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Abstract

Cells are equipped with protein quality control pathways in order to maintain a healthy proteome;
a process known as protein homeostasis. Dysfunction in protein homeostasis leads to the
development of many diseases that are associated with proteinopathies. Recently, the rhomboid
superfamily has attracted much attention concerning their involvement in protein homeostasis.
While their functional role has become much clearer in the last few years, their systemic
significance in mammals remains elusive. Here we delineate the current knowledge of rhomboids
in protein quality control and how these functions are integrated at the organismal level.

Keywords
rhomboid protease; rhomboid pseudoprotease; derlins; protein homeostasis; ERAD

1. Introduction

Proteins serve as the primary workhorses for executing a vast majority of cellular and
organismal functions. Unfortunately, misfolding of proteins is a common occurrence, either
due to chemical and UV damage, imbalanced subunit synthesis, or genetic mutation [1-3].
Unchecked accumulation of these aberrant proteins generates constant cellular stress and
underlies many of the most pressing human maladies, including aging, cancer and
neurodegenerative diseases [2,4,5]. To offset the catastrophic effect of unwanted proteins,
organisms are equipped with quality control systems that are vital for surveillance,
prevention, and rescue of protein defects [6-9].
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Recent advances have shown that the rhomboid superfamily are involved in multiple facets
of protein homeostasis [10-12]. In general, the rhomboid protein family carries out many
membrane-related processes such as development, signaling, parasitic invasion, and protein
trafficking (reviewed in [13]). A prominent feature of rhomboids is their ability to cleave
their membrane-anchored substrates at specific sites within the lipid bilayer; a process
mediated by rhomboid proteases through their conserved serine-histidine dyad at the active
site [14-18]. A subclass of rhomboids has evolved from their rhomboid protease
predecessors that are not proteases; they lack catalytic residues for proteolysis and are
known as rhomboid pseudoproteases. Despite the absence of protease activity, rhomboid
pseudoproteases carry out similar biological processes as their rhomboid protease
counterparts and function in lipid homeostasis, protein trafficking, sterol regulation, and
signaling [11,19]. Although growing evidence suggests that both rhomboid proteases and
pseudoproteases have central roles in safeguarding the proteome, little data exist regarding
their systemic significance in mammals. In this review, we will discuss the mechanistic
underpinnings of rhomboids in the context of protein quality control and describe current
knowledge on their role in maintaining a healthy proteome in both health and disease.
Overall, understanding rhomboid function within a broader organismal perspective will
reveal their importance as therapeutic targets in many diseases.

2. Rhomboid pseudoproteases
2.1 Derlins

Derlins were first discovered as key mediators of ER (Endoplasmic Reticulum) protein
quality control in yeast and mammals (described in Section 2.1.1) [20-23]. Based on
sequence and structural homology, derlins share structural similarities to the rhomboid-like
superfamily [24]. Specifically, they are ER-resident integral membrane proteins and have
been predicted to span the lipid bilayer 6 times [24]. The current knowledge and thinking of
this subclass of the rhomboid family will be discussed below.

2.1.1 The unDERLying role in ERAD and retrotranslocation—Maintaining
proteostasis is particularly challenging in the ER where the high demand for protein
synthesis generates constant misfolding stress [9]. To off-set the catastrophic effects that
accompany defective protein accumulation, misfolded ER proteins are targeted for
degradation via ER-associated degradation (ERAD) [25,26]. The span of substrates for
ERAD is quite large; ranging from ER-localized misassembled proteins to misfolded
membrane and luminal proteins [27-30]. During ERAD, substrates destined for degradation
are tagged with ubiquitin by an E3 ligase, delivered back into the cytoplasm by a dedicated
export machinery and then degraded by the cytosolic 26S proteasome [20]. Perhaps one of
the most intriguing features of ERAD is the requirement of removing substrates from their
ER-resident to their final destination in the cytosol for proteasomal degradation; a process
known as retrotranslocation [31] which is powered by Cdc48/p97 AAA-ATPase [32-34].

Retrotranslocation requires a route or channel for the removal of misfolded proteins through
or from the ER membrane. The identification of an exit channel(s) has been a challenging
problem that is only now yielding answers [35—40]. Derlins have emerged as likely
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candidates for transporting ERAD substrates out of the ER. For instance, human Derlin-1
was initially discovered by two independent groups for its role in assisting a viral
component, US11, in degrading class 1 MHC heavy chain (MHC-1) within the infected host
[22,41]. Derlin-1 is an ER-resident multi-spanning protein with homology to the yeast Der1,
which is involved in ERAD [42]. Although many studies demonstrated that derlins assist in
ERAD of several substrates[43—-48], their direct function in retrotranslocation remained
obscure. Previous /n vitro and structural studies by Rapoport and colleagues suggested that
the multi-spanning yeast E3 ligase Hrd1 serves as a channel for luminal substrates [37-39].
An analogous channel for ERAD membrane substrates remained to be determined until Neal
and colleagues improved the understanding of membrane substrate retrotranslocation by
screening a complete collection of yeast mutants via SPOCK (single plate orf compendium
kit), which consists of 5,808 yeast strain array of non-essential gene deletion mutants and
essential DAmP gene mutants [49] and identified yeast derlin Dfm1 as an independent,
dedicated and specific mediator for the retrotranslocation of many ERAD membrane
substrates (Fig. 1) [36]. Furthermore, both human Derlin-1 and yeast Dfm1 contain a unique
C-terminal SHP box for direct recruitment of Cdc48/p97 AAA-ATPase to the ER membrane
and this interaction is essential for removing ERAD substrates [36,40]. This finding
contradicted previous results in which Dfm1 had no role in ERAD [47,50]. This was due to
dfmIA-nulls being rapidly suppressed; masking the effect of dfmIA on retrotranslocation
[36]. Accordingly, the fast curation of the SPOCK screen has revealed Dfm1 as being one of
the major mediators of ERAD.

Sequence conservation and structural homology suggest that derlins share similarities with
rhomboid-like superfamily [51]. The structures of £. coliand H. influenzae rhomboid
protease GIpG [18,52,53], and a body of structure-function analyses, molecular modeling
and mechanistic studies on the rhomboid superfamily from over a decade have elucidated
some of the mechanistic principles that may be at play in derlin-mediated retrotranslocation
(see recent review in [54]). Although the structure of the bacterial rhomboid complexed with
substrate is lacking, biochemical studies show that rhomboid proteases not only recognize
structurally unstable single transmembrane domains [55-57], but they also recognize regions
of extramembrane domains [58] and some features within polytopic transmembrane proteins
[51,59,60]. Furthermore, function of rhomboid proteins as surveyors of the membrane may
be aided by their unusually fast diffusion in the membrane for substrate targeting [61],
possibly aided by their compact fold and small hydrophobic thickness that may induce local
deformation of the lipid bilayer [15,53].

Despite the absence of protease activity, derlins have retained conserved rhomboid residues
[36,40]. This conservation implies the intriguing idea that derlins have retained the
biological properties of rhomboids for use in retrotranslocation. In support of this idea, we
and others previously published that human and yeast derlins utilize their conserved
rhomboid motifs for removing misfolded substrates from the ER [24,36]. A popular working
hypothesis is that derlins have retained membrane perturbing properties of its bacterial
counterpart, GlpG, to facilitate the movement of substrates across the membrane [36,62].
Recent work from the Rapoport lab has shown that a yeast derlin and Dfm1 paralog, Der1,
possesses membrane perturbation properties to assist in the retrotranslocation of ER luminal
substrates. [63]. Using cryo-electron microscopy, the authors determined the structure of the
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Hrd1 complex, which is comprised of monomers of Hrd1, Derl, Hrd3, Yos9, and Usal.
While it had previously been reported that a Hrd1 dimer is the retrotranslocon for soluble
proteins, the revised structure establishes that monomeric Hrd1 acts as a half channel and
interacts with Derl, which forms the other half of the channel [38,63]. As shown by
molecular dynamic (MD) simulations, both Derl and Hrd1 can induce distortion of the lipid
bilayer. Derl contains a lateral gate between TM2 and TM5 and TM2 contains hydrophilic
residues that MD simulations predict cause lipid thinning that is proposed to aid in the
retrotranslocation of substrates. Indeed, mutation of these residues to hydrophobic residues
slows the degradation rate of luminal ERAD clients. This important discovery supports the
hypothesis that the membrane perturbation ability of rhomboids can aid in retrotranslocation
of proteins.

