are activated and targets them for ubiq-
uitination and processing by the ERAD pathway (9, 12, 15).
Our data also show that the integrity of the juxta-TM5 region
of IL3 is critical for Ca2+ channel activity. Thus, IL3 is an
important regulatory locus, with the regions adjacent to TM5
and TM6 being most important, a !nding supported by our
observations that deletions in the central part of IL3 (IP3R1-
HA"2473-2480 and IP3R1HA"2481-2519) do not affect channel
activity or erlin1/2 complex association.

There appears to be a complicated relationship between the
functionality of IP3Rs and their ability to recruit the erlin1/2
complex that can be best summarized by the statement that
Ca2+ channel activity is “necessary, but not suf!cient” for
erlin1/2 complex recruitment. Examples are the range of
mutants (e.g., IP3R1HA"2463-2464, IP3R1HA"SD, IP3R1HA2464-

2465NN, and IP3R1HAR2596A, etc) that both fail to act as Ca2+

channels and fail to recruit erlin1/2 complex, presumably
because they cannot undergo normal conformational changes
(i.e., activity is “necessary”), versus IP3R1HA2471-2472AA and
IP3R1HA2471-2472GG, which act as Ca2+ channels but fail to
recruit erlin1/2 complex, presumably because the binding
interface is disrupted (i.e., activity is “not suf!cient”). This
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concept would be invalidated if mutants existed that failed to
act as a Ca2+ channels but could still recruit the erlin1/2
complex, but despite our best efforts, no such mutants have
been found. Data from other sources are consistent with the
“not suf!cient” aspect; mimicking IP3R-mediated Ca2+ mobi-
lization by releasing Ca2+ from the ER with thapsigargin does
not cause erlin1/2 complex recruitment and in fact blocks it
(Fig. 2D), and raising cytosolic Ca2+ concentration through

plasma membrane depolarization also does not induce
recruitment (41). Overall, these data support the notion that
the conformational changes that accompany Ca2+ channel
opening, but not Ca2+ mobilization itself, provides the trigger
for erlin1/2 complex recruitment.

A surprising result from our analysis of IP3R mutants is that
IP3R1HAD2550A is not “pore-dead” as has been widely reported
(31–33) but rather exhibits considerable channel activity

Figure 8. The relationship between IP3R1 channel activity and erlin1/2 complex binding. A, summary of IP3R1 mutants with quantitated channel
activity and erlin1/2 complex binding for each construct. B–D, channel activity of mouse IP3R1HAs (WT, #SD, D2550A, R2596A) and rat IP3R1s (WT and
D2550A) was examined in IP3R1-3KO HEK cells, and erlin2 association with IP3R1HAs was assessed in IP3R1KO !T3 cells as in Figure 4. Channel activity (% of
WT) and erlin1/2-binding ability (% of WT) for each mouse IP3R1HA construct was quantitated as in Figure 5 (mean ± SEM, n ! 3). HA, hemagglutinin; IP3R,
inositol 1,4,5-trisphosphate receptor.
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(!50% of that seen with IP3R1HAWT). This was observed in
IP3R1-3KO HEK cells, so pure tetramers of IP3R1HAD2550A

can be assumed to be responsible and was seen using both
mouse and rat IP3R1 constructs. Furthermore, IP3R1HAD2550A

activation recruits the erlin1/2 complex, indicating that it can
adopt an active conformation. These data suggest that the
D2550A mutation does not obliterate channel activity and that
care should be taken in interpreting data from this mutant.
Many of the studies showing D2550A mutants to be inactive
have been performed in DT40 3KO cells (32, 33), and it is
possible that cell-speci!c factors or high expression levels
obtained in IP3R1-3KO HEK cells allow for residual channel
activity of the mutants to be observed.

By using the novel UBE1 and UPP inhibitor TAK-243 (17),
we were able to gain insight into the sequence of events that
mediate IP3R ERAD. In !T3 cells, this compound very rapidly
inhibits loading of E2 enzymes with ubiquitin and the ubiq-
uitination of generic substrates and blocks GnRH-induced
IP3R1 ubiquitination, without affecting recruitment of the
erlin1/2 complex. This shows that these two events in IP3R
ERAD are independent and that erlin1/2 complex recruitment
occurs !rst. Further, as TAK-243 also blocks IP3R1 down-
regulation, binding of the erlin1/2 complex to activated IP3R1s
per se is insuf!cient to trigger IP3R1 transfer to the proteasome
—it really does require that IP3R1s be ubiquitinated. The
ability of TAK-243 to rapidly inhibit ubiquitination should
make this compound very useful for probing mechanisms
within the UPP, since its mechanism of action contrasts with
existing and widely used UPP inhibitors that block steps after
substrate ubiquitination, for example, p97 and proteasome
inhibitors (42, 43).

Overall, we have identi!ed the site in IP3Rs to which the
erlin1/2 complex binds when IP3Rs are activated. This highly
speci!c recognition mechanism appears to be triggered by
conformation changes to IP3R1 that accompany channel acti-
vation and is not typical of how other substrates are recognized
for ERAD, which tend to be more generic (8–11). Erlin1/2

complex binding is the critical initiation step for IP3R ERAD
and mediates IP3R downregulation during cell activation (9, 14,
15) and also the basal turnover of IP3Rs, since erlin1/2 complex
deletion causes accumulation of IP3Rs (9, 14). In view of the
“necessary, but not suf!cient” requirement for Ca2+ channel
activity, disease-causing IP3R1 mutants that are inactive chan-
nels (e.g., K2563del, G2506R, etc) (44, 45), will likely be resistant
to ERAD and will accumulate in the ER membrane, leading to
perturbations beyond just abnormal Ca2+ homeostasis. For
example, IP3R accumulation will increase the levels of the Bcl-2
family member Bok (21) and perhaps other Bcl-2 family
members that interact with IP3Rs (1, 3) and may affect apoptotic
signaling (21). IP3R accumulation could also reduce free Beclin1
levels and inhibit autophagy as IP3R contains a Beclin1 docking
site (46, 47) and/or alter the bioavailability of some of the many
known IP3R-interacting proteins (1, 3).

Experimental procedures
Materials

!T3 cells, IP3R1KO !T3 cells (21), and IP3R1-3KO HEK cells
(23) were cultured as described (21). Antibodies usedwere: rabbit
polyclonal anti-IP3R1 (48), anti-erlin1 (15), anti-erlin2 (49),
anti-RNF170 (16), anti-HA epitope (16) (used for IP),
anti-Ube2K/E2-25K (#UG 5920; Af!niti Research Products Ltd)
and anti-Ube2G2/Ubc7 (a generous gift from Dr Yihong Ye,
National Institutes of Health); mouse monoclonal anti-HA clone
HA11 (#MMS-101R; Covance, used for immunoblot), anti-
ubiquitin (#BML-PW8810; BioMol International), anti-p97
(#10R-P104A; Fitzgerald), anti-Ube2N/Ubc13 (#37-1100; Invi-
trogen), and anti-Ube2R1/Cdc34 (#25820; Transduction Labo-
ratories). Protease inhibitors, Triton X-100CHAPS, GnRH,
trypsin, thapsigargin, and horseradish peroxidase–conjugated
secondary antibodies were from Sigma. DTT and reagents for
SDS-PAGE were from Bio-Rad. TAK-243 was from MedChe-
mExpress. Protein A-Sepharose CL-4B was from GE Healthcare
and PEI (PEI 25K) was from Polysciences Inc.

Figure 9. Model of how an activated IP3R1 tetramer and the erlin1/2 complex interact. Diagrams of IP3R1 tetramers (7) and erlin1/2 complexes, based
on the dimensions and membrane topology of H"C/K (34, 35), with one AlphaFold-derived erlin2 subunit (52) !tted into each complex. Also, shown are the
aa 2471 to 2472 region of one IP3R1 subunit (red oval) and for erlin2, the positions of the TM region, the SPFH1 and SPFH2 domains, the long coil–coil (CC)
domain, and T-65 (yellow oval), that is key to interactions with activated IP3R1 (15). Activated IP3R1 tetramers could bind with the erlin1/2 complex through
interactions with the outer surface of the complex (left) or even be encircled by the complex (right). IP3R, inositol 1,4,5-trisphosphate receptor; TM,
transmembrane.
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Plasmids

A pcDNA3.1 based vector encoding WT mouse IP3R1
tagged at the C terminus with a HA epitope (IP3R1HA) (50)
was utilized as a template for generating IP3R1HA mutants by
inverse PCR (primer sequences available upon request). All
IP3R1HA mutants were con!rmed by DNA sequencing
(Genewiz). IP3R1HAD2550A was prepared as described (22) and
rat WT and D2550A IP3R1s were generous gifts from Dr
David Yule’s lab (University of Rochester).

Cell lysis, IP, electrophoresis, and immunoblotting

For cell lysis to assess protein expression level, cells were
collected with HEPES buffered saline with EDTA (155 mm
NaCl, 10 mm HEPES, 1 mm EDTA, pH 7.4), resuspended in
ice-cold Triton lysis buffer (150 mM NaCl, 50 mM Tris–HCl,
1 mM EDTA, 1% Triton X-100, 10 #M pepstatin A, 0.2 #M
soybean trypsin inhibitor, 0.2 mM PMSF, 1 mM DTT, pH 8.0),
incubated on ice for 30 min, centrifuged at 16,000g for 10 min
at 4 "C, and supernatants were collected for analysis. For
analysis of IP3R1 ubiquitination and protein association, !T3
cells were lysed with ice-cold CHAPS lysis buffer (150 mM
NaCl, 50 mM Tris–HCl, 1 mM EDTA, 1% CHAPS, 10 #M
pepstatin A, 0.2 #M soybean trypsin inhibitor, 0.2 mM PMSF,
pH 8.0) supplemented with 5 mM N-ethylmaleimide, incu-
bated on ice for 30 min, followed by addition of 5 mM DTT,
and centrifugation at 16,000g for 10 min at 4 "C. Supernatants
were incubated with anti-IP3R1 and protein A-Sepharose CL-
4B beads for !16 h at 4 "C, and IPs were then washed three
times with CHAPS lysis buffer, resuspended in gel loading
buffer (!nal concentration: 1% SDS, 0.05% bromphenol blue,
5% glycerol, 100 mM DTT, and 50 mM Tris–HCl pH 6.8),
incubated at 37 "C for 30 min, and subjected to SDS-PAGE,
transfer to nitrocellulose membranes, and immunoblotting.
Immunoreactivity was detected with Supersignal chem-
iluminescence reagents (Thermo Fisher) and a Chemidoc
imager (Bio-Rad).

Ubiquitin conjugation to E2s

!T3 cells were harvested with HEPES buffered saline with
EDTA and resuspended in ice-cold Triton lysis buffer without
DTT, followed by incubation on ice for 30 min and centrifu-
gation at 16,000g for 10 min at 4 "C. Supernatants were split
and transferred into two new tubes and mixed with gel loading
buffer without or with 100 mM DTT (20), incubated at 37 "C
for 30 min, and subjected to SDS-PAGE and probed in im-
munoblots for E2s and ubiquitin.