2.1.2 Derlins strike first in the pre-emptive QC Pathway—The ER employs
various proteostatic strategies for maintaining a healthy proteome. Most notable is the ER’s
ability to launch a pre-emptive strike on a selection of proteins prior to their infiltration in
the ER. Put less poetically, the ER’s main line of defense is to prevent protein overload. This
preventative system is known as the ER stress-induced pre-emptive quality control pathway
(ERpQC) [64,65]. In this system, newly synthesized polypeptides are co-translationally
inserted into the entry gate of the ER, which is the Sec61 channel. Studies by Noshito and
colleages have shown that during acute ER stress, derlins are recruited to the Sec61
translocon pore where they reroute ER-targeted substrates to an E3 ligase to initiate
ubiquitin tagging and degradation of the substrates by the cytosolic 26S proteasome [64,65].
This study implies that derlins function at the nexus of the mechanistically distinct pathways
of ERpQC and ERAD. Exactly how derlins capture incoming substrate and the extent to
which rhomboid features are employed during the derlin-backed rerouting step in ERpQC
remains as an open question.

2.1.3 Physiological role of derlins—The physiological role of derlin-mediated ERAD
has been difficult to study due to the embryonic and perinatal lethality of mice deficient for
derlin homologs: Derlin-1 and Derlin-2, respectively (Table 1) [66,67]. The recent
generation of cell-type-specific derlin-deficient mice has offered a unique opportunity to
delineate the significance of derlins in physiology (Table 1). Schwann-cell specific Derlin-2
KO mice results in late onset of neuropathy with myelin exhibiting severe defects in its
morphology and function [68]. This defect is most likely the result of abnormal maintenance
of myelin protein in the ER and consequent disruption in Schwann cellular function.
Furthermore, Ren and colleagues investigated the underlying functional role of Derlin-2 in
kidney-derived podocyte cells [69]. Harsh environmental conditions experienced by
podocytes and renal protein mutations contribute to protein misfolding in the ER of
podocytes, evoking constant ER stress [70]. Furthermore, ER stress causes an onset of many
kidney diseases such as diabetic nephropathy, renal fibrosis, and ischemia-reperfusion [71].
It is proposed that podocytes utilize Derlin-2 as a protein quality control mechanism in order
to cope with persistent ER stress [69,72]. Patients with diabetic nephropathy and
corresponding kidney disease mice models have upregulated Derlin-2 levels [69].
Furthermore, tissue culture studies demonstrate that Derlin-2 overexpression is positively
correlated with the survival of ER-stressed podocytes [69]. Overall, both studies demonstrate
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that Derlin-2 deficient Schwann cells and podocytes are functionally compromised when the
burden of misfolded substrates becomes insurmountable.

This collection of results suggest derlins play a prominent role in safeguarding the proteome
in normal physiology. If this is the case, tissues with high secretory demand should be
severely affected when derlin function is compromised. Contrary to this expectation,
developing Schwann, hepatocytes, podocytes and B-cells are able to cope with derlin
deficiency and ER stress under normal basal conditions [66—69]. This could be due to
cellular adaptation from compensatory pathways such as functional redundancy amongst all
three derlin paralogs, autophagy, or alternative ER protein quality control pathways. How
cells handle the accumulation of certain substrates should be considered on a case-by-case
scenario for different cell types.

Along with protecting the proteome, derlins can control abundance of specific substrates,
which would modulate the activity of the substrates within the cell. For example, tissue
culture studies have shown that derlins degrade a wide range of substrates including
potassium channels (Katp), ENaC, ApoB, cystic fibrosis transmembrane conductance
regulator (CFTR), to name a few [40,73-75]. This suggest derlins can regulate basic
physiological processes in a substrate-specific manner. Ongoing effort of generating derlin-
deficient animal models will bode well for researchers seeking to understand the
physiological role of derlins. It is possible that the three mammalian derlin homologs exhibit
functional redundancy. Thus, future works in utilizing tissue-specific double or triple derlin
knockout animal models would address this potential problem.

2.1.4 Disease role of derlins—Cancer cells are highly proliferative in nutrient-
deprived and hypoxic conditions, making them prone to protein misfolding throughout the
cell [70]. Cancer cells are susceptible to protein misfolding stress within the ER where the
demand of protein folding is high [76]. The ability of cancer cells to cope with ER stress
leads to their survival and chemo-resistance [76]. Several studies have shown that cancer
cells cope with ER stress by activating ERAD. For example, derlin mRNA is overexpressed
in breast cancer (Derlin-1 and Derlin-3) and colon cancer (Derlin-1) in order to mitigate ER
stress (Table 2) [77-81]. In contrast, another study has shown that colon cancer cells can
downregulate Derlin-3 through hypermethylation of its promoter region in order to promote
cancer cell survial. For example, cancer cells have an enormous demand for ATP to fuel
their growth, and glycolysis, as opposed to oxidative phosphorylation, is better suited to
meet this demand [82]. This metabolic switch to glycolysis is accompanied by enhancement
of glucose uptake through stabilization of glucose transporter, GLUTL, levels [83]. This
GLUT1 stabilization is a result of transcriptional inactivation of Derlin-3, which is normally
responsible for targeting the transporter for degradation [83]. Ultimately, stabilized GLUT1
leads to increased uptake in glucose which supports the high energy demand of a
proliferative cancer cell. Altogether, the above studies suggest that derlin upregulation and
downregulation in different cancer cell types can support cancer cell survival and
metabolism, respectively. Understanding the basic biological function of derlins during
cancer progression warrants future investigation and would serve as a window into
developing derlins as a therapeutic target or new biomarker for early diagnosis for cancer.
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2.2 Dsc2 and UBAC2

Structural homology demonstrates both yeast Dsc2 and mammalian UBA Domain
Containing 2 (UBAC?2) belong to the rhomboid pseudoprotease class [40,84,85]. Both
proteins have significantly diverged in their primary sequence, with 20% similarity between
the two proteins [85]. Furthermore, both Dsc2 and UBAC2 contain a C-terminal motif
known as the ubiquitin-associated (UBA) domain that directly interacts with ubiquitin
[85,86]. The current knowledge on their biological function will be discussed in detail
below.

2.2.1 Dsc2: A lever for cholesterol and sphingolipid homeostasis—Cell
cholesterol is under constant multi-layered control. This is mainly regulated by an ER
resident transcription factor, Sterol regulatory element-binding protein (SREBP), which is
responsible for transcribing genes involved in sterol synthesis, low-density lipoprotein
(LDL) receptor, and other lipid-related proteins [87,88]. SREBP itself is also controlled by
feedback regulation to which the overarching concept is simple. When cellular cholesterol is
low, SREBP is activated by sequential cleavage by Golgi-resident Site-1 and Site-2
proteases, allowing SREBP-mediated sterol synthesis to occur. When cholesterol is high,
SREBP is inactive, followed by less sterol synthesis [89]. Notably, the SREBP pathway is
conserved in S. pombe, with the exception that S. pombe does not have Site-1 and Site-2
proteases. The detailed knowledge of SREBP regulation in fission yeast comes from an
ongoing odyssey of inquiry by the Espenshade laboratory leading to a collection of basic
insights [85,90-92]. Stewart and colleagues utilized a genetic selection screen and
discovered Dsc E3 ubiquitin ligase complex is required for the cleavage of fission yeast
SREBP, Srel [92]. This E3 ligase complex is localized in the ER and Golgi membrane and is
comprised of E3 ligase Dscl, Dsc2, Dsc3 and Dsc4 [85]. Most noteworthy, Dsc2 is
homologous to rhomboid pseudoproteases [85]. All rhomboid proteins characterized to date
specifically binds their substrates in the plane of the membrane [12]. Based on Dsc2’s
connection with the rhomboid superfamily, this leads to the idea that Dsc2 is an integral
participant in SREBP recognition and binding. Furthermore, recent studies by Teis’
laboratory has shown that in baker’s yeast, the Dsc E3 ubiquitin ligase complex, which
contains the rhomboid pseudoprotease Dsc2, targets a negative regulator of sphingolipid
biosynthesis pathway, Orm2, for degradation in the endosome and Golgi apparatus; a
pathway known as Endosome Golgi-Associated Degradation (EGAD) [93]. This pioneering
study places Dsc2 at the heart of sphingolipid homeostasis- a lipid that is critical for a
plethora of cell biological processes, including growth, apoptosis, cell migration and
inflammatory responses [94].

Several biochemical studies have shed light on the mechanism for rhomboid pseudoprotease
Dsc2 function. For example, Dsc2 plays an important structural role in linking other
members of the Dsc E3 ligase complex together [85]. In addition, Dsc2 is able to bind to
ubiquitin /n vitro, which is mediated by its UBA domain located at the C-terminus [85].
However, Lloyd et al., showed that the UBA domain is dispensable for cleavage of fission
yeast SREBP, Sre1[85]. Additional studies are needed to precisely understand how ubiquitin
binding contributes to Dsc2 function. Overall, these biochemical studies on Dsc2 function
have opened the door to a number of questions: What is the physiological role of Dsc2? To
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what extent are Dsc2’s rhomboid features utilized in SREBP activation or Orm2
degradation? Just like its derlin counterpart, is Dsc2 directly involved in extracting Orm2
and other membrane substrates from the endosome or Golgi membrane? These questions
will be interesting avenues to explore in the next few years.

2.2.2 UBAC2 role in energy homeostasis—A BLASTP search revealed that
mammalian UBAC?2 has significant similarity to yeast Dsc2 [85]. Just like Dsc2, UBAC2
also has a C-terminal UBA domain, which is predicted to bind to ubiquitin. Indeed, the
purified recombinant UBA tail of UBAC?2 is able to bind to polyubiquitin chains, suggesting
involvement of UBAC2 in the ubiquitin-proteasome protein degradation pathway [86].
Consistent with this idea, UBAC2 knockdown led to stabilization of mutant alphal-
antitrypsin, a well-known ERAD substrate [86]. Furthermore, a previous study has shown
that UBAC?2 contributes to energy homeostasis in mammals in a manner that is distinct from
its proposed role in ERAD as described above. UBAC2 was shown to specifically restrict
trafficking of UBXD8 from the ER to lipid droplets (LDs) where it is known to regulate the
rate limiting enzyme in lipid hydrolysis [95]. Hence, UBAC?2 strongly contributes to energy
homeostasis by controlling cellular fat storage. It will be interesting to understand how
UBAC?2 mediated retention of UBXDS in the ER is regulated.

2.2.3 Disease role of UBAC2—Genome-wide associate studies (GWAS) have strongly
linked single-nucleotide polymorphisms (SNPs) of UBAC2 to Behget disease (BD) (Table 2)
[96]. BD is an inflammatory disease associated with development of lesions throughout the
body, particularly the central nervous system [96]. Yamazoe et al, have shown that UBAC?2
polymorphisms are elevated in BD [96]. Whether an elevated level of UBAC2 in BD
increases the risk for BD remains to be determined. Furthermore, BD pathology is
associated with other genes related to ubiquitin-related functions including ubiquitin
associated and SH3 domain containing B (UBASH3B), small ubiquitin-like modifier 4
(SUMO4), and ubiquitin-conjugating enzyme E2Q family-like 1 (UBE2QL1) [96]. This
suggests that the ubiquitin and protein degradation pathways may contribute to the
development of BD. Future studies are warranted to confirm the general validity of these
findings and to clarify the underlying mechanism of UBAC2 for this association. In this
case, support from animal models will be paramount in establishing UBAC2-mediated
causality in BD.

2.3 iRhoms

iRhoms are pseudoproteases that are evolutionarily distinct from derlins and are more
closely related to rhomboid proteases. iRhoms are ER-resident integral membrane proteins
with seven transmembrane helices. Drosophila have one iRhom while humans and mice
have two, iRhom1 and iRhom2. iRhoms have diverse roles in cellular function (reviewed in
[97]). In this review, we will focus on their role in protein stability and quality control.

2.3.1 iRhoms in regulated protein degradation—iRhoms have a broad role in
controlling protein abundance via ERAD, as well as by other mechanisms. The first instance
of iRhoms playing a role in protein degradation was shown by the Freeman group [98]. In
Drosophila, iRhom is exclusively expressed in neurons and knockout flies exhibit long
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periods of time in a “sleep-like state”. Because the same sleep-like behavior occurs when
epidermal growth factor receptor (EGFR) signaling increases, it was hypothesized that
iRhom functions as a negative regulator of EGFR signaling. Indeed, the “sleep-like”
phenotype is rescued by neuron-specific expression of iRhom, and, in mammalian cells,
iRhoms facilitate the degradation of EGFR ligands. In human cell culture, overexpressed
iRhom1 has been demonstrated to cause increased proteasome activity [99]. This increase in
proteasome activity was also seen with overexpression of the active rhomboids RHBDL1
and RHBDLZ2, and their catalytically inactive mutants, but this was not further explored.
This hyperactivity was proposed to be mediated through stabilization of proteasome
chaperones Pacl and Pac2 by iRhom1, although the exact mechanism has not been
determined. The authors also showed iRhom1 protein levels are elevated under ER stress,
indicating that iRhom1 may promote faster degradation of accumulating substrates during
ER stress through increasing proteasome activity. iRhom1 is also involved in stabilizing the
a subunit of the transcription factor hypoxia inducible factor-1 (Hifla) by reducing its
degradation by the proteasome [100]. Stabilization of Hifla in hypoxic conditions allows
formation of the active transcription factor, which promotes cellular adaptation to hypoxia.
Under normal conditions, Rack1 interacts with Hifla, resulting in Hifla being degraded by
the proteasome. Experimental evidence indicates iRhom1 can bind Rackl, thereby
preventing its interaction with Hifla and leading to stabilization of Hifla. iRhom1 was also
upregulated in breast cancer patients with escalated disease progression, and perhaps this
allows cancer cells to adapt to hypoxia through increased Hifla activity.

3. Rhomboid Proteases
3.1 RHBDL4

Rhomboid proteases were first discovered in Drosophila with an important role in cleaving
Spitz, a membrane-bound ligand for the epidermal growth factor receptor (EGFR) [101]. In
mammals, there are four rhomboid proteases in the secretory pathway (RHBDL1-4) and one
in the mitochondria (PARL). While many rhomboid proteases either have not been well
described or are involved in cell signaling, the main described role of mammalian rhomboid
RHBDLA (also known by the gene name Rhbdd1) is in protein quality control.

3.1.1 RHBDL4 in ERAD—RHBDLA4 is an ER-resident rhomboid protease that is
involved in ERAD (see review [102] and brief discussion in Section 2.1.1). In contrast to
derlins, which are primarily involved in retrotranslocating full-length defective proteins from
the ER, RHBDLA4 cleaves specific membrane substrates into fragments which are then
retrotranslocated into the cytoplasm and degraded by the proteasome [51].

Two features of RHBDL4 that are important for its role in ERAD are its ubiquitin
interacting motif (UIM) and its Valosin-binding motif (VBM), which recruits the AAA-
ATPase p97 [51,103]. The UIM motif on RHBDL4 indicates that substrate recognition and
eventual cleavage is mediated by substrate ubiquitination. The VBM motif, which recruits
p97 to RHBDLA4, is highly conserved across eukaryotes, indicating an evolutionary
conserved function for RHBDL4 in ERAD [103].
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The Lemberg group was the first to show a role for RHBDL4 in cleaving membrane proteins
and targeting them for ERAD [51]. In this seminal work, RHBDL4 was shown to cleave
several membrane proteins both in their ectodomains as well as in the membrane spanning
segments prior to retrotranslocation and degradation. More recent work from the Lemberg
group also identified RHBDL4 as having a role in mediating the turnover of misfolded
luminal proteins [104]. RHBDL4 forms a complex with the ERAD components Erlinl and
Erlin2, which function as substrate adaptors for its targeting of luminal proteins. RHBDL4
acts in an alternative ERAD pathway for luminal aggregation-prone proteins, whereby they
are first cleaved into fragmets and subsequently removed and degraded by the proteasome,
instead of being retrotranslocated in their full-length form.

3.1.2 Physiological Role of RHBDL4—Mammalian cell culture studies have
elucidated that RHBDLA4 can cleave a wide variety of ERAD substrates. The first identified
substrate of RHBDL4 was the a subunit of the pre-T cell receptor (pTa) [51]. While there is
not a strict sequence specific degron requirement, it was hypothesized that two basic amino
acids in the transmembrane span of pTa triggered its degradation by RHBDLA. In support
of this hypothesis, a disease variant of myelin protein zero (MPZ) that contains two basic
residues in its transmembrane domain can also be cleaved by RHBDL4 and subsequently
degraded. Interestingly, when the pTa degron was introduced into opsin, a multipass
membrane protein, it was also cleaved by RHBDL4 [51]. This work established that
RHBDLA has loose sequence requirements for recognition and can cleave both single-pass
and multi-pass membrane proteins.

The Munter group exhibited that RHBDLA4 is capable of cleaving the ectodomain of amyloid
precursor protein (APP) [105]. Cleavage of APP by other proteases can result in amyloid
(AP) peptides, which are implicated in Alzheimer’s disease. Secretion of Ap peptides was
reduced in cells expressing active RHBDL4 compared to cells with inactive RHBDL4 [105].
However, it is unclear whether RHBDL4 mediated cleavage of APP results in degradation
through ERAD. RHBDL4-mediated processing of APP can be influenced by binding of
cholesterol to specific motifs in the transmembrane domain of RHBDLA4 [106]. Decreased
levels of cellular cholesterol resulted in an increase in RHBDL4 mediated APP fragments,
suggesting that RHBDL4 activity is influenced by the surrounding lipid environment.