Analysis of exogenous IP3R1HAs in IP3R1KO !T3 cells

IP3R1KO !T3 cells were transfected with IP3R1HA com-
plementary DNAs (cDNAs) via electroporation using the
Neon Transfection System (Invitrogen). Brie"y, cells were
trypsinized, mixed with culture medium, centrifuged at !400g
for 5 min at room temperature, resuspended in PBS at a
density of 3 ! 107/ml together with 100 #g/ml cDNA, and 5 !
100 #l aliquots per condition were electroporated (1 pulse,
20 ms, 1500 V). To improve transfection ef!ciency and cell

survival, electroporated cells were collected in open sterile
microcentrifuge tubes and placed in a humidi!ed 37 "C/5%
CO2 incubator for !20 min before being transferred back to
culture medium in 10 cm diameter dishes (51). To assess
ubiquitination and the protein association characteristics of
exogenous IP3R1HAs, cells were harvested 24 to 48 h later in
CHAPS lysis buffer; cell lysates were incubated with anti-HA
to IP IP3R1HAs, and samples were processed for immuno-
blotting as already described.

Analysis of exogenous IP3R1HAs in IP3R1-3KO HEK cells

IP3R1-3KO HEK cells were seeded at 5 ! 105 cells/well in 6-
well plates and transfected with 2 #g IP3R1HA cDNAs and 6 #l
of 1 mg/ml PEI. Cells were subcultured !24 h later and
transferred either to poly-D-lysine–treated 96-well micro-
plates (Greiner) to measure free cytosolic Ca2+ or to new 6-
well plates for analysis of IP3R1HA expression !24 h later.
FLIPR Calcium 6 assay Kit (Molecular Devices) was used, and
"uorescent signals were detected using a FlexStation 3 Multi-
Mode Microplate Reader (Molecular Devices). To determine
IP3R1HA expression levels, cells from 6-well plates were lysed
with Triton lysis buffer for SDS-PAGE and immunoblotting.
To assess tetrameric assembly of IP3R1HAs, cells were dis-
rupted with CHAPS lysis buffer and subjected to native PAGE
(Invitrogen) and transferred to polyvinylidene "uoride mem-
branes for immunoblotting as described (14).

Stable expression of IP3R1HAs

Stably reconstituted cell lines were obtained by transfecting
IP3R1KO !T3 cells with IP3R1HAWT or IP3R1HA2471-2472AA

cDNAs using the Neon Transfection System, followed by
selection in 1.3 mg/ml G418 for 72 h. After recovery in
G418-free culture medium for 24 h, the cells were seeded at a
density of 1 cell/well in 96-well plates, expanded, and screened
for expression in immunoblots with both anti-IP3R1 and anti-
HA. For each DNA construct, two clones were selected for
analysis and yielded essentially the same results.

Data presentation

All experiments were performed at least twice and repre-
sentative images of gels with molecular markers (in kDa) on
the side are presented. Immunoreactivity was quantitated us-
ing ImageJ (https://imagej.nih.gov/ij/). Calcium response
traces shown are the average of "uorescence signals from 2 to
3 wells from one representative experiment. All quantitated
data are expressed as mean ± SEM (n= the number of inde-
pendent experiments).

Data availability
All data described and discussed are located within the

article.
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4.1 Abstract 

The ubiquitin-Proteasome Pathway (UPP) is a major pathway for protein 

degradation and regulates cellular processes in mammalian cells. UPP inhibitors are 

currently being used as therapeutic agents in numerous diseases. TAK-243, a first-in-class 

inhibitor of ubiquitin E1 enzyme, is currently in clinical trials. In a previous study, we have 

found that TAK-243 rapidly (in 10min) blocks IP3 receptor (IP3R) ubiquitination and 

downregulation by the UPP. Here, we discovered that longer-term (2 hours) pre-treatment 

of cells with TAK-243 also has major effects on calcium handling. In αT3 mouse pituitary 

cells, TAK-243 dramatically reduced basal cytosolic Ca2+ concentration and agonist 

(GnRH)-induced cytosolic Ca2+ mobilization and appeared to enhance thapsigargin-

induced cytosolic Ca2+ response. Similar but not identical effects of TAK-243 were seen 

in HeLa and SH-SY5Y cells or with inhibition of other steps in the UPP (e.g., proteasome 

inhibition with MG-132 and p97 inhibition with CB-5083). Overall, these data indicate that 

UPP inhibition reprograms the Ca2+-handling properties of mammalian cells. 

 

4.2 Introduction 

The ubiquitin-Proteasome Pathway (UPP) is a significant pathway for protein 

degradation and regulates different cellular processes in mammalian cells, such as cell 

cycle control and apoptosis1,2. Briefly, UPP tags substrates with ubiquitin utilizing 

ubiquitin E1, E2 and E3 enzymes, and then substrates will be targeted for proteolysis by 

the 26s proteasome3. Targeting the UPP has been proposed to treat various diseases, 

including cancer, neurological diseases, cardiovascular diseases and skeletal muscular 

diseases4–7. Some UPP inhibitors (e.g., Bortezomib, Carfilzomib, Ixazomib and Pimozide) 
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have been approved by FDA, and many other inhibitors are also in different phases of 

clinical trials for various diseases8. 

TAK-243 (MLN7243) is a first-in-class inhibitor of ubiquitin E1 enzyme9 and is 

used in clinical trials (NCT03816319 and NCT02045095) for leukemia and advanced solid 

tumor. TAK-243 can efficiently block the initial step of the ubiquitination cascade in cells, 

induce ER stress and activate the unfolded protein response. TAK-243 also disrupts cell 

cycles, DNA damage repair and upregulates pro-apoptotic proteins, which can further 

cause cell death9–11. Currently, the majority of the studies regarding TAK-243 focus on 

cancer treatment. 

IP3Rs are tetrameric ligand-gated Ca2+ channels mainly located in the ER 

membrane and control the Ca2+ release from the ER Ca2+ stores. Active IP3Rs are 

ubiquitinated and degraded by the UPP. Previously, we have used TAK-243 to probe the 

mechanism of IP3R processing by the UPP and found that brief pretreatment with TAK-

243 can efficiently block stimulus-induced IP3R ubiquitination and downregulation, 

without affecting IP3R activation or erlin1/2 complex association12. However, the effect of 

more prolonged treatment with TAK-243 on IP3R’s function or other aspects of Ca2+ 

mobilization has not been determined. 

Here, we found that long-term treatment with TAK-243 alters Ca2+ handling in 

mammalian cells. In αT3 mouse pituitary cells, TAK-243 dramatically reduces IP3R-

mediated cytosolic Ca2+ mobilization up GPCR activation. We assessed two key factors in 

IP3R-mediated Ca2+ mobilization in αT3 cells: the ER Ca2+ level and IP3 production and 

surprisingly found that the ER Ca2+ store can be partially depleted by TAK-243. The 

depletion is due to slow Ca2+ release from IP3Rs and accelerated passive ER Ca2+ leak. We 
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also found long pretreatment with TAK-243 enhances Ca2+ entry. Similar, but less extreme 

effects of TAK-243 on IP3R-mediated Ca2+ mobilization are also seen in HeLa and SH-

SY5Y cells, and inhibition of other steps in the UPP (e.g., proteasome inhibition with MG-

132 and p97 inhibition with CB-5083) have similar effects to TAK-243. 

 

4.3 Experiment procedures 

 

4.3.1 Materials  

αT3 cells, IP3R1KO αT3 cells13, Hela cells and neuroblastoma SH-SY5Y cells were 

cultured as described13,14. Antibodies used were: rabbit polyclonal anti-IP3R115, anti-

erlin216 and PLCb3 (#14247, Cell Signaling Technology); mouse monoclonal, anti-p97 

(#10R-P104A, Fitzgerald), anti-myc tag (#2276, Cell Signaling Technology) and anti-

STIM1 (#610954, BD Biosciences). EGTA, different protease inhibitors, Triton X-100, 3-

[(3-cholamidopropyl)-dimethylammonio]-1-, propanesulfonate (CHAPS), GnRH, trypsin, 

thapsigargin and horseradish peroxidase-conjugated secondary antibodies were purchased 

from Sigma. 1,4-dithiothreitol (DTT) and reagents for SDS-PAGE were purchased from 

BioRad. TAK-243 was purchased from MedChemExpress and protein A-Sepharose CL-

4B was purchased from GE Healthcare. Plasmids used were: R-CEPIAer (a generous gift 

from Dr. Ivana Kuo, Loyola University Chicago, but originally from Addgene #58216) and 

R-CEPIA3mt ((#140464, Addgene). 

 

4.3.2 Cell lysis, immunoprecipitation (IP), Electrophoresis and Immunoblotting 
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To assess protein expression level, cells were lysed in ice-cold Triton lysis buffer 

(1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 10 μM pepstatin A, 0.2 

μM soybean trypsin inhibitor, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM DTT, pH 8.0) 

followed by incubation on ice for 30 minutes and centrifugation at 16,000 x g for 10 

minutes at 4 oC. To assess protein-protein interaction by co-IP, cells were lysed in the same 

way with 1% CHAPS instead of Triton X-100, and the cell lysates were incubated with 

anti-IP3R1 and protein A-Sepharose CL-4B beads for ~16 hours at 4oC. IPs were then 

washed three times with CHAPS lysis buffer. All samples were resuspended in gel loading 

buffer, incubated at 37oC for 30 minutes, and subjected to SDS-PAGE, transferring to 

nitrocellulose membranes and immunoblotting as described12.  

 

4.3.3 Quantification of mRNA levels  

RNA was extracted from intact cells using the miRNeasy Mini Kit (Qiagen), and 

the quality and quantity of RNA were assessed with the Agilent 2100 Bioanalyzer, using 

the RNA 6000 Nano Kit. For each sample, 500ng of total RNA was processed using the 

Illumina Stranded mRNA Prep, following the manufacturer’s protocol. The size and 

quantity of the sequencing libraries were evaluated with the Agilent 2100 Bioanalyzer 

using the DNA 1000 Kit. The RNA sequencing (RNA-seq) was done on the NextSeq500 

or NextSeq2000 instrument followed by the analysis using Salmon17. 

 

4.3.4 Analysis of inositol phosphates (IPx) 

IPx analysis was conducted as reported before18. Briefly, cell samples were mixed 

with pre-chilled 1 M perchloric acid and beads. After homogenization and centrifugation, 
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supernatant was loaded into a centrifuge filter containing 5 mg TiO2. Washing step was 

conducted twice with 0.1 M hydrochloric acid (HCl). IPx was eluted with 10% (v/v) 

ammonia solution. Samples and IPx standards were lyophilized and reconstituted 1 mM 

HCl in methanol (light label) and 1 mM DCl in methanol-d4 (heavy label), respectively, 

and hundred-microliter of 2 M trimethylsilyldiazomethane solution was added. After 10-

min incubation at room temperature, the reaction was quenched by adding 5 μL glacial 

acetic acid. Internal standard solution was prepared by resuspending heavy labeled 

standards at 250 ng/mL with methanol/water (1:9, v/v). After reconstitution with 50 μL 

internal standard solution, samples with light labels were submitted for LC-MS analysis. 

LC-MS/ MS analysis was carried out on a 1290 Infinity UHPLC system with a 

COSMOCORE 2.6Cholester packed column (2.6 mm, 2.1 mm x 150 mm). Ten mM 

ammonium formate in water and methanol were used as mobile phases. The gradient 

elution (0.0 min, 5% B; 3 min, 5% B; 9 min, 40% B; 10 min, 40% B; 10.1 min, 5% B; 15 

min, 5% B) was carried out at a flow rate of 0.4 mL/min. MS data were acquired on 

QTRAP4500 mass spectrometer with a Turbo V source in selected reaction monitor mode 

(positive mode). Identification and quantification were carried out with the aid of synthetic 

standards of IPx. 

 

4.3.5 Ca2+ mobilization and Store-operated calcium entry (SOCE) assay 

Cells were seeded in 96-well microplates (Corning), and FLIPR Calcium 6 (Cal6) 

assay Kit (Molecular Devices) was used, and the fluorescence signal, which provides an 

index of cytosolic Ca2+ concentration, was detected using a FlexStation® 3 Multi-Mode 

Microplate Reader (Molecular Devices) after the cells were preincubated with DMSO or 
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3µM TAK-243 for two hours. For Ca2+ mobilization assays, the cells were treated with 

GPCR agonists or thapsigargin. For SOCE assays, EGTA and thapsigargin were added to 

the cells for ~10-20minutes to chelate extracellular Ca2+ and deplete the ER Ca2+ store, 

respectively, and 4mM CaCl2 was added to induce the Ca2+ entry.  

 

4.3.6 Measurement of ER Ca2+ and mitochondrial Ca2+ 

αT3 cells were transfected with R-CEPIAer or  R-CEPIA3mt cDNAs via 

electroporation using the Neon® Transfection System (Invitrogen) as described12. Briefly, 

cell resuspension prepared in PBS at a density of 3 × 107/ml was mixed with 40-80 μg/ml 

cDNA and electroporated (1 pulse, 20 ms, 1500 V) before being transferred to 6-well 

plates. On the following day, the transfected cells were transferred to 96-well microplates 

(Corning), and the rest cells were transferred to new 6-well plates for analysis of R-CEPIA 

expression. R-CEPIA signals were detected using a FlexStation® 3 Multi-Mode 

Microplate Reader (Molecular Devices). Cells from 6-well plates were lysed with Triton 

lysis buffer for SDS-PAGE and immunoblotting.  

 

4.3.7 Data Presentation 

All experiments were performed at least twice and representative images of gels 

with molecular markers (in kDa) on the side are presented. Immunoreactivity was 

quantitated using ImageJ (https://imagej.nih.gov/ij/). Calcium response traces shown are 

the average fluorescence signals from multiple wells from one representative experiment. 

Quantitated data are generally expressed as mean ±SEM (n= the number of independent 

experiments), or otherwise as indicated.  

88

https://imagej.nih.gov/ij/


4.4 Results 

4.4.1 TAK-243 alters Ca2+ handling in mammalian cells 

Previously, we showed that brief (10 minutes) pretreatment of αT3 mouse pituitary 

cells with TAK-243 can block GnRH-induced IP3R processing by the ubiquitin-

proteasome pathway, without affecting IP3R activation, as indicated by normal association 

of the erlin1/2 complex12. Consistent with this conclusion, acute pretreatment with TAK-

243 does not alter IP3R-mediated Ca2+ mobilization induced by GnRH (Supplementary 

Fig.1). We also examined whether longer pretreatment might alter Ca2+ mobilization and 

surprisingly found that 2 hours with TAK-243 significantly lowered the basal cytosolic 

Ca2+ levels and reduced the initial peak of GnRH-induced Ca2+ mobilization (Fig. 1A). To 

assess more directly IP3R-mediated Ca2+ release from the ER, EGTA was included to 

chelate extracellular Ca2+ and suppress Ca2+ entry19. This reduced basal Ca2+ levels in both 

control and TAK-243-pretreated cells to the same point (Supplementary Fig.2), and 

clarified the inhibitory effect of TAK-243 (Fig. 1B) on the initial peak of GnRH-induced 

Ca2+ mobilization. These effects of TAK-243 were not due to the inhibition of Cal6 dye 

loading, as maximal responses to the Ca2+ ionophore ionomycin were similar in control 

and TAK-243 pretreated cells (Supplementary Fig. 3A). Overall, the data in Fig 1 A and B 

indicate that in αT3 cells, prolonged pretreatment with TAK-243 alters Ca2+ homeostasis 

and strongly inhibits responsiveness to GnRH. We also examined human Hela and SH-

SY5Y cells and found similar effects of TAK-243 (Fig.1C-F). In particular, peak responses 

to GPCR agonists were suppressed: for Hela cells only when extracellular Ca2+ were 

chelated (D) and for SH-SY5Y cells under all conditions (E and F). Again, the responses 

to ionomycin (Supplementary Fig. 3B and C) showed this effect was not due to 
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Figure 1 

 

Figure 1. Effects of TAK-243 on GPCR agonist-induced Ca2+ mobilization. αT3 (A 
and B), HeLa (C and D) and SH-SY5Y cells (E and F) were preincubated for 2h with either 
DMSO or 3µM TAK-243 and were then exposed to maximal concentrations of the GPCR 
agonists GnRH, trypsin and carbachol, respectively, either without (A, C and E) or with 
prior addition of 3mM EGTA for 3 minutes to chelate extracellular Ca2+ (B, D and F). Cal6 
fluorescence intensity at 485nm provides an index of cytoplasmic Ca2+ concentration. Cal6 
fluorescence intensities are normalized to pre-agonist values in DMSO-treated cells and 
numerical values in each panel are basal and peak fluorescence intensity (mean ± SEM). 
Values were compared using unpaired T-test with Welch’s correction, with * indicating 
significant difference in basal or peak fluorescence intensity between DMSO and TAK-
243 treated cells (p< 0.05, n≥3). 
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the inhibition of Cal6 loading. In contrast to αT3 cells, however, TAK-243 increased the 

basal cytosolic Ca2+ level in both cell lines which could be due to the difference or lack of 

some ion channels on the plasma membrane. Therefore, these data suggest TAK-243 

inhibits GPCR agonist-induced Ca2+ mobilization and alters basal Ca2+ levels in various 

mammalian cell lines.  

To further probe the effects of TAK-243, cells were treated with the 

sarco/endoplasmic Reticulum Calcium ATPase (SERCA) pump inhibitor, thapsigargin 

(TG), which causes passive Ca2+ leak from the ER, Ca2+ store depletion and Ca2+ entry20. 

Intriguingly, in αT3 cells in the presence of extracellular Ca2+, TAK-243 pretreatment 

accelerated TG-induced Ca2+ responses and appeared to induce a big response (Fig. 2A), 

although this was hidden by the initial lower basal level. In the absence of extracellular 

Ca2+, which isolates the Ca2+ release from the store and suppresses Ca2+ entry, TAK-243 

again changed the Ca2+ release kinetics from the ER with shorter activation time (time to 

peak) and also induced lower peak responses (Fig. 2B). These data suggest that TAK-243 

pretreatment accelerates ER Ca2+ leak and also partially deplete the Ca2+ store. Similar 

effects of TAK-243 were also seen in Hela and SH-SY5Y cells. In the presence of 

extracellular Ca2+, TAK-243 also accelerated TG-induced Ca2+ responses, and the 

enhancement of TG-induced Ca2+ response by TAK-243 was more significant than that in 

αT3 cells (Fig.2C and E). In the absence of extracellular Ca2+, TAK-243 changed the Ca2+ 

release kinetics from the ER, with shorter activation time (time to peak) as seen in αT3 

cells, but the peak responses of TG were not significantly altered (Fig. 2D and E). These 

data suggest that the effect of TAK-243 on the ER Ca2+ leakage appears to be the same in 

various mammalian cell lines and, likely due to cell type difference, TAK-243 treatment 
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may or may not affect the ER Ca2+ levels. Collectively, TAK-243 has similar major effects 

on Ca2+ handling in different mammalian cells. 

 

 

Figure 2 

 

Figure 2. Effects of TAK-243 on TG-induced Ca2+ mobilization. αT3 (A and B), HeLa 
(C and D) and SH-SY5Y cells (E and F) were preincubated for 2h with either DMSO or 
3µM TAK-243 and were then exposed to TG either without (A, C and E) or with prior 
addition of 3mM EGTA for 3 minutes to chelate extracellular Ca2+ (B, D and F). Cal6 
fluorescence intensities were normalized to pre-TG values in DMSO-treated cells and 
numerical values (mean ± SEM) in panel B, D and F are time after TG addition in seconds 
to reach the peak response (time to peak) and peak fluorescence intensity (peak size). 
Values were compared using unpaired T-test with Welch’s correction, with * indicating 
significant difference in T0%-100% or peak between DMSO and TAK-243 treated cells (p< 
0.05, n≥3). 
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4.4.2 Time-dependence of the effects of TAK-243 in αT3 cells 

αT3 cells were pretreated with TAK-243 for different times, and Ca2+ mobilization 

was assessed as in Fig. 1A. TAK-243 started to significantly reduce the basal cytosolic 

Ca2+ level and the peak of GnRH-induced Ca2+ response after 1 hour (Fig 3A and B). 

Relative to the basal cytosolic Ca2+ level, TAK-243 also appeared to gradually elevate the 

plateau of GnRH-induced Ca2+ mobilization (Fig. 3C). These data suggest TAK-243 did 

not induce an acute blockage of Ca2+ signaling (peak response) or directly cause a Ca2+ 

entry (plateau), and the effects of TAK-243 are more likely due to the consequences of 

UPP inhibition, e.g., misfolded proteins, gene expression. 

 

4.4.3 Mechanisms of TAK-243 effects in αT3 cells 

To begin to understand how TAK-243 reduces IP3R-mediated Ca2+ mobilization, 

we firstly examined the ER Ca2+ level in αT3 cells using a genetically encoded sensor R-

CEPIAer21, since ER Ca2+ concentration will influence the size of Ca2+ responses and is a 

key regulator of IP3R activity22. After showing that the R-CEPIAer fluorescence signal was 

rapidly reduced by TG (Fig. 4A), indicating that it faithfully reports ER Ca2+ content, we 

found that TAK-243 gradually reduced R-CEPIAer fluorescence signal by ~20% 

maximally after 2 hours (Fig. 4B). This decrease has been estimated to correlate with a 

40% decrease in ER Ca2+ concentration21. Further, TAK-243 treatment accelerated the 

decrease in R-CEPIAer fluorescence signal in the presence of TG (Fig. 4C). This result 

indicates that TAK-243 treatment causes acceleration in the passive ER Ca2+ leak, which 

is consistent with our finding in Fig. 2B that TAK-243 changed the TG-induced Ca2+ 

release kinetics from the ER.  
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Figure 3 

 
 
Figure 3. Time-dependence of the effects of TAK-243 in αT3 cells. αT3 cells were 
preincubated with 3µM TAK-243 for 0-2 hours or with DMSO as a vehicle control for 2 
hours and were then exposed to 0.1 µM GnRH (panel A). Values were normalized to pre-
agonist values in DMSO-treated cells. Numerical values for the basal level (Baseline), the 
peak value (Peak response) and the difference between the plateau and basal level (Plateau- 
Baseline) are presented as mean ± SEM in panel B and C, and * indicates statistical 
difference from the no treatment control (p <0.05, n≥3, one-way ANOVA). 
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Figure 4 

 

 

Figure 4. TAK-243 partially depletes the ER Ca2+ store and accelerates the passive 
Ca2+ leak from the ER. αT3 cells were transiently transfected to express R-CEPIAer, and 
R-CEPIAer fluorescence intensity (F) was measured and normalized to pretreatment values 
(F0). A. Responses to addition of DMSO or 1µM TG. B. Cells were treated with either 
DMSO or 3µM TAK-243 and the fluorescence intensity (mean+/- SEM) was measured at 
0, 0.5, 1 and 2 hours. * indicates statistical difference from DMSO control at the same time 
point (p <0.05, n≥8, unpaired T-test with Welch’s correction). The immunoblot shows the 
expression levels of R-CEPIAer were same after DMSO/TAK-243 treatment, showing the 
decrease in R-CEIPIA signal in not due to less protein expression. C. Cells were incubated 
with either DMSO or 3µM TAK-243 for 2 hours and were then exposed to TG. F0 indicates 
the fluorescence signal value before pretreatment with DMSO or 3µM TAK-243. 
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We also examined whether TAK-243 affects IP3 production (Fig. 5A) since a 

decrease in IP3 levels could account for the lower responses to GPCR agonists22. Under 

GnRH stimulation conditions, compared to the control cells, TAK-243-pretreated cells can 

still produce an equal amount of IP3 (lane 2 and 4). However, there is more IP3 production 

in TAK-243-pretreated cells without GnRH stimulation (lane 1 and 3). These data suggest 

that TAK-243 pretreatment activates IP3Rs, but the following GnRH-induced IP3R 

activation was suppressed by TAK-243 without affecting IP3 production. Our previous 

study has suggested that IP3R-erlin1/2 complex interaction strongly correlates with IP3R 

activation12, and we found the same with TAK-243 pretreatment by co-IP (Fig. 5B, lane 1-

4). A time course experiment showed that TAK-243 started to induce substantially more 

IP3R-erlin1/2 complex interaction after one-hour pretreatment suggesting TAK-243 

gradually activates more IP3Rs, rather than causing an acute reaction.  