Like other ERAD components, RHBDL4 transcription is increased in response to ER stress
[51]. Additionally, expression of catalytically inactive RHBDL4 causes substrate trapping,
which induces ER stress [51]. Recent work from the Lemberg group used proteomics to
identify ERAD targets of RHBDL4 [107]. By using stable isotopic labeling in cell culture
(SILAC) with wildtype RHBDL4 and RHBDL4 mutants, the authors were able to identify
possible RHBDLA4 substrates. Several of the proteins identified were part of the
oligosacharyltransferase (OST) complex, which is responsible for glycosylating newly
synthesized proteins [107]. By cleaving these subunits and targeting them for ERAD,
RHBDLA4 can fine tune glycosylation in the cell, which may mitigate ER stress. RHBDL4
also increases degradation of OST subunits when one component in depleted or increased.

Based on the RHBDL4 substrates identified so far, the range of proteins is very broad
without universal structural requirements for cleavage. Past studies have relied on the
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overexpression of either RHBDLA4 or its substrates; making it difficult to determine which
RHBDLA4 substrates are physiologically relevant. Outstanding questions which remain in
terms of RHBDL4 substrates are (i) what features of a target protein determine whether it is
targeted by RHBDL4 and (ii) what is the importance of ubiquitination in targeting
substrates.

3.1.3 Disease role of RHBDL4—RHBDLA4 is upregulated in both colorectal cancer
and glioblastoma (Table 2) [108-111]. However, it is not established whether this has any
relation to its role in ERAD, or whether it is due solely to other functions of RHBDL4 in cell
signaling pathways. Recently, the Lemberg group explored the role of RHBDL4 in
regulating OST complex subunit degradation. They proposed that the upregulation of
RHBDLA seen in several cancer types could be to increase the degradation of excess OST
complex subunits that could result from aneuploidy in cancer cells [107]. Alternatively, the
involvement of RHBDL4 in cancer could be due to its ability to cleave the proapoptotic
protein BIK [112]. The overexpression of RHBDL4 seen in some cancer cells could reduce
apoptosis, thereby promoting cancer progression and proliferation. To date, the work
associating RHBDL4 with cancer has been done using patient samples and cell culture. To
better delineate the role of RHBDL4 in disease, it will be important to establish animal
models to study how changes in RHBDLA4 expression alter cancer progression.

The close mechanistic relationship between rhomboid proteases and pseudoproteases is
highlighted by recent research from the Strisovsky group. This research showed that the
bacterial rhomboid YqgP in Bacillus subtilis regulates magnesium homeostasis by acting as
a protease while also displaying functions similar to derlins [113]. YqgP cleaves the
magnesium transporter MgtE under environmental conditions of low magnesium and high
manganese or zinc. YqgP has an additional function as a substrate adaptor for FtsH, an ATP
dependent protease that works in conjunction with YqgP to degrade MgtE. Importantly, the
active site of YqgP, but not its catalytic ability, is required for its interaction with FtsH and
cleavage of MgtE by FtsH. This pathway has striking similarities to ERAD, with YqgP
playing a similar role to derlins in recruiting other machinery for substrate degradation,
while also having a direct role in degrading its substrates. This paper establishes a
physiologically important process in bacteria that is regulated by a rhomboid protease, and is
an example of protein homeostasis being altered in response to environmental conditions to
alleviate cellular stress.

4. Conclusions and Perspectives

In just the past 5 years, we have learned a great deal about the rhomboid superfamily and
their importance in protein homeostasis. The rhomboid superfamily is widespread and
highly conserved, and it is remarkable to see how fundamental cell biological studies have
paved the way to our current knowledge of rhomboid biology in health and diseases. The
fundamental knowledge gained regarding the rhomboid protein family’s systemic
significance in animal models bodes well in providing a mechanistic and conceptual
platform for understanding the broader functions of the rhomboid superfamily. Thus far,
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studies on cell-specific rhomboid pseudoprotease knockout mice have made a major
contribution towards understanding their physiological role of rhomboid pseudoproteases.
The lack of function of some rhomboid pseudoproteases has been demonstrated to activate
ER stress responses in cells with large secretory demand. Moreover, biochemical studies in
mammalian cell culture show that the rhomboid superfamily target a plethora of substrates
and may affect downstream pathways in a substrate-specific manner. Future studies in
rhomboid-deficient animal knockouts will shed light on their biological significance. We
predict that many fundamental questions about rhomboids under normal and
pathophysiological conditions will be addressed in the next few years, including their
specific biological role in cancer cells. Accordingly, these studies will provide fundamental
knowledge in exploiting the rhomboid superfamily for potential therapeutics and will be an
incredibly exciting area of research in the years to come.

Acknowledgements

We wish to thank Randolph Hampton, Kvido Strisovsky, and Satarupa Bhaduri for critically reading this paper. We
also wish to thank members of our research group for enlightening discussions and fun times. These studies were
supported by NIH grant 1R35GM133565-01 and Burroughs Wellcome Fund 1013987 (to S.E.N.).

REFERENCES

[1]. Balchin D, Hayer-Hartl M, Hartl FU, In vivo aspects of protein folding and quality control.,
Science. 353 (2016) aac4354 10.1126/science.aac4354. [PubMed: 27365453]

[2]. Hartl FU, Bracher A, Hayer-Hartl M, Molecular chaperones in protein folding and proteostasis.,
Nature. 475 (2011) 324-32. 10.1038/nature10317. [PubMed: 21776078]

[3]. Sontag EM, Samant RS, Frydman J, Mechanisms and Functions of Spatial Protein Quality
Control, Annu. Rev. Biochem 86 (2017) 97-122. 10.1146/annurev-biochem-060815-014616.
[PubMed: 28489421]

[4]. Morimoto RI, The heat shock response: systems biology of proteotoxic stress in aging and
disease., Cold Spring Harb. Symp. Quant. Biol 76 (2011) 91-9. 10.1101/sgh.2012.76.010637.
[PubMed: 22371371]

[5]. Eftekharzadeh B, Hyman BT, Wegmann S, Structural studies on the mechanism of protein
aggregation in age related neurodegenerative diseases., Mech. Ageing Dev 156 (2016) 1-13.
10.1016/j.mad.2016.03.001. [PubMed: 27005270]

[6]. Chen B, Retzlaff M, Roos T, Frydman J, Cellular strategies of protein quality control., Cold Spring
Harb. Perspect. Biol 3 (2011) a004374 10.1101/cshperspect.a004374. [PubMed: 21746797]

[7]. Sun Z, Brodsky JL, Protein quality control in the secretory pathway, J. Cell Biol 218 (2019) 3171-
3187. 10.1083/jch.201906047. [PubMed: 31537714]

[8]. Jeng W, Lee S, Sung N, Lee J, Tsai FTF, Molecular chaperones: guardians of the proteome in
normal and disease states., F1000Research. 4 (2015). 10.12688/f1000research.7214.1.

[9]. Sicari D, Igbaria A, Chevet E, Control of Protein Homeostasis in the Early Secretory Pathway:
Current Status and Challenges, Cells. 8 (2019). 10.3390/cells8111347.

[10]. Bergbold N, Lemberg MK, Emerging role of rhomboid family proteins in mammalian biology
and disease, Biochim. Biophys. Acta - Biomembr 1828 (2013) 2840-2848. 10.1016/
j.bbamem.2013.03.025.

[11]. Lemberg MK, Adrain C, Inactive rhomboid proteins: New mechanisms with implications in
health and disease, Semin. Cell Dev. Biol 60 (2016) 29-37. 10.1016/).SEMCDB.2016.06.022.
[PubMed: 27378062]

[12]. Tich& A, Collis B, Strisovsky K, The Rhomboid Superfamily: Structural Mechanisms and
Chemical Biology Opportunities, Trends Biochem. Sci 43 (2018) 726-739. 10.1016/
j.tibs.2018.06.009. [PubMed: 30055896]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Neal

[13].

[14].