To explore how TAK-243 elevates IP3 levels in αT3 cells, we used RNA 

Sequencing to quantify changes in gene expression and found that multiple isoforms of 

phospholipase C, which are the upstream component of IP3, were upregulated by TAK-243 

(Supplementary Fig. 4). Among all of these isoforms, only phospholipase C beta 3 (PLCb3) 

was detected in αT3 cells by other former studies23 and its mRNA level was increased by 

~64% after TAK-243 treatment. Therefore, we focused on PLCb3 and showed on 

immunoblots that PLCb3 was gradually upregulated by TAK-243 treatment (Fig. 5D), 

which could lead to more IP3 production. Overall, these data indicate that long-term TAK-

243 treatment can produce more IP3 without GPCR-agonist stimulation, activate IP3Rs and 

in turn, slowly release the ER Ca2+.  
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To determine the extent to which these effects of TAK-243 on the ER Ca2+ store 

are dependent on IP3Rs, we examined in IP3R1KO αT3 cells in which 99% of total IP3Rs 

were ablated13. In contrast to WT αT3 cells, IP3R1KO αT3 cells only showed ~7% 

reduction in R-CEPIAer fluorescence signal after TAK-243 treatment for 2 hours (Fig. 5D 

and E), indicating that the ER Ca2+ store depletion is much less in IP3R1KO αT3 cells and 

suggesting that IP3 production and IP3R activation do contribute to TAK-243-induced ER 

Ca2+ store depletion.  

Moreover, TAK-243 also accelerated the decrease in R-CEPIAer fluorescence 

signal in the presence of TG in IP3R1KO αT3 cells (Fig. 5E), similarly to WT αT3 cells 

(Fig. 4C). This result showed that the passive Ca2+ leak was the same with ablation of 

almost all IP3Rs, suggesting that a different channel is responsible for it. To be noted, in 

the absence of TG, the loss of ER Ca2+ is much slower in IP3R1KO αT3 cells (Fig. 5D), as 

SERCA pumps counteract the passive ER Ca2+ leak but may not fully balance it. Overall, 

these data suggest that the release of ER Ca2+ by TAK-243 is not only through IP3Rs, but 

also some other Ca2+ ion channels which leads to a passive Ca2+ leak. 

 

4.4.4 TAK-243 also enhances Ca2+ entry in αT3 cells 

Whether TAK-243 also affects Ca2+ entry into αT3 cells was assessed using a 

previously-validated assay24 that measures Ca2+ entry via increases in cytosolic Ca2+ 

concentration that occur after the addition of Ca2+ to cells previously incubated in Ca2+-

free medium. Most often, this assay utilizes TG to deplete ER Ca2+ stores to trigger STIM/ 

Orai-mediated store-operated Ca2+ entry (SOCE) 19,25, which is the major route of Ca2+ 

entry in non-excitable cells26. However, in excitable cells, like alphaT3 cells,  
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Figure 5 

 
Figure 5. TAK-243 increases IP3 production and activates IP3Rs. A. After 2-hour 
preincubation with either DMSO or 3µM TAK-243, the aT3 cells were treated without (-) 
or with (+) 0.1 µM GnRH. The levels of IP3 and IP1 were assessed and graphed (mean 
±SEM) with * indicating statistical difference between two groups (p<0.05, n=3, T-test 
with Welch’s correction). Note: IP1 is a stable metabolite of IP3 and its measurement was 
used as supporting evidence to show the change in IP3 level.  B. Cells were either treated 
as in panel A (left lane1-4) or with 3µM TAK-243 treatment for different time as indicated 
(right, lane 5-8), and anti-IP3R1 IPs prepared from the cell lysates were probed on 
immunoblots for IP3R1 and erlin2, which is a major protein partner of the erlin1/2 complex, 
to determine IP3R-erlin1/2 complex interaction. C. Protein levels of PhosphoslipaseC b3 
isoform (PLCb3) were assessed in immunoblot when aT3 cells were preincubated with 
3µM TAK-243 for different times as indicated. Quantitated immunoreactivity for PLCb3 
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was normalized to the no treatment control (0 hour) and graphed (mean ±SEM) with * 
indicating statistical difference from control (p<0.05, n≥3, one-way ANOVA). D and E. 
WT and IP3R1KO cells were transiently transfected to express R-CEPIAer and R-CEPIAer 
fluorescence signals were measured as in Fig 4. After 2-hour treatment with 3µM TAK-
243, traces were presented when IP3R1KO cells were exposed to TG (panel. D) and basal 
R-CEPIAer fluorescence signals in both cell lines were compared (panel. E).  F0 indicates 
the fluorescence signal value before pretreatment with DMSO or 3µM TAK-243. 
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Figure 6 

 

Figure 6. TAK-243 enhances store-operated Ca2+ entry. αT3 cells were preincubated 
for 2 hours with either DMSO or 3µM TAK-243. A. Cells were also treated with 3mM 
EGTA for 23 minutes before completion of the preincubation. 4mM Ca2+ was then added 
to induce Ca2+ entry without (solid line) or with prior addition (dotted line) of 1 µM TG as 
indicated. The traces shown are representative of multiple independent experiments. B.  
Measurement of TG-induced Ca2+ entry upon the Ca2+ addition was the difference in the 
Ca2+ response at the peak of the TG condition, and values in the same experiments were 
paired. C. Cell lysates were subjected to SDS-PAGE with the addition of nothing (-), H2O 
(H), or the endoglycosidase H and then probed in immunoblots for STIM1. Erlin2 was used 
as a glycoprotein control to show the efficiency of the endoglycosidase H. 
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stimulus-induced Ca2+ entry is predominantly via voltage-gated Ca2+ channels rather than 

SOCE24,27. Indeed, in αT3 cells, robust Ca2+ entry occurred without TG treatment and TG 

only slightly enhanced that Ca2+ entry (Figure 6A), suggesting that store depletion in aT3 

cells plays only a minor role in triggering Ca2+ entry. By comparing the control and TAK-

243-treated cells, there is still a tendency that TAK-243 enhances Ca2+ entry after TG 

treatment (Fig. 6A and B). An additional finding is that TAK-243 causes post-translational 

modification (PTM) of STIM1 (Fig. 6C). The PTM likely includes glycosylation because 

a recombinant glycosidase, Endo H, appears to reduce the vast majority of the PTM, and 

glycosylation of STIM1 may contribute to the enhanced SOCE28,29. Overall, these data 

suggest that treatment with TAK-243 enhances Ca2+ entry into αT3 cells, very likely due 

to STIM1 PTM. 

 

4.4.5 Other UPP inhibitors have similar effects to TAK-243 in αT3 cells 

For comparison with TAK-243, we also examined MG-132 and CB-508330,31, 

which are the inhibitors of the proteasome and p97 AAA ATPases, respectively. Initial 

analysis (not shown) revealed that 2-hour pretreatment with MG-132 and CB-5083 in αT3 

cells did not substantially alter Ca2+ handling. However, with 4 hours’ pretreatment, we 

found MG-132 and CB-5083 both reduced peak response of IP3R-mediated Ca2+ 

mobilization (Fig. 7A), suggesting that there is a common mechanism (e.g., misfolded 

proteins or altered gene expressions) of how the UPP inhibitors affect IP3R-mediated Ca2+ 

mobilization. Interestingly, MG132 also reduced the basal Ca2+ levels, and the extent of 

reduction is more extreme (Fig. 7A) than that after TAK-243 pretreatment, as we saw in 

Fig. 1 and 2. Additionally, MG-132 and CB-5083 induced IP3R-erlin1/2  
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Figure 7 

 

 

 

Figure 7. Other UPP inhibitors showed similar effects to TAK-243. αT3 cells were 
preincubated with either DMSO or different UPP inhibitors (10µM MG-132, 1µM CB5083 
and 3µM TAK-243) for 4 hours. A. Cells were then exposed to 0.1 µM GnRH and Cal6 
fluorescence intensities indicating cytoplasmic Ca2+ concentrations were measured as in 
Fig 1. B. Cells lysates were prepared after 4 hours of pretreatment and anti-IP3R1 IPs were 
probed on immunoblots for IP3R1 and erlin2, which is a major protein partner of the 
erlin1/2 complex. 
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complex interaction as well (Fig. 7B), suggesting that all three UPP inhibitors can cause 

IP3R activation12, which could deplete the ER Ca2+ and contribute to their inhibitory effects 

on IP3R-mediated Ca2+ mobilization. Overall, these data suggest that other UPP inhibitors 

also have effects on Ca2+ handling as TAK-243 does. 

 

4.4.6 TAK-243 reduces Ca2+ transfer between ER and mitochondria  

We also wondered whether TAK-243 affects mitochondrial Ca2+ since 

mitochondria are essential to many functions, such as metabolism and energy production 

in cells. Therefore, using the genetically encoded sensor R-CEPIA3mt32 in αT3 cells, we 

then measured the change in mitochondria Ca2+ concentration after TAK-243 pretreatment. 

Even though pretreatment with TAK-243 did not appear to change the basal R-CEPIA3mt 

signal, it dramatically reduced mitochondria Ca2+ response upon GnRH stimulation (Fig. 

8A). This was consistent with less GnRH-induced ER Ca2+ release after TAK-243 

pretreatment (Fig. 8B). These results suggest that TAK-243 does not alter the basal 

mitochondrial Ca2+ level but reduces the Ca2+ transfer between ER and mitochondria, 

which is crucial to ATP production in cells33.   

 

4.5 Discussion 

Active IP3Rs can be quickly degraded by the UPP and the process can be blocked 

by different UPP inhibitors12,34. Our previous study suggested that 10 minutes’ 

pretreatment with a potent ubiquitin E1 inhibitor, TAK-243, can fully block IP3R 

processing without affecting IP3R activation12. Here, we showed that long treatment (2 

hours) with TAK-243 reduces the peak response of IP3R-mediated cytosolic Ca2+ 

mobilization upon GPCR stimulation. One contributing factor of the reduction that  
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Figure 8 

 

Figure 8. TAK-243 reduces mitochondria Ca2+ uptake from the ER. αT3 cells were 
transiently transfected to express R-CEPIA3mt (A) and R-CEPIAer (B), which indicate the 
Ca2+ levels in the mitochondria and the ER, respectively. Cells were incubated with either 
DMSO or 3µM TAK-243 for 2hrs and were then exposed to 0.1 µM GnRH. R-CEPIAer 
fluorescence signals (F) were measured and normalized to the values before pretreatment 
with DMSO or 3µM TAK-243 (F0). Only the traces during GnRH stimulation were 
presented.  
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we found in αT3 cells is the partial ER Ca2+ depletion by TAK-243 treatment. The ER Ca2+ 

depletion by TAK-243 are likely due to two changes in the cells: the gradual IP3R 

activation without GPCR stimulation and the passive Ca2+ leak through some “Ca2+-leak 

channels” on the ER membrane.  

Our results clearly indicated that in αT3 cells, TAK-243 could lead to IP3 

production and slowly activate IP3Rs by upregulating PLCb3, and ablating almost all of 

IP3Rs can alleviate but not fully block ER Ca2+ depletion (Fig. 5). Therefore, stimulating 

IP3/ IP3R signaling pathway partially explains the effect of TAK-243 on ER Ca2+ content. 

Interestingly, in contrast to GnRH pretreatment, which rapidly desensitizes the GnRH 

receptor (GnRHR)-mediated signaling pathway35, TAK-243 pretreatment slowly produces 

IP3 without affecting the IP3 production induced by following GnRH treatment (Fig. 5). A 

possible reason for the difference is that TAK-243 does not downregulate the GnRHR as 

GnRH36,37, although it can lead to a global change in gene expression (RNA-Seq data not 

shown). 

On the other hand, how the Ca2+ leak was accelerated by TAK-243 was not fully 

understood yet. When the SERCA pumps still function well and counteract the Ca2+-leak 

channels, the loss of Ca2+ from the ER is relatively slow. In contrast, when the SERCA 

pumps are blocked by TG, the accelerated passive Ca2+ leak by TAK-243 is clarified and 

cannot be blocked by deleting IP3Rs (Fig. 5), suggesting the Ca2+-leak channels are 

apparently not IP3R channels and also play a dominant role in the passive Ca2+ leak in the 

presence of TG. One candidate Ca2+-leak channel is the translocon Sec 61, since it contains 

the largest pore (40-60Å) on the ER membrane38,39. Our preliminary data showed the 

cotreatment with a protein synthesis inhibitor emetine, which is reported to block Ca2+-
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leak through Sec61, could reverse the effect of TAK-243 on IP3R-mediated Ca2+ 

mobilization (Supplemental Fig 5). The recovered peak response suggests that the ER store 

appeared to be normal, and one explanation is that TAK-243-induced ER Ca2+ store leakage 

could be blocked. However, an alternative explanation for the finding of TAK-243/ 

emetine cotreatment is that TAK-243 can cause the accumulation of misfolded protein in 

the ER9, whereas emetine can inhibit protein translation by binding to ribosome39 and 

balance the effect of TAK-243 and may cause other non-specific effects as well. Therefore, 

more direct evidence should be required to confirm that the accelerated Ca2+ leak by TAK-

243 is through Sec 61. 

TAK-243 also appeared to enhance the SOCE in αT3 cells since, relative to the 

baseline, the plateau phase of GnRH-induced Ca2+ mobilization was elevated (Fig. 1A and 

3C). Our data suggest there could be an increase in the SOCE capability of TAK-243-

treated cells (Fig. 6). The method measuring SOCE was performed using TG to deplete the 

ER Ca2+ store followed by addition of Ca2+ to Ca2+ free medium24 and could be artificial, 

although it is very widely used. One other cause for the enhanced SOCE is likely the 

accelerated passive Ca2+ leak. Upon GnRH stimulation, the ER stores in TAK-243 treated 

cells may not be quickly refilled, which induced SOCE for longer time than usual24. 

Moreover, long-term TAK-243 also reduced the Ca2+ response in mitochondria 

upon GPCR stimulation (Fig. 8), which paralleled with GnRH-induced Ca2+ mobilization 

in the cytosol (Fig. 1). The reason is that the Ca2+ transport to mitochondria largely 

dependent on IP3Rs on the ER membrane. When Ca2+ is released from the ER upon GPCR 

stimulation, the levels of Ca2+ in the contact site between ER and mitochondria 

(mitochondria-associated ER membrane, MAM) will substantially increase, which leads to 
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Ca2+ transport into the mitochondria40,41. The process requires the coupling between IP3Rs 

and the voltage-dependent anion channel of the outer mitochondrial membrane40. 

Interestingly, the Ca2+ level in mitochondria in cells was not elevated (Fig. 8) after TAK-

243 pretreatment slowly activates IP3Rs (Fig. 5). This could be due to the lower Ca2+ 

cytosol levels by TAK-243 (Fig. 1A), of which the mechanism still needs to be elucidated. 

The Ca2+ transport to mitochondria is not only critical to mitochondrial energy and 

metabolism, but also strongly associated with cell death40. 

Overall, we have found that the ubiquitin E1 enzyme inhibitor TAK-243 has some 

major effects on Ca2+ handling and so do some other UPP inhibitors (Chapter 6, Fig. 2). 

While many studies of UPP inhibitors are focused on the ER stress and cell death, the effect 

of UPP inhibitors in this study suggested a novel role of the UPP in regulating the Ca2+ 

handling of cells. Moreover, our results of the UPP inhibitors regarding Ca2+ handling may 

also help understand the toxicity and side effects of UPP inhibitors, which lead to the 

termination of some clinical trials for cancer therapeutics (e.g., two clinical trials evaluating 

CB-5083: NCT02223598 and NCT02243917), and repurpose TAK-243 or other existing 

UPP inhibitors to treat different diseases in the future. 
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Chapter 4 Supplemental Figures 
 
 
Supplemental Figure 1 

 
Supplemental Figure 1. aT3 cells were preincubated for 10 minutes with either DMSO or 
3µM TAK-243 and were then exposed to 0.1 µM GnRH. Cal6 fluorescence intensities are 
normalized to pre-agonist values in DMSO-treated cells. 

 
 
 
 
Supplemental Figure 2 
 

 
Supplemental Figure 2. aT3 cells were preincubated for 2 hours with DMSO or 3µM 
TAK-243 and then treated with 3uM EGTA. Cal6 fluorescence intensities are normalized 
to pre-agonist values in DMSO-treated cells. 
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Supplemental Figure 3 
 

 
Supplemental Figure 3. Different cell lines (A. aT3 cells, B. Hela cells and C. SH-SY5Y 
cells) were preincubated for 2 hours with DMSO or 3 µM TAK-243 and then treated with 
5µM ionomycin.  
 
 
 
 
Supplemental Figure 4 
 

 

  

Supplemental Figure 4. αT3 cells were preincubated for 2 hours with DMSO or 3µM TAK-
243 and were analyzed with RNA-Seq followed by the analysis with Salmon17. Fold change of 
mRNA levels for different PLC isoforms are presented, and among these PLCs, only the b3 
isoform was detected in αT3 cells in a previous study23. 
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Supplemental Figure 5 
 

 
Supplemental Figure 5. αT3 cells were preincubated with 3µM TAK-243 or both 3µM 
TAK-243 and 10µM emetine for 2 hours, and were then exposed to 0.1µM GnRH. Cal6 
fluorescence intensities are normalized to pre-agonist values in DMSO-treated cells. 
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Chapter 4 Addendum 
 
 
TAK-243 enhances Ca2+ entry in Hela cells 

We assessed whether TAK-243 affects Ca2+ entry into Hela cells using the same 

method as in αT3 cells. Different from what was seen in αT3 cells, pretreatment with TAK-

243 for two hours significantly enhanced Ca2+ entry induced by adding Ca2+ to Hela cells 

(Addendum Fig. 1), which is consistent with the increased basal Ca2+ levels seen in Fig 

2C. As described in Fig. 2D, the ER Ca2+ stores may not be depleted by TAK-243 in Hela 

cells, so this Ca2+ entry is unlikely through SOCE dependent on the ER Ca2+ stores but 

might be through some other Ca2+-permeable channels. Considering Ca2+ entry induced by 

adding Ca2+, the SOCE did not seem to be further promoted by TAK-243 pretreatment 

(Addendum Fig. 1). These data suggest that, in Hela cells, TAK-243 also enhances Ca2+ 

entry, but the Ca2+ entry is not dependent on the ER Ca2+ store.  

Addendum Figure 1 
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Addendum Figure 1. TAK-243 enhances Ca2+ entry in Hela cells. Hela cells were 
preincubated for 2 hours with either DMSO (blue traces) or 3µM TAK-243 (red traces). 
Cells were also treated with 3mM EGTA for 23 minutes before completion of the 
preincubation. 4mM Ca2+ was then added to induce Ca2+ entry without (solid line) or with 
prior addition (dotted line) of 1µM TG as indicated. The traces shown are representative 
of multiple independent experiments.  
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Preface 

In this chapter, we will discuss some work in progress, the search for ubiquitin E2 

and E3 enzymes involved in IP3R ERAD. We utilized CRISPR/Cas9 technology to 

knockout some E2 and E3 candidates, with the hope to further our understanding of IP3R 

ubiquitination and retro-translocation. 

 

5.1 Introduction 

During the process of IP3R ERAD, activated IP3Rs are subjected to ubiquitination 

before being degraded by the proteasome. It has been known that K48 and K63-linked 

ubiquitin chains are the major polyubiquitin chains attached to activated IP3Rs1. The 

ubiquitin E2 enzymes responsible for the formation of ubiquitin chains have yet to be 

determined so far. UBC7 is implicated in catalyzing the formation of K48-linked ubiquitin 

chains1, and UBC13 may be the only E2 known to specifically generate K63-linked 

ubiquitin chains2. We also used TurboID-based proximity labeling and identified UBE2J1 

as an E2 in close proximity to RNF170, the major E3 ligase in IP3R ERAD. These are the 

E2s that might be responsible for IP3R ubiquitination. 

IP3R ERAD is a complex process and there are some proteins interacting with IP3R- 

or erlin1/2 complex, primary mediator of IP3R ERAD. Hrd1, gp78 and RNF185 are three 

E3 ligases among these proteins and may be involved in this process. Especially, Hrd1 and 

gp78 could contribute to the retro-translocation of IP3R as they do for other ERAD 

substrates3–5.  

Here, we utilize CRISPR/Cas9 technology to generate knockout (KO) αT3 cell 

lines for each E2 and E3 candidate to determine their roles. Our data suggest that UBC13 
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is responsible for the formation of K63-linked ubiquitin chains, and RNF185 is a regulator 

of ERAD activity. 

 

5.2 Experimental Procedures 

 

5.2.1 Materials  

Mouse pituitary αT3 cells, erlin1/2KO αT3 cells6 and RNF170KO αT3 cells2 were 

cultured as described7. Antibodies used in this chapter were: rabbit anti-IP3R18, anti-erlin29, 

anti-RNF17010, anti-Hrd19, anti-gp789 and anti-Ube2G2/ Ubc7 (a generous gift from Dr. 