[15].
[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

Page 12

Dusterhoft S, Kunzel U, Freeman M, Rhomboid proteases in human disease: Mechanisms and
future prospects, Biochim. Biophys. Acta - Mol. Cell Res 1864 (2017) 2200-2209. 10.1016/
j.bbamcr.2017.04.016. [PubMed: 28460881]

Zhou Y, Moin SM, Urban S, Zhang Y, An internal water-retention site in the rhomboid
intramembrane protease GIpG ensures catalytic efficiency, Structure. 20 (2012) 1255-1263.
10.1016/j.str.2012.04.022. [PubMed: 22705210]

Bondar AN, del Val C, White SH, Rhomboid Protease Dynamics and Lipid Interactions,
Structure. 17 (2009) 395-405. 10.1016/j.str.2008.12.017. [PubMed: 19278654]

Shokhen M, Albeck A, How does the exosite of rhomboid protease affect substrate processing
and inhibition?, Protein Sci. 26 (2017) 2355-2366. 10.1002/pro.3294. [PubMed: 28884847]

Uritsky N, Shokhen M, Albeck A, Stepwise Versus Concerted Mechanisms in General-Base
Catalysis by Serine Proteases., Angew. Chem. Int. Ed. Engl 55 (2016) 1680-4. 10.1002/
anie.201507772. [PubMed: 26691899]

Lemieux MJ, Fischer SJ, Cherney MM, Bateman KS, James MNG, The crystal structure of the
rhomboid peptidase from Haemophilus influenzae provides insight into intramembrane
porteolysis, Proc. Natl. Acad. Sci. U. S. A 104 (2007) 750-754. 10.1073/pnas.0609981104.
[PubMed: 17210913]

Lemberg MK, Freeman M, Functional and evolutionary implications of enhanced genomic
analysis of rhnomboid intramembrane proteases, Genome Res. 17 (2007) 1634-1646. 10.1101/
gr.6425307. [PubMed: 17938163]

Mehrtash AB, Hochstrasser M, Ubiquitin-dependent protein degradation at the endoplasmic
reticulum and nuclear envelope, Semin. Cell Dev. Biol 93 (2019) 111-124. 10.1016/
j.semcdb.2018.09.013. [PubMed: 30278225]

Knop M, Finger A, Braun T, Hellmuth K, Wolf DH, Der1, a novel protein specifically required
for endoplasmic reticulum degradation in yeast., EMBO J. 15 (1996) 753-63. http://
www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=450274&tool=pmcentrez&rendertype=abstract (accessed October 31, 2012). [PubMed:
8631297]

Lilley BN, Ploegh HL, A membrane protein required for dislocation of misfolded proteins from
the ER, Nature. 429 (2004) 834-840. 10.1038/nature02592. [PubMed: 15215855]

Ye Y, Shibata Y, Yun C, Ron D, Rapoport TA, A membrane protein complex mediates retro-
translocation from the ER lumen into the cytosol, Nature. 429 (2004) 841-847. 10.1038/
nature02656. [PubMed: 15215856]

Greenblatt EJ, a Olzmann J, Kopito RR, Derlin-1 is a rhomboid pseudoprotease required for the
dislocation of mutant a—1 antitrypsin from the endoplasmic reticulum., Nat. Struct. Mol. Biol 18
(2011) 1147-52. 10.1038/nsmb.2111. [PubMed: 21909096]

Needham PG, Brodsky JL, How early studies on secreted and membrane protein quality control
gave rise to the ER associated degradation (ERAD) pathway: the early history of ERAD.,
Biochim. Biophys. Acta 1833 (2013) 2447-57. 10.1016/j.bbamcr.2013.03.018. [PubMed:
23557783]

Hirsch C, Gauss R, Horn SC, Neuber O, Sommer T, The ubiquitylation machinery of the
endoplasmic reticulum., Nature. 458 (2009) 453-60. 10.1038/nature07962. [PubMed: 19325625]

Bordallo J, Plemper RK, Finger A, Wolf DH, Der3p/Hrd1p is required for endoplasmic
reticulum-associated degradation of misfolded lumenal and integral membrane proteins, Mol.
Biol. Cell 9 (1998) 209-222. 10.1091/mbc.9.1.209. [PubMed: 9437001]

Foresti O, Rodriguez-Vaello V, Funaya C, Carvalho P, Quality control of inner nuclear membrane
proteins by the Asi complex, Science (80-.) 346 (2014) 751-755. 10.1126/science.1255638.
Khmelinskii A, Blaszczak E, Pantazopoulou M, Fischer B, Omnus DJ, Le Dez G, Brossard A,
Gunnarsson A, Barry JD, Meurer M, Kirrmaier D, Boone C, Huber W, Rabut G, Ljungdahl PO,
Knop M, Protein quality control at the inner nuclear membrane, Nature. 516 (2014) 410-413.
10.1038/nature14096. [PubMed: 25519137]

Wangeline MA, Hampton RY, “Mallostery”—Iligand-dependent protein misfolding enables
physiological regulation by ERAD, J. Biol. Chem 293 (2018) 14937-14950. 10.1074/
jbc.RA118.001808. [PubMed: 30018140]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.


http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=450274&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=450274&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=450274&tool=pmcentrez&rendertype=abstract

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Neal

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].
[44].

[45].

[46].

[47].

[48].

[49].

Page 13

Hampton RY, Sommer T, Finding the will and the way of ERAD substrate retrotranslocation.,
Curr. Opin. Cell Biol 24 (2012) 460-6. 10.1016/j.ceb.2012.05.010. [PubMed: 22854296]

Bodnar NO, Rapoport TA, Molecular Mechanism of Substrate Processing by the Cdc48 ATPase
Complex, Cell. 169 (2017) 722-735.€9. 10.1016/j.cell.2017.04.020. [PubMed: 28475898]

Ye Y, Meyer HH, Rapoport TA, Function of the p97-Ufd1-Npl4 complex in retrotranslocation
from the ER to the cytosol: dual recognition of nonubiquitinated polypeptide segments and
polyubiquitin chains., J. Cell Biol 162 (2003) 71-84. 10.1083/jch.200302169. [PubMed:
12847084]

Neal S, Mak R, Bennett EJ, Hampton R, A Cdc48 “retrochaperone” function is required for the
solubility of retrotranslocated, integral membrane Endoplasmic Reticulum-associated
Degradation (ERAD-M) substrates, J. Biol. Chem 292 (2017). 10.1074/jbc.M116.770610.

Stein A, Ruggiano A, Carvalho P, a Rapoport T, Key steps in ERAD of luminal ER proteins
reconstituted with purified components., Cell. 158 (2014) 1375-88. 10.1016/j.cell.2014.07.050.
[PubMed: 25215493]

Neal S, Jaeger PA, Duttke SH, Benner CK, Glass C, Ideker T, Hampton R, The Dfm1 Derlin Is
Required for ERAD Retrotranslocation of Integral Membrane Proteins, Mol. Cell 69 (2018).
10.1016/j.molcel.2017.12.012.

Peterson BG, Glaser ML, Rapoport TA, Baldridge RD, Cycles of autoubiquitination and
deubiquitination regulate the erad ubiquitin ligase hrd1, Elife. 8 (2019). 10.7554/eLife.50903.
Schoebel S, Mi W, Stein A, Ovchinnikov S, Pavlovicz R, DiMaio F, Baker D, Chambers MG, Su
H, Li D, Rapoport TA, Liao M, Cryo-EM structure of the proteinconducting ERAD channel Hrd1
in complex with Hrd3, Nature. 548 (2017) 352-355. 10.1038/nature23314. [PubMed: 28682307]

Vasic V, Denkert N, Schmidt CC, Riedel D, Stein A, Meinecke M, Hrd1 forms the
retrotranslocation pore regulated by auto-ubiquitination and binding of misfolded proteins, Nat.
Cell Biol (2020) 1-8. 10.1038/s41556-020-0473-4. [PubMed: 31907412]

Greenblatt EJ, Olzmann JA, Kopito RR, Making the cut: intramembrane cleavage by a rhomboid
protease promotes ERAD., Nat. Struct. Mol. Biol 19 (2012) 979-81. 10.1038/nsmb.2398.
[PubMed: 23037595]

Ye'Y, Shibata Y, Yun C, Ron D, Rapoport TA, A membrane protein complex mediates retro-
translocation from the ER lumen into the cytosol, Nature. 429 (2004) 841-847. 10.1038/
nature02656. [PubMed: 15215856]

Knop M, Finger A, Braun T, Hellmuth K, Wolf DH, Der1, a novel protein specifically required
for endoplasmic reticulum degradation in yeast.,, EMBO J. 15 (1996) 753-763. 10.1002/
J.1460-2075.1996.th00411.x. [PubMed: 8631297]

Lemberg MK, Sampling the membrane: function of rhomboid-family proteins., Trends Cell Biol.
23 (2013) 210-7. 10.1016/j.tch.2013.01.002. [PubMed: 23369641]

Lilley BN, Ploegh HL, A membrane protein required for dislocation of misfolded proteins from
the ER, Nature. 429 (2004) 834-840. 10.1038/nature02592. [PubMed: 15215855]

Stolz A, Schweizer RS, Schéfer A, Wolf DH, Dfm1 forms distinct complexes with Cdc48 and the
ER ubiquitin ligases and is required for ERAD., Traffic. 11 (2010) 1363-9. 10.1111/
j.1600-0854.2010.01093.x. [PubMed: 20579315]

Mehnert M, Sommer T, Jarosch E, Derl promotes movement of misfolded proteins through the
endoplasmic reticulum membrane, Nat. Cell Biol 16 (2013) 77-86. 10.1038/ncb2882. [PubMed:
24292014]

Sato BK, Hampton RY, Yeast Derlin Dfm | interacts with Cdc48 and functions in ER
homeostasis, Yeast. 23 (2006) 1053-1064. 10.1002/yea.1407. [PubMed: 17083136]

Avci D, Fuchs S, Schrul B, Fukumori A, Breker M, Frumkin I, Chen C, Biniossek M, Kremmer
E, Schilling O, Steiner H, Schuldiner M, Lemberg M, The Yeast ER-Intramembrane Protease
Ypfl Refines Nutrient Sensing by Regulating Transporter Abundance, Mol. Cell 56 (2014) 630—
640. 10.1016/j.molcel.2014.10.012. [PubMed: 25454947]

Jaeger PA, Ornelas L, McElfresh C, Wong LR, Hampton RY, Ideker T, Systematic Gene-to-
Phenotype Arrays: A High-Throughput Technique for Molecular Phenotyping, Mol. Cell 69
(2018) 321-333.e3. 10.1016/j.molcel.2017.12.016. [PubMed: 29351850]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Neal

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].

Page 14

Goder V, Carvalho P, a Rapoport T, The ER-associated degradation component Derlp and its
homolog Dfm1p are contained in complexes with distinct cofactors of the ATPase Cdc48p.,
FEBS Lett. 582 (2008) 1575-80. 10.1016/j.febslet.2008.03.056. [PubMed: 18407841]

Fleig L, Bergbold N, Sahasrabudhe P, Geiger B, Kaltak L, Lemberg MK, Ubiquitin-Dependent
Intramembrane Rhomboid Protease Promotes ERAD of Membrane Proteins, Mol. Cell 47 (2012)
558-569. 10.1016/j.molcel.2012.06.008. [PubMed: 22795130]

Brooks CL, Lemieux MJ, Untangling structure-function relationships in the rhomboid family of
intramembrane proteases, Biochim. Biophys. Acta - Biomembr 1828 (2013) 2862—-2872.
10.1016/j.bbamem.2013.05.003.

Wang Y, Zhang Y, Ha Y, Crystal structure of a rhomboid family intramembrane protease, Nature.
444 (2006) 179-183. 10.1038/nature05255. [PubMed: 17051161]

Ticha A, Collis B, Strisovsky K, The Rhomboid Superfamily: Structural Mechanisms and
Chemical Biology Opportunities, Trends Biochem. Sci 43 (2018) 726—739. 10.1016/
J.TI1BS.2018.06.009. [PubMed: 30055896]

Moin SM, Urban S, Membrane immersion allows rhomboid proteases to achieve specificity by
reading transmembrane segment dynamics, Elife. 2012 (2012) e00173 10.7554/eLife.00173.
Strisovsky K, Sharpe HJ, Freeman M, Sequence-Specific Intramembrane Proteolysis:
Identification of a Recognition Motif in Rhomboid Substrates, Mol. Cell 36 (2009) 1048-1059.
10.1016/j.molcel.2009.11.006. [PubMed: 20064469]

Urban S, Freeman M, Substrate specificity of rhomboid intramembrane proteases is governed by
helix-breaking residues in the substrate transmembrane domain., Mol. Cell 11 (2003) 1425-34.
10.1016/s1097-2765(03)00181-3. [PubMed: 12820957]

Maegawa S, Koide K, Ito K, Akiyama Y, The intramembrane active site of GIpG, an E. coli
rhomboid protease, is accessible to water and hydrolyses an extramembrane peptide bond of
substrates, Mol. Microbiol 64 (2007) 435-447. 10.1111/j.1365-2958.2007.05679.x. [PubMed:
17493126]

Erez E, Bibi E, Cleavage of a multispanning membrane protein by an intramembrane serine
protease., Biochemistry. 48 (2009) 12314-22. 10.1021/bi901648g. [PubMed: 19919105]

Tsai YC, Weissman AM, A Ubiquitin-Binding Rhomboid Protease Aimed at ERADication, Dev.
Cell 23 (2012) 454-456. 10.1016/j.devcel.2012.08.015. [PubMed: 22975320]

Kreutzberger AJB, Ji M, Aaron J, Mihaljevi¢ L, Urban S, Rhomboid distorts lipids to break the
viscosity-imposed speed limit of membrane diffusion, Science (80-.) 363 (2019). 10.1126/
science.aao0076.

Avci D, Lemberg MK, Membrane Protein Dislocation by the Rhomboid Pseudoprotease Dfm1:
No Pore Needed?, Mol. Cell 69 (2018) 161-162. 10.1016/j.molcel.2017.12.031. [PubMed:
29351840]

Wu X, Siggel M, Ovchinnikov S, Mi W, Svetlov V, Nudler E, Liao M, Hummer G, Rapoport TA,
Structural basis of ER-associated protein degradation mediated by the Hrd1 ubiquitin ligase
complex, Science (80-.) 368 (2020) 1-13. 10.1126/SCIENCE.AAZ2449.

Kadowaki H, Nagai A, Maruyama T, Takami Y, Satrimafitrah P, Kato H, Honda A, Hatta T,
Natsume T, Sato T, Kai H, Ichijo H, Nishitoh H, Pre-emptive Quality Control Protects the ER
from Protein Overload via the Proximity of ERAD Components and SRP, Cell Rep. 13 (2015)
944-956. 10.1016/j.celrep.2015.09.047. [PubMed: 26565908]

Kadowaki H, Satrimafitrah P, Takami Y, Nishitoh H, Molecular mechanism of ER stress-induced
pre-emptive quality control involving association of the translocon, Derlinl, and HRD1, Sci. Rep
8 (2018). 10.1038/541598-018-25724-x.

Dougan SK, Hu C-CA, Paquet M-E, Greenblatt MB, Kim J, Lilley BN, Watson N, Ploegh HL,
Derlin-2-Deficient Mice Reveal an Essential Role for Protein Dislocation in Chondrocytes, Mol.
Cell. Biol 31 (2011) 1145-1159. 10.1128/mch.00967-10. [PubMed: 21220515]

Eura Y, Yanamoto H, Arai Y, Okuda T, Miyata T, Kokame K, Derlin-1 Deficiency Is Embryonic
Lethal, Derlin-3 Deficiency Appears Normal, and Herp Deficiency Is Intolerant to Glucose Load
and Ischemia in Mice, PL0S One. 7 (2012) e34298 10.1371/journal.pone.0034298. [PubMed:
22479592]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Neal

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].

[82].

[83].

Page 15

\Volpi VG, Ferri C, Fregno I, Del Carro U, Bianchi F, Scapin C, Pettinato E, Solda T, Feltri ML,
Molinari M, Wrabetz L, D’Antonio M, Schwann cells ER-associated degradation contributes to
myelin maintenance in adult nerves and limits demyelination in CMT1B mice, PLOS Genet. 15
(2019) €1008069 10.1371/journal.pgen.1008069. [PubMed: 30995221]

Ren G, Tardi NJ, Matsuda F, Koh KH, Ruiz P, Wei C, Altintas MM, Ploegh H, Reiser J,
Podocytes exhibit a specialized protein quality control employing derlin-2 in kidney disease, Am.
J. Physiol. - Ren. Physiol 314 (2018) F471-F482. 10.1152/ajprenal.00691.2016.

Clarke HJ, Chambers JE, Liniker E, Marciniak SJ, Endoplasmic Reticulum Stress in Malignancy,
Cancer Cell. 25 (2014) 563-573. 10.1016/j.ccr.2014.03.015. [PubMed: 24823636]

Taniguchi M, Yoshida H, Endoplasmic reticulum stress in kidney function and disease, Curr.
Opin. Nephrol. Hypertens 24 (2015) 345-350. 10.1097/MNH.0000000000000141. [PubMed:
26050121]

Inagi R, Nangaku M, Onogi H, Ueyama H, Kitao Y, Nakazato K, Ogawa S, Kurokawa K, Couser
WG, Miyata T, Involvement of endoplasmic reticulum (ER) stress in podocyte injury induced by
excessive protein accumulation, 2005 10.1111/j.1523-1755.2005.00736.x.

Sun F, Zhang R, Gong X, Geng X, Drain PF, Frizzell RA, Derlin-1 Promotes the Efficient
Degradation of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) and CFTR
Folding Mutants, J. Biol. Chem 281 (2006) 36856—36863. 10.1074/jbc.M607085200. [PubMed:
16954204]

Suzuki M, Otsuka T, Ohsaki Y, Cheng J, Taniguchi T, Hashimoto H, Taniguchi H, Fujimoto T,
Derlin-1 and UBXDS8 are engaged in dislocation and degradation of lipidated ApoB-100 at lipid
droplets., Mol. Biol. Cell 23 (2012) 800-10. 10.1091/mbc.E11-11-0950. [PubMed: 22238364]
You H, Ge Y, Zhang J, Cao Y, Xing J, Su D, Huang Y, Li M, Qu S, Sun F, Liang X, Derlin-1
promotes ubiquitylation and degradation of the epithelial Na+ channel, ENaC, J. Cell Sci 130
(2017). http://jcs.biologists.org/content/130/6/1027.long (accessed June 1, 2017).

Corazzari M, Gagliardi M, Fimia GM, Piacentini M, Endoplasmic Reticulum Stress, Unfolded
Protein Response, and Cancer Cell Fate, Front. Oncol 7 (2017) 78 10.3389/fonc.2017.00078.
[PubMed: 28491820]

Shibata M, Kanda M, Tanaka H, Umeda S, Miwa T, Shimizu D, Hayashi M, Inaishi T, Miyajima
N, Adachi Y, Takano Y, Nakanishi K, Takeuchi D, Noda S, Kodera Y, Kikumori T,
Overexpression of Derlin 3 is associated with malignant phenotype of breast cancer cells, Oncol.
Rep (2017). 10.3892/0r.2017.5800.

Dong Q, Fu L, Zhao Y, Tan S, Wang E, Dong Q, Fu L, Zhao Y, Tan S, Wang E, Dong Q, Fu L,
Zhao Y, Tan S, Wang E, Derlin-1 overexpression confers poor prognosis in muscle invasive
bladder cancer and contributes to chemoresistance and invasion through PI3K/AKT and
ERK/MMP signaling, Oncotarget. 8 (2017) 17059-17069. 10.18632/oncotarget.15001. [PubMed:
28178653]

Wang J, Hua H, Ran Y, Zhang H, Liu W, Yang Z, Jiang Y, Derlin-1 is overexpressed in human
breast carcinoma and protects cancer cells from endoplasmic reticulum stress-induced apoptosis,
Breast Cancer Res. 10 (2008). 10.1186/bcr1849.

Tan X, He X, Jiang Z, Wang X, Ma L, Liu L, Wang X, Fan Z, Su D, Derlin-1 is overexpressed in
human colon cancer and promotes cancer cell proliferation, Mol. Cell. Biochem 408 (2015) 205-
213.10.1007/s11010-015-2496-x. [PubMed: 26173415]

Bergbold N, Lemberg MK, Emerging role of rhomboid family proteins in mammalian biology
and disease, Biochim. Biophys. Acta - Biomembr 1828 (2013) 2840-2848. 10.1016/
j.bbamem.2013.03.025.

Liberti MV, Locasale JW, The Warburg Effect: How Does it Benefit Cancer Cells?, Trends
Biochem. Sci 41 (2016) 211-218. 10.1016/j.tibs.2015.12.001. [PubMed: 26778478]

Lopez-Serra P, Marcilla M, Villanueva A, Ramos-Fernandez A, Palau A, Leal L, Wahi JE, Setien-
Baranda F, Szczesna K, Moutinho C, Martinez-Cardus A, Heyn H, Sandoval J, Puertas S, Vidal
A, Sanjuan X, Martinez-Balibrea E, Vifials F, Perales JC, Bramsem JB, @rntoft TF, Andersen CL,
Tabernero J, McDermott U, Boxer MB, Vander Heiden MG, Albar JP, Esteller M, A DERL3-
associated defect in the degradation of SLC2A1 mediates the Warburg effect, Nat. Commun 5
(2014) 3608 10.1038/ncomms4608. [PubMed: 24699711]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.


http://jcs.biologists.org/content/130/6/1027.long

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Neal

[84].

[85].

[86].

[87].

[88].

[89].

[90].

[o1].

[92].

[93].

[94].

[95].

[96].

[97].

[98].

[99].

Page 16

Christianson JC, Olzmann JA, Shaler TA, Sowa ME, Bennett EJ, Richter CM, Tyler RE,
Greenblatt EJ, Wade Harper J, Kopito RR, Defining human ERAD networks through an
integrative mapping strategy, Nat. Cell Biol 14 (2012) 93-105. 10.1038/nch2383.

Lloyd SJA, Raychaudhuri S, Espenshade PJ, Subunit architecture of the golgi dsc e3 ligase
required for sterol regulatory element-binding protein (SREBP) cleavage in fission yeast, J. Biol.
Chem 288 (2013) 21043-21054. 10.1074/jbc.M113.468215. [PubMed: 23760507]

Christianson JC, Olzmann JA, Shaler TA, Sowa ME, Bennett EJ, Richter CM, Tyler RE,
Greenblatt EJ, Harper JW, Kopito RR, Defining human ERAD networks through an integrative
mapping strategy., Nat. Cell Biol 14 (2011) 93-105. 10.1038/ncb2383. [PubMed: 22119785]

Hampton RY, A Cholesterol Toggle Switch, Cell Metab. 8 (2008) 451-453. 10.1016/
j.cmet.2008.11.006. [PubMed: 19041760]

Yang T, Espenshade PJ, Wright ME, Yabe D, Gong Y, Aebersold R, Goldstein JL, Brown MS,
Crucial Step in Cholesterol Homeostasis, Cell. 110 (2002) 489-500. 10.1016/
S0092-8674(02)00872-3. [PubMed: 12202038]

Radhakrishnan A, Goldstein JL, McDonald JG, Brown MS, Switch-like Control of SREBP-2
Transport Triggered by Small Changes in ER Cholesterol: A Delicate Balance, Cell Metab. 8
(2008) 512-521. 10.1016/j.cmet.2008.10.008. [PubMed: 19041766]

Hwang J, Ribbens D, Raychaudhuri S, Cairns L, Gu H, Frost A, Urban S, Espenshade PJ, A
Golgi rhomboid protease Rbd2 recruits Cdc48 to cleave yeast SREBP, EMBO J. 35 (2016) 2332—
2349. 10.15252/embj.201693923. [PubMed: 27655872]

Burr R, Ribbens D, Raychaudhuri S, Stewart EV, Ho J, Espenshade PJ, Dsc E3 ligase localization
to the Golgi requires the ATPase Cdc48 and cofactor Ufd1 for activation of sterol regulatory
element-binding protein in fission yeast, J. Biol. Chem 292 (2017) 16333-16350. 10.1074/
jbc.M117.802025. [PubMed: 28821619]

Stewart EV, Lloyd SJA, Burg JS, Nwosu CC, Lintner RE, Daza R, Russ C, Ponchner K,
Nusbhaum C, Espenshade PJ, Yeast sterol regulatory element-binding protein (SREBP) cleavage
requires cdc48 and dsc5, a ubiquitin regulatory X domain-containing subunit of the golgi dsc E3
ligase, J. Biol. Chem 287 (2012) 672—681. 10.1074/jbc.M111.317370. [PubMed: 22086920]
Schmidt O, Weyer Y, Baumann V, Widerin MA, Eising S, Angelova M, Schleiffer A, Kremser L,
Lindner H, Peter M, Frohlich F, Teis D, Endosome and Golgi-associated degradation (EGAD) of
membrane proteins regulates sphingolipid metabolism, EMBO J. 38 (2019) 1-23. 10.15252/
embj.2018101433.

Hannun YA, Obeid LM, Sphingolipids and their metabolism in physiology and disease, Nat. Rev.
Mol. Cell Biol 19 (2018) 175-191. 10.1038/nrm.2017.107. [PubMed: 29165427]

Olzmann JA, Richter CM, Kopito RR, Spatial regulation of UBXD8 and p97/VVCP controls
ATGL-mediated lipid droplet turnover, Proc. Natl. Acad. Sci. U. S. A 110 (2013) 1345-1350.
10.1073/pnas.1213738110. [PubMed: 23297223]

Yamazoe K, Meguro A, Takeuchi M, Shibuya E, Ohno S, Mizuki N, Comprehensive analysis of
the association between UBAC2 polymorphisms and Behget’s disease in a Japanese population,
Sci. Rep 7 (2017). 10.1038/s41598-017-00877-3.

Dulloo I, Muliyil S, Freeman M, The molecular, cellular and pathophysiological roles of irhom
pseudoproteases, Open Biol 9 (2019). 10.1098/rsob.190003.

Zettl M, Adrain C, Strisovsky K, Lastun V, Freeman M, Rhomboid family pseudoproteases use
the ER quality control machinery to regulate intercellular signaling, Cell. 145 (2011) 79-91.
10.1016/j.cell.2011.02.047. [PubMed: 21439629]

Lee W, Kim Y, Park J, Shim S, Lee J, Hong SH, Ahn HH, Lee H, Jung YK, IRhom1 regulates
proteasome activity via PAC1/2 under ER stress, Sci. Rep 5 (2015). 10.1038/srep11559.