Yihong Ye, NIH); mouse monoclonal anti-ubiquitin (#BML-PW8810, BioMol 

International), anti-p97 (#10R-P104A, Fitzgerald), anti-Ube2N/ Ubc13 (#37-1100, 

Invitrogen), anti-Ube2J1 (#100624, Santa Cruz Biotechnology) and anti-V5 tag (#A01724, 

GenScript); human anti K48 ubiquitin chains (Genentech) and anti K63 ubiquitin chains 

(Genentech); guinea pig anti-OS-9 (a generous gift from Dr. Larisa Litovchick, Dana-

Farber Cancer Institute). Streptavidin-HRP was from Cell Signaling Technology (#3999S). 

Triton X-100, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 

different protease inhibitors, GnRH and horseradish peroxidase-conjugated secondary 

antibodies were from Sigma. 1,4-dithiothreitol (DTT) and reagents for SDS-PAGE were 

from BioRad, and Protein A-Sepharose CL-4B was from GE Healthcare.  

 

5.2.2 Generation of knockout (KO) cell lines 

The CRISPR/Cas9 system was used to target exons within ubiquitin E2 and E3 

enzyme genes (UBC7, UBC13, UBE2J1, gp78, and Hrd1 and RNF185), and gRNA 
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oligonucleotides cloned into pCas-Guide-EF1a-GFP vectors (#GE100018, OriGene 

Technologies) were used as CRISPR plasmids. αT3 cells resuspended in PBS at a density 

of 3 × 107/ml together with 100μg/ml CRISPR plasmids were electroporated using the 

Neon™ Transfection System (1 pulse, 20 ms, 1500 V). Two days post-transfection, GFP-

positive cells were sorted and seeded at 1 cell/ well in 96-well dishes. After cells were 

expanded and lysed, the cell lysates were subject to SDS-PAGE and immunoblotting to 

detect the expression levels of target genes. At least two clones for each target gene were 

used for all the experiments and yielded the same results. 

 

5.2.3 Cell lysis, IP and immunoblotting 

For analysis of protein expression level, cells were lysed in ice-cold Triton lysis 

buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100, 10 μM pepstatin 

A, 0.2 μM soybean trypsin inhibitor (SBTI), 0.2 mM phenylmethylsulfonyl fluoride 

(PMSF), 1 mM DTT, pH 8.0) for 30 minutes, and supernatants were collected for analysis 

after centrifugation at 16,000 x g for 10 minutes at 4 oC. For regular immunoprecipitation, 

αT3 cells were lysed with CHAPS lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 

mM EDTA, 1% CHAPS, 10 μM pepstatin A, 0.2 μM SBTI, 0.2 mM PMSF, 1 mM DTT, 

pH 8.0) for 30 minutes. For analysis of IP3R1 ubiquitination and protein association, αT3 

cells were lysed with DTT-free CHAPS lysis buffer supplemented with 5 mM N-

ethylmaleimide on ice for 30 minutes followed by the addition of 5 mM DTT. After 

centrifugation at 16,000 x g for 10 minutes at 4oC, clarified cell lysates were incubated 

with antibody and protein A-Sepharose CL-4B beads for at least 16 hours at 4oC. IPs were 

then washed three times with CHAPS lysis buffer, resuspended in gel loading buffer, and 
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incubated at 37oC for 30 minutes or boiled for 3 minutes. Samples were then subjected to 

SDS-PAGE, transfer to nitrocellulose and immunoblotting.  

 

5.2.4 TurboID and Proximity dependent biotin identification 

The RNF170_TurboID construct was made by fusing RNF170 cDNA2 at the N-

terminus of V5-TurboID (Addgene, #107169) using Gibson assembly. RNF170 KO αT3 

cells were transfected with the RNF170_TurboID construct Neon™ Transfection System 

as described in section 5.4.2. Two days after transfection, the cells were incubated with 50 

μM biotin or 50 μM biotin and 100nM GnRH for 15 minutes, and then rinsed twice with 

PBS. After being harvested with HBSE, cells were lysed in ice-cold Triton lysis buffer and 

centrifugated as in section 5.4.3. To purify biotinylated proteins, clarified lysates were 

incubated with DynabeadsTM Streptavidin C1 magnetic beads (Thermo Fisher) for at least 

16 h at 4 °C, and beads were washed three time with wash buffers containing SDS and 

detergents. All samples were prepared, and subjected to SDS-PAGE and immunoblotting, 

as mentioned in section 5.4.3, but biotinylated species were detected with streptavidin-

HRP instead of an antibody. After biotin labeling by RNF170_TurboID in cells was 

confirmed, purified biotinylated proteins were again subjected to SDS-PAGE and sent for 

mass spectrometry (MS) analysis. 

 

5.3 Results 

 

5.3.1 UBC13 is required for the formation of K-63 linked polyubiquitin chains 
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We have previously suggested that ubiquitin E2 enzymes, UBC7 and UBC13 are 

responsible for forming K48-linked and K63-linked polyubiquitin chains attached to IP3Rs, 

respectively1,11. To confirm the roles of UBC7 and UBC13 in IP3R processing by the 

ERAD pathway, we used CRISPR/Cas9 system to knock them out in αT3 cells (Fig. 1A 

and 1B). However, IP3R downregulation upon GPCR stimulation with GnRH was not 

affected in the absence of UBC7 or UBC13, suggesting that these two E2 enzymes are not 

required for IP3R ERAD. Moreover, UBC7 deletion in cells does not affect IP3R 

ubiquitination, including total ubiquitin and different types of polyubiquitin chains 

associated with IP3R (Fig. 3A and B). Intriguingly, ablating UBC13 dramatically reduced 

not only K63-linked polyubiquitin chains in cells but also those attached to IP3R as 

expected (Fig. 1C and 3B). Presumably, because a large portion of IP3R-associated 

polyubiquitin chains is made up of K63 linkage, the total IP3R-associated ubiquitin amount 

was diminished by deleting UBC13 as well (Fig. 3A). Overall, although neither UBC7 nor 

UBC13 is indispensable for IP3R ERAD, UBC13 is critical to building K-63 linked 

polyubiquitin chains in cells. 

 

5.3.2 TurboID identified another E2 enzyme, UBE2J1 in close proximity of RNF170 

To continue to search for the E2 enzyme which builds the IP3R-associated K-48 

linked ubiquitin chains, we utilized a biotin ligase, TurboID and fused it to the C-terminus 

of RNF170 in the cytosol (Fig. 2A, RNF170_TurboID). Since RNF170 was the primary 

E3 ligase in IP3R ERAD and the E2 enzyme involved in this process should have close 

contact with it, we hoped that TurboID fused with RNF170 could biotinylate the E2 

enzyme. After transfecting RNF170_TurboID into RNF170KO cells, we showed that it 

could bind to the erlin1/2 complex by co-immunoprecipitation (co-IP) (Fig. 2B), 
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Figure 1 

 

Figure 1. UBC13 is required for the formation of K63-linked polyubiquitin chain. 
Control, UBC7 knockout (KO) and UBC13KO αT3 cells were treated with 0.1 μM GnRH 
for the times as indicated before cell lysates were prepared. A and B. Cell lysates were 
subjected to SDS-PAGE and then probed in immunoblots for IP3R1 and UBC7 or UBC13 
as indicated, with erlin2 serving as a loading control. C. Anti-IP3R1 IPs and input lysates 
were probed for K63-linked polyubiquitin chains, ubiquitin, IP3R1, and erlin2.  
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suggesting that the cellular localization of RNF170_TurboID is same as the endogenous 

RNF170. RNF170_TurboID expressing cells were then incubated with biotin, and 

biotinylated species were purified (Fig. 2C). Compared to those from control cells, purified 

biotinylated species from GnRH-stimulated cells contained more IP3R1, which suggested 

that RNF170_TurboID was recruited by the erlin1/2 complex to active IP3Rs and should 

have functioned similarly as the endogenous RNF170. After the localization and functions 

of RNF170_TurboID were confirmed, purified biotinylated species from control and 

GnRH-stimulated cells were subjected to MS analysis to identify the E2 enzymes in close 

proximity to RNF170. We hoped that some E2 enzyme candidates only present or were 

enriched in the sample from GnRH-stimulated cells, like IP3R, so that the recruitment of 

E2 candidates to RNF170 depended on GPCR stimulation, but there was no such an E2 

enzyme found. The only E2 enzyme detected by MS was UBE2J1, which showed the 

similar abundances in the samples from the two conditions. Since UBE2J1 was shown to 

be responsible for the ERAD of some substrates before12, the possibility still existed that it 

is the E2 for IP3R ERAD. Therefore, we used CRISPR/Cas9 system to knock out UBE2J1 

and examined its role. Although UBE2J1 ablation blocked neither ubiquitination nor 

downregulation of IP3R, it increased basal IP3R levels (Fig. 2D, 3A and 3B). UBE2J1KO 

appeared to enhance ERAD activity in cells since two significant factors in ERAD, Hrd1 

and OS-9 were upregulated (Fig. 2D). Collectively, these data suggest that UBE2J1 plays 

a critical role in regulating ERAD activity but is not an E2 enzyme specifically for IP3R 

ERAD.  
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Figure 2 

 

Figure 2. UBE2J1 identified by RNF170_TurboID is not the major E2 enzyme for 
IP3R ERAD. A. Diagram of RNF170_TurboID. TurboID was connected to the C-terminus 
of RNF170 in the cytosol, where most E2 enzymes are localized. B. TurboID and 
RNF170_TurboID were transiently expressed in RNF170KO αT3 cells. Anti-erlin2 IP s 
were prepared from the transfected cells and probed in immunoblots for erlin2 and 
RNF170_TurboID. Note: The presence of RNF170_TurboID in IPs was assessed with both 
anti-RNF170 and anti-V5 antibodies. C. RNF170KO αT3 cells were transiently transfected 
with RNF170_TurboID and incubated with biotin (-) or biotin and GnRH (-) before being 
lysed. Biotinylated species were pulled down from the cell lysates and probed in 
immunoblots for biotin (with streptavidin-HRP), IP3R1 and RNF170_TurboID. Note: 
immunoreactivity showed that equal amounts of biotinylated species from two conditions 
were pulled down. D. Control and UBE2J1KO αT3 cells were treated with 0.1 μM GnRH 
for different times as indicated. Cell lysates were prepared from these cells and probed for 
IP3R1, Hrd1, OS-9 and UBE2J1, with both p97 and erlin2 serving as loading controls. 
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Figure 3 

 

Figure 3. Effects of ubiquitin E2 KOs on IP3R ubiquitination. Control, UBE2J1KO, 
UBC7KO and UBC13KO αT3 cells were treated without or with 0.1 μM GnRH for 5 
minutes before cell lysates were prepared. A and B. Anti-IP3R1 IPs were probed for 
ubiquitin, K63-linked polyubiquitin chains, K48-linked polyubiquitin chains, IP3R1, and 
erlin2 as indicated. 
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5.3.3 Determining other E3 enzymes involved in IP3R ERAD 

Previous studies showed that the other E3 enzymes, Hrd1 and gp78, are associated 

with either activated IP3R or the erlin1/2 complex9 and may also be involved in IP3R ERAD. 

Accordingly, we used CRISPR/Cas9 system to knock out these two E3 enzymes in αT3 

cells. However, IP3R downregulation was not affected by dramatically reducing Hrd1 or 

deleting gp78 (Figure 4), suggesting they are not essential to IP3R ERAD.  

Another study regarding ER ubiquitin ligases showed another E3 ligase, RNF185, 

might form a large E3 complex with the erlin1/2 complex and RNF17013, which made us 

wonder whether RNF185 could be involved in IP3R ERAD. Firstly, we showed the 

interaction between RNF185 and the erlin1/2 complex by co-IP (Fig. 5A), but there is no 

direct interaction between RNF185 and RNF170 (lane 3). We then assessed the RNF185 

association of IP3R upon GnRH stimulation and found that the RNF185 association 

paralleled with the erlin1/2 complex association when IP3Rs are activated (Fig. 5B). This 

result motivated us to determine whether RNF185 is required for IP3R ERAD by 

CRISPR/Cas9-mediated KO in αT3 cells (Fig. 5C). However, IP3R ubiquitination and 

downregulation were not affected in the absence of RNF185 (Fig. 5C and D) and therefore, 

these data suggest that E3 enzyme RNF185 is not required in IP3R ERAD. 

 

5.4 Discussion 

The ERAD pathway can quickly process IP3Rs by recruiting the erlin1/2 complex-

RNF170 module. However, the E2 enzymes and likely other E3 enzymes are also involved 

in this process, and have yet to be determined. Here, based on the results of previous 

relevant studies and the biotin labeling by RNF170-fused TurboID,  
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Figure 4 

 

 

Figure 4. Hrd1 and gp78 are not required for IP3R ERAD. Control, Hrd1KO and 
gp78KO αT3 cells were treated with 0.1 μM GnRH for the times as indicated before cell 
lysates were prepared. Cell lysates were subjected to SDS-PAGE and then probed in 
immunoblots for IP3R1, Hrd1 and gp78 as indicated, with erlin2 serving as a loading 
control. 
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Figure 5 
 

 

Figure 5. RNF185 is not essential to IP3R ERAD. A. Anti-erlin2 and anti-RNF185 IPs 
were prepared from WT and erlin1/2KO αT3 cells, subjected to SDS-PAGE and then 
probed in immunoblots for erlin2, RNF170 and RNF185. Note: the erlin1/2KO αT3 cells 
were used as a control to exclude the non-specific binding of RNF185 from the antibody. 
B-D. WT (in panel B), control and RNF185KO cells were treated with 0.1 μM GnRH for 
the times as indicated before cell lysates were prepared. Anti-IP3R1 IPs (panels B and D) 
or cell lysates (panel C) were probed for ubiquitin, IP3R1, erlin2, RNF185 and RNF170 as 
indicated.  
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we chose a few E2 and E3 candidates and utilized CRISPR/Cas9 technology to delete these 

candidates in cells to determine their roles in IP3R ERAD. Unfortunately, none of these 

ubiquitin candidates is required for IP3R ERAD.  

A previous study showed IP3R ubiquitination and downregulation were inhibited 

by overexpression of a UBC7 mutant without E2 enzyme activity1, but our data indicated 

that IP3R  processing was not affected by CRISPR/Cas9-mediated UBC7 KO. One possible 

explanation is that overexpressing the UBC7 mutant might interfere with the activity of 

some other E2 enzymes in cells and thus inhibit IP3R processing. Currently, it is still a 

mystery how the K48-linked polyubiquitin chains attached to IP3R are formed, leading to 

its proteasomal degradation.  

UBC13 was thought to be the only E2 enzyme to build K63-linked ubiquitin 

chains14. K63 linkages are generally involved in proteasome-independent events15,16, and 

in rare cases, can also promote proteasomal degradation when the K48/K63 branched 

ubiquitin chains attached to substrates are formed17. The likely reason for the specificity 

was reported that the association of homogenous K-63 linked ubiquitin chains with the 26S 

proteasome was blocked by a component of Endosomal Sorting Complex Required for 

Transport (ESCRT), ESCRT-018. As expected, the protein species attached with K63-

linkage was diminished by UBC13 deletion in this study (Fig. 1C). Clearly, K63-linked 

polyubiquitin chains have no roles in the degradation of IP3Rs (Fig. 1). Therefore, the roles 

of K-63 linked ubiquitin chains attached to IP3R should be proteasome-independent and 

still need to be elucidated.  

TurboID-based proximity labeling can help to identify transient and weak 

interactions between proteins19,20. We fused TurboID to the C-terminus of RNF170 (Fig. 
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2A) in the cytosol, where most E2s are localized. Only an ER resident E2, UBE2J1, was 

detected with this method, of which the biotin labeling was GnRH-independent, and it 

turned out that the deletion of UBE2J1 did not block IP3R ERAD. It is possible that some 

other E2 enzymes may compensate for the role of UBE2J1 in IP3R ERAD. However, 

whether RNF170_TurboID behaved as the endogenous RNF170 and can ubiquitinate IP3R 

has yet to be carefully examined. If RNF170_TurboID does not recruit the E2 and 

ubiquitinate IP3R, there is no wonder why the correct E2 enzyme was not found with this 

method. 

Hrd1 plays roles in retrotranslocation of many ERAD substrates3,4, and gp78 can 

work as a downstream of Hrd1 to facilitate the retro-translocation of some ER membrane5. 

Presumably, because Hrd1 is essential to cell functions, we could not completely knock it 

out in the cells. Since knocking down Hrd1 and knocking out gp78 failed to block IP3R 

degradation (Fig 4), Hrd1 is not the retrotranslocon in IP3R ERAD, and gp78 has no role 

in the process. Therefore, the real retrotranslocon has yet to be found. One possibility is 

that the erlin1/2 complex could be the retrotranslocon, in addition to the recognition factor 

for active IP3Rs, because it is a large complex and interacts with the p97 complex9, which 

might directly connect the substrate to the 26S proteasome. Another E3 candidate RNF185 

is involved in the processing of other substrates (e.g., cystic fibrosis transmembrane 

conductance regulator) by the ERAD pathway21, and we confirmed its interaction with the 

erlin1/2 complex (Fig. 5A). Although our study showed that RNF185 was not required for 

IP3R ERAD (Fig. 5C), it is still worthwhile to study whether it is involved other functions 

of the erlin1/2 complex, such as the processing of lipid6, in the future. 
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Overall, we used CRISPR/Cas9 system to knock out different E2 and E3 enzymes 

and determine their roles in IP3R ERAD but have yet to find a new element in this process. 

However, this study still helps further our understanding of these enzymes in other aspects: 

UBC13 is responsible for forming K63-linked polyubiquitin chains, and UBE2J1 can 

regulate overall ERAD activity in cells. 
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6.1 Introduction 

In this dissertation, I have described my research studies which primarily focused 

on how IP3Rs are recognized by the UPP (more specifically, the ERAD pathway) for their 

degradation. By mutating IP3R1, I showed that the recognition factor, erlin1/2 complex 

binds to the third intraluminal loop (IL3) of IP3R1 within a small region (aa 2471-2472) 

close to TM5, and also found that the integrity of the region adjacent to TM5 (e.g., the 

negative charge in D2465) is indispensable to IP3R1 channel activity. Using a first-in-class 

ubiquitin E1 enzyme inhibitor TAK-2431, I confirmed the sequence of events that leads to 

IP3R ERAD: first, the erlin1/2 complex interacts with active IP3Rs, and then polyubiquitin 

chains attach to IP3Rs, which target IP3R for the proteasomal degradation. One surprising 

finding is that TAK-243 and other UPP inhibitors also have major effects on Ca2+ handling 

in mammalian cells, including inhibiting IP3R-mediated Ca2+ mobilization. Finally, I 

determined the roles of some candidate ubiquitin E2 and E3 enzymes in IP3R ERAD using 

CRISPR-Cas9 mediated gene editing technology, with one of E2s found by TurboID-based 

proximity labeling. Here, we will discuss these works' implications and recommend further 

directions. 

 

6.2 IP3R ERAD 

The Wojcikiewicz lab has been studying IP3R and its processing by the ERAD 

pathway for decades. By silver staining anti-IP3R1 immunoprecipitates from control and 

GPCR stimulation conditions, we discovered that the erlin1/2 complex is a recognition 

factor in  IP3R ERAD and subsequently identified RNF170 as the major E3 ligase in the 
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process2–5. RNF170 constitutively bound to the erlin1/2 complex is recruited to active 

IP3Rs via the IP3R-erlin1/2 complex interaction2,3. 

The molecular basis of the IP3R-erlin1/2 complex interaction was determined in 

this dissertation. We expressed full-length IP3R1 mutants and perturbed the interaction by 

replacing D-2471 and R-2472 with two alanine or glycine residues. Our results likely 

narrowed down the erlin1/2 complex binding site to a small region (aa 2471-2472) in IP3R1 

IL3 (Chapter 3, Fig 5). However, it is also possible that these mutations cause a local 

structural change that disrupts the erlin1/2 complex binding site. Moreover, my work 

mainly studied the interaction from the IP3R side, but the binding site on the erlin1/2 

complex also needs to be further elucidated. Our previous study showed that the erlin2 

T65I mutation could disrupt IP3R-erlin1/2 complex interaction without affecting the 

complex assembly6, suggesting the T-65 residue contributes to this interaction. 

Nevertheless, there may be other binding sites in other regions of IP3R or the erlin1/2 

complex, and it is still challenging to fully understand how the erlin1/2 complex recognizes 

an active IP3R tetramer (e.g., whether the erlin1/2 complex on the side of the IP3R tetramer 

or encircles it, Chapter 3 Figure 9), and therefore, more direct evidence using structural 

biology techniques to visualize the interface will be helpful.  

There are also other remaining questions about the IP3R-erlin1/2 complex 

interaction. First, it has been shown that all four subunits of an IP3R tetramer require IP3 

binding to open the channel7, and likewise, it is intriguing to know how many subunits 

need to be bound to the erlin1/2 complex for IP3R ERAD. This question could be solved 

using a concatenated form of the tetrameric IP3Rs7 with the erlin1/2 complex-deficient 

mutations (e.g., Δ2471-2472AA or GG). Next, also intriguing is how disrupting the 
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interaction affects IP3R-mediated Ca2+ mobilization in the longer term. Our assessment of 

IP3R-mediated Ca2+ mobilization by stimulating cells with a GPCR agonist for once is 

relatively simple. We did not observe that Ca2+ mobilization was affected with one 

stimulation when the IP3R-erlin1/2 complex interaction was disrupted. However, it is 

worthwhile to apply multiple GPCR agonist stimulations to cells, which may mimic some 

physiological stimulations, and determine the effects of the IP3R-erlin1/2 complex 

interaction on Ca2+ mobilization with each stimulation. Of course, a similar assessment can 

also be done with the erlin1/2 KO cells6, and the two assessments are expected to yield 

very similar results: although the response to the initial stimulation is the same as control 

cells, the cells without erlin1/2 complex mediating IP3R ERAD may have better 

responsiveness after the first stimulation2. The other question is about the change in the 

IP3R interactome when the IP3R is associated with the erlin1/2 complex. The erlin1/2 

complex is a large protein complex in the ER and has some protein partners8,9. Besides 

RNF170, we also confirmed that another erlin1/2 complex-associated E3 ligase, RNF185 

is recruited to active IP3Rs (Chapter 5, Fig. 5B), and there might be some other protein 

partners of erlin1/2 complex recruited active IP3Rs. Like RNF185, these protein partners 

may not play essential roles in IP3R ERAD either, but they could still affect some other 

functions of IP3Rs. Also unknown are the roles of the K-63 polyubiquitin chains attached 

to IP3Rs after the association with erlin1/2 complex. Therefore, it is important to further 

understand the IP3R interactome and determine know how the IP3R-erlin1/2 complex 

interaction affects IP3R’s function by the interactome.  