[100]. Zhou Z, Liu F, Zhang Z-S, Shu F, Zheng Y, Fu L, Li L-Y, Human rhomboid family-1 suppresses

oxygen-independent degradation of hypoxia-inducible factor-1a in breast cancer., Cancer Res. 74
(2014) 2719-30. 10.1158/0008-5472.CAN-13-1027. [PubMed: 24648344]

[101]. Urban S, Lee JR, Freeman M, Drosophila Rhomboid-1 defines a family of putative

intramembrane serine proteases, Cell. 107 (2001) 173-182. 10.1016/S0092-8674(01)00525-6.
[PubMed: 11672525]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandel and Neal

Page 17

[102]. Freeman M, The rhomboid-like superfamily: molecular mechanisms and biological roles.,
Annu. Rev. Cell Dev. Biol 30 (2014) 235-54. 10.1146/annurev-cellbio-100913-012944.
[PubMed: 25062361]

[103]. Lim JJ, Lee Y, Ly TT, Kang JY, Lee JG, An JY, Youn HS, Park KR, Kim TG, Yang JK, Jun,
Eom SH, Structural insights into the interaction of p97 N-Terminus domain and VBM in
rhomboid protease, RHBDL4, Biochem. J 473 (2016) 2863-2880. 10.1042/BCJ20160237.
[PubMed: 27407164]

[104]. Kiihnle N, Bock J, Knopf JD, Landscheidt N, Lee J-G, Ye Y, Lemberg MK, Intramembrane
protease RHBDLA4 interacts with erlin complex to target unstable soluble proteins for
degradation, BioRxiv. (2019) 848754 10.1101/848754.

[105]. Paschkowsky S, Hamzé M, Oestereich F, Munter LM, Alternative processing of the amyloid
precursor protein family by rhomboid protease RHBDLA4, J. Biol. Chem 291 (2016) 21903-
21912. 10.1074/jbc.M116.753582. [PubMed: 27563067]

[106]. Recinto SJ, Paschkowsky S, Munter LM, An alternative processing pathway of APP reveals two
distinct cleavage modes for rhomboid protease RHBDL4, Biol. Chem 399 (2018) 1399-1408.
10.1515/hsz-2018-0259. [PubMed: 30171808]

[107]. Knopf JD, Landscheidt N, Pegg CL, Schulz BL, Kiihnle N, Chao C-W, Huck S, Lemberg MK,
Intramembrane protease RHBDLA4 cleaves oligosaccharyltransferase subunits to target them for
ER-associated degradation, J. Cell Sci (2020) jcs.243790 10.1242/jcs.243790.

[108]. Song W, Liu W, Zhao H, Li S, Guan X, Ying J, Zhang Y, Miao F, Zhang M, Ren X, Li X, Wu F,
Zhao Y, Tian Y, Wu W, Fu J, Liang J, Wu W, Liu C, Yu J, Zong S, Miao S, Zhang X, Wang L,
Rhomboid domain containing 1 promotes colorectal cancer growth through activation of the
EGFR signalling pathway., Nat. Commun 6 (2015) 8022 10.1038/ncomms9022. [PubMed:
26300397]

[109]. Zhang M, Miao F, Huang R, Liu W, Zhao Y, Jiao T, Lu Y, Wu F, Wang X, Wang H, Zhao H, Ju
H, Miao S, Wang L, Song W, RHBDD1 promotes colorectal cancer metastasis through the Wnt
signaling pathway and its downstream target ZEB1, J. Exp. Clin. Cancer Res 37 (2018) 22
10.1186/513046-018-0687-5. [PubMed: 29426364]

[110]. Miao F, Zhang M, Zhao Y, Li X, Yao R, Wu F, Huang R, Li K, Miao S, Ma C, Ju H, Song W,
Wang L, RHBDD1 upregulates EGFR via the AP-1 pathway in colorectal cancer, Oncotarget. 8
(2017) 25251-25260. 10.18632/oncotarget.15694. [PubMed: 28445956]

[111]. Wei X, Lv T, Chen D, Guan J, Lentiviral vector mediated delivery of RHBDD1 shRNA down
regulated the proliferation of human glioblastoma cells., Technol. Cancer Res. Treat 13 (2014)
87-93. 10.7785/tcrt.2012.500362. [PubMed: 23883433]

[112]. Wang Y, Guan X, Fok KL, Li S, Zhang X, Miao S, Zong S, Koide SS, Chan HC, Wang L, A
novel member of the Rhomboid family, RHBDD1, regulates BIK-mediated apoptosis., Cell. Mol.
Life Sci 65 (2008) 3822-9. 10.1007/s00018-0088452-0. [PubMed: 18953687]

[113]. Began J, Cordier B, Bfezinova J, Delisle J, Hexnerova R, Srb P, Rampirova P, KoziSek M,
Baudet M, Couté Y, Galinier A, Veverka V, Doan T, Strisovsky K, Rhomboid intramembrane
protease YqgP licenses bacterial membrane protein quality control as adaptor of FtsH AAA
protease, EMBO J. (2020) 102935 10.15252/embj.2019102935. [PubMed: 31930742]

[114]. Ren G, Tardi NJ, Matsuda F, Koh KH, Ruiz P, Wei C, Altintas MM, Ploegh H, Reiser J,
Podocytes exhibit a specialized protein quality control employing derlin-2 in kidney disease.,
Am. J. Physiol. Renal Physiol 314 (2018) F471-F482. 10.1152/ajprenal.00691.2016. [PubMed:
29167172]

[115]. Christova Y, Adrain C, Bambrough P, Ibrahim A, Freeman M, Mammalian iRhoms have distinct
physiological functions including an essential role in TACE regulation., EMBO Rep. 14 (2013)
884-90. 10.1038/embor.2013.128. [PubMed: 23969955]

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kandel and Neal

Page 18

A - Cytosol B Cytosol
| u r &

Dfm1 ER Lumen Derlm 1 -2 -3 ER Lumen
& W Cytosol |D ‘ Cytosol
M 2& ER Lumen | UBAC2 - ER Lumen

E Cytosol F Cytosol
Dsc2 " Golgi and ER Lumen |iRhom1 ER Lumen
G Extracellular H Q @ Cytosol

i """ N
Cytosol RHBDL4 ER Lumen

Figure 1. Cellular localization of rhomboids

A-F depicts rhomboid pseudoproteases and G-H depicts rhomboid proteases. Rhomboids
depicted in A and C are found in S. cerevisiae, E is found in S. pombe, G is found in B.
subtilus, and B, D, F, and H are found in mammals.
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Mice knockout Phenotype Substrates Ref.
global Derl1—/- Die in uteroat ET-E8. not identified [67]
global Derl/3-/- Mice were born and grew normally. Also exhibited decreased levels of not identified [67]
Derlin-1 and Derlin-2 in the pancreas.
global Derl2-/- Pups are born at normal Mendelian ratios, but majority dies within 24 Derl2-/- chondrocytes show [66]
hours after birth due to inability to feed. Few surviving mice developed ER retention of collagen matrix
skeletal dysplasia and exhibited dilated ER due to defects in collagen proteins.
matrix protein secretion by chondrocytes. Also, all tissues were
unaffected, but had upregulated levels of ER chaperones and exhibited
chronic UPR.
B cells Derl2—/- Der2 deficiency does not affect B cell development and antibody not identified [66]
secretion.
Hepatocytes Der/2—/- | Cells have ongoing UPR, but does not affect liver function. not identified [66]
Schwann cells Der/l2-/ | Impairment of ERAD in nerves, but no effect on developmental 0S9 chaperone is stabilized and | [68]
- myelination or remyelination after nerve injury. Aged mice develop ER retention of Charcot- Marie-
demyelinating neuropathy in which UPR fails to activate. Tooth-associated myelin protein
zero (PO-S63del).
Podocytes Derl2-/- Mice were normal in appearance and behavior and exhibited negligible not identified [114]
difference in kidney histology. These mice are susceptible to ADR-
induced glomerular injury and death. This is accompanied by
compromised ERAD and ER stress.
global /Rhom1-/- Die by 6 weeks of age. TACE is retained in the ER in [115]
several tissue types.
global /Rhom2-/- Appear normal, but have impaired immune response. TACE is retained in the ER in [115]

macrophages.
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Rhomboid

member Disease Disease link Ref.

Derlin-1 Colon Cancer Derlin-1 silencing led to growth inhibition and promoted apoptosis in colon cancer cells. [80]
Derlin-1 overexpression correlates with tumor differentiation, invasion, and metastasis.

Derlin-1 Breast Cancer High expression of Derlin-1 correlated with tumor grade and metastasis. Derlin-1 [79]
silencing sensitized breast cancer cells to ER stress-induced apoptosis.

Derlin-3 Breast Cancer Inhibiting Derlin-3 expression decreased BC proliferation and high DERL3 expression in | [77]
patients experienced poorer prognosis.

Ubac2 Becget disease Two risk alleles, rs9517723 and rs7999348, significantly correlates with enhanced [96]
UBAC2 expression, which contributes to CNS lesions in patients. However, one risk
allele, rs3825427, is correlated with downregulated