Mutations to IP3R-erlin1/2 complex-RNF170 axis is associated with many diseases, 

especially neurodegenerative disorders (e.g., hereditary Spastic Paraplegia and 
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spinocerebellar ataxia)10,11, but the molecular mechanism of these diseases are still not well 

understood. While some IP3R mutations have been shown to cause the dysregulation of 

IP3R-mediated Ca2+ mobilization, how other IP3R mutations affect IP3R channel function 

are unknown11. Additionally, whether mutations to IP3R-erlin1/2 complex-RNF170 axis 

affect IP3R ERAD has been barely studied and the knowledge appears to be required to 

better characterize these mutations. Currently, a few disease-associated mutations in IP3R 

IL3 have been found11, but none of them are in the aa 2471-2472 region, suggesting these 

mutations may not disrupt the IP3R-erlin1/2 complex interaction or impact IP3R ERAD. 

Erlin1 and erlin2 belong to an SPFH domain-containing protein family, which is 

often found to be associated with lipid raft microdomain in the plasma membrane12. They 

are both localized in the ER, and erlin2, the major component within the erlin1/2 complex, 

is known to bind specifically to phosphatidylinositol 3-phosphate (PI(3)P)6. The binding is 

inhibited by erlin2 T65I mutation, which also disrupts the IP3R-erlin1/2 complex, as 

mentioned above6, suggesting that the binding of PI(3)P to erlin2 may also contribute to 

IP3R ERAD. PI(3)P may facilitate the erlin1/2 complex to recognize IP3Rs and 

alternatively if the erlin1/2 complex is determined to form a retrotranlocation channel, 

PI(3)P could be an integral part of it. Therefore, further studies regarding this function of 

PI(3)P and the erlin1/2 complex will also require a better understanding of the erlin2-PI(3)P 

interaction.  

We were trying to search for some other components in IP3R ERAD but failed to 

find any new ubiquitin E2 and E3 by knocking out each component using CRISPR/Cas9 

technology. Further study can utilize a high-throughput screening method, which combines 

a CRISPR pooled library targeting all the genes of known E2s and E3s, and next-generation 
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sequencing13. The E2 and E3 candidates determined by this method should have a better 

chance of involving in IP3R ERAD.  

IP3R ERAD is responsible for regulating the IP3R levels and IP3R-mediated Ca2+ 

signaling, but its other functions have yet to be explored. IP3R ERAD may affect the 

downstream of IP3R-dependent Ca2+ signaling pathways, and some specific roles of IP3R 

ERAD can also be dependent on cell types. In this dissertation, the major types of cells 

used are mouse pituitary αT3 cells, which resemble nonfunctioning adenomas and do not 

secrete hormones14. Further studies can utilize some other functional cell lines, e.g., 

secretory pituitary cells and immune cells, and explore the roles of IP3R ERAD in some 

physiological functions.  

 

6.3 The structure of IP3R IL3 

Our hypothesis that the erlin1/2 complex binds to the IL3 of IP3R was largely 

dependent on IP3R structure models — IL3 is the largest among all three loops and 

undergoes a conformational change upon IP3R activation15–17. The detailed structure 

models of IP3Rs are also critical to understand the molecular basis of its association with 

other proteins (e.g., Bcl2-family member, BOK18,19), its channel gating15–17,20,21, and other 

functions.  

In recent years, advances in structural biology techniques, including X-ray 

crystallography, have led to progress in the understanding of IP3R structure. Serysheva’s 

group published the first high-resolution cryo-EM structure of IP3R117 and then further 

revealed its conformational rearrangement from the close state to the open state. Some 

other groups also made lots of efforts to understand the structural basis and dynamics for 
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IP3R activation20,22,23. While these structure models contain a vast majority of IP3R 

structure details, the structure for a large portion of IP3R IL3, which the erlin1/2 complex 

binds to, has not been very well resolved probably due to the flexibility of IL3. 

The sequence alignment of IP3R IL3 (Chapter 3, Fig. 7A) showed that the middle 

portion of IL3 is much less conserved compared to the region at the N-terminus of IL3. 

Interestingly, the less conserved region correlates well with the unresolved IL3 region in 

the structure model of IP3R. Moreover, we have shown that large deletions to the same 

region in IL3 did not affect IP3R channel activity (Chapter 3, Fig. 3A). These results 

suggest that the middle portion of IL3 may not be essential to IP3R’s functions. In contrast, 

the N-terminus region of IL3 appears to be indispensable for IP3R’s functions, which was 

revealed by a deletion to this region (Chapter 3, Fig. 3A). We further found that the 

negative charges of a region close to TM5 (aa 2464-2465) are critical for IP3R channel 

activity (Chapter 3, Fig 7), suggesting these residues could help absorb Ca2+ in the ER 

lumen or form Ca2+ binding site with other adjacent residues. The most recent cryo-EM 

structure models did not show Ca2+ density in this region15,21,24, and one of the reasons 

could be that the buffer used to prepare the cryo-EM samples contains only ~300nM Ca2+ 

15,21,24. The Ca2+ concentration is considered to be within an activating concentration range 

in the cytosol for IP3R channel activity but may be too low for the Ca2+ binding to an IL3 

region since the actual ER Ca2+ level is much higher than that. Therefore, some IP3R 

structure models may actually represent the status of IP3Rs in the cells after TG discharged 

the ER Ca2+ stores (Chapter 3, Fig. 2D), and this care needs to be taken in the future when 

we use those models.  
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Figure 1 

 

Figure 1. Structural model of IP3R1 intraluminal loop 3. The structure of IP3R1 
intraluminal loop 3 (IL3) was predicted by AlphaFold27. IL3 is between TM5 and TM6, 
and contains the pore-helix (P-helix). 
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Artificial intelligence (AI) programs (e.g., Alphafold and RoseTTAfold) are 

emerging as an alternative tool to predict protein structure25. A structure model can now be 

predicated using these programs even without structural biology expertise: the structure of 

IP3R IL3, which was unresolved in the most recent structure model of IP3R15, could be 

acquired (Fig. 1). However, these programs make predictions only based on the amino acid 

sequence. A lot of crucial information for protein structure prediction, such as the binding 

of ligands and ions, post-translational modifications and subcellular localization, will need 

to be included in the future. Additionally, these programs still have difficulty predicting 

the oligomerization of multiples subunits, and the predictions on flexible regions or 

intrinsic discorded regions are of very low confidence25,26. Since IP3Rs are gated by IP3 

and Ca2+ with the regulation of many modulators and IP3R IL3 appears to be very 

flexible15–17, the drawbacks of these AI programs made the acquired structure of IP3R IL3 

less helpful to understand the IP3R-erlin1/2 complex interaction. Also, because of these 

drawbacks, traditional analyses, such as X-ray crystallography, cryo-EM and NMR, are 

still essential to our understanding of protein structures and cannot be replaced by AI 

programs yet. Further study of IP3R structure may require combined expertise in both 

traditional methods and AI.  

 
6.4 UPP inhibitors 

We used different UPP inhibitors to study the process of IP3R ERAD28,29, and in 

order to avoid some unexpected consequences, we generally pretreat cells with these 

inhibitors for a short term before GPCR stimulation28,29. After extending the pretreatment 

with ubiquitin E1 enzyme inhibitor TAK-243, we were surprised to find that TAK-243 

suppresses IP3R-mediated Ca2+ mobilization upon GPCR stimulation in various cell lines 
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(Chapter 4, Fig. 1). We only focused on αT3 cells and showed that the ER Ca2+ stores were 

partially depleted by TAK-243, which could account for the inhibition of IP3R-mediated 

Ca2+ mobilization. We proposed two routes (Fig 2) through which TAK-243 slowly 

released the ER Ca2+ stores in αT3 cells — one is IP3R activation and the other is the 

accelerated passive Ca2+ leak. The first route appears to be that TAK-243 activates IP3R by 

upregulating PLCb3 and producing IP3. In contrast, the mechanism for the accelerated 

passive Ca2+ leak needs to be better explored in the future. One candidate Ca2+ leak channel 

is translocon sec61, of which the channel activity was reported to be blocked by 

Bip/Grp7830–32. Therefore, further studies overexpressing Bip may help confirm the role of 

sec61 in the accelerated leakage. 

Future exploration should also include other cell lines and determine whether the 

inhibition of IP3R-mediated Ca2+ mobilization is via the same mechanism. Similarly, we 

have shown that the other UPP inhibitors (MG-132 and CB-5083) can also inhibit IP3R-

mediated Ca2+ mobilization (Chapter 4, Fig. 7), but the exact mechanisms should also be 

further studied and compared with that of TAK-243. An alternative mechanism (Fig. 2) is 

that after TAK-243 or other UPP inhibitors can cause the accumulation of misfolded 

proteins in the ER, Bip, as a positive regulator of IP3R33, may interact with misfolded 

proteins34,35 and dissociate from IP3R, which reduced IP3R-mediated Ca2+ mobilization 

upon GPCR activation. 

TAK-243 also altered the basal Ca2+ levels in different cell lines (Chapter 4, Fig. 1), 

which might be due to the change in the expression levels of ion channels on the plasma 

membrane. Future exploration should identify the Ca2+ transporter (e.g., PMCA and NCX, 

Fig. 2) or a specific ion channel, which accounts for the change. 
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Figure 2 

 

 

Figure 2. Hypothetical model for the effects of TAK-243. TAK-243 likely releases Ca2+ 

from the ER Ca2+ stores through two routes in αT3 cells: (1) TAK-243 slowly activates 
IP3R by upregulating PLC and producing IP3; (2) TAK-243 accelerates passive Ca2+ leak 
through Sec61, but the leak is largely balanced by SERCA. However, only the second route 
might be seen in Hela and SH-SY5Y cells (data not shown). TAK-243 or other UPP 
inhibitors can also lead to the accumulation of misfolded proteins and the disassociation of 
Bip from its protein partners. The disassociation could account for the accelerated passive 
Ca2+ leak since Bip behaves as a plug of Sec61 channel. The disassociation may also 
directly inhibit IP3R-mediated Ca2+ signaling upon GPCR activation. Moreover, TAK-243 
may also affect ion channels or transporters on the plasma membrane, which alters the 
cytosolic Ca2+ level. PMCA= plasma membrane Ca2+ ATPase; NCX= Na+ /Ca2+ exchanger; 
Ub= ubiquitin. The figure was prepared with BioRender. 
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In our study of TAK-243, we used one dosage (3µM) to compare the long-term 

effect with the short-term effect for consistency.  Even though the dosage of TAK-243 in 

current clinical trials cannot be easily converted to that for cultured cells, a nM range dose 

will be more plausible in most preclinical studies. Our preliminary data (not shown) 

indicated that a lower dose (300nM) of TAK-243 can lead to a similar effect on Ca2+ 

handling and further dose-response studies will be required for the usage of TAK-243.  

 

6.5 Concluding remarks 

IP3Rs form intracellular Ca2+ channels critical to many cellular functions36 and can 

be processed by the UPP upon channel opening3,28. The work in this dissertation 

determined that the erlin1/2 complex binds to IL3 for IP3R recognition by the UPP, and 

also revealed a novel relationship between IP3R channel activity and the UPP. The study 

of IP3R processing not only furthers our knowledge of cell biology but may also improve 

the therapeutics for many diseases associated with dysregulation of IP3R-dependent Ca2+ 

signaling10,37–39. 
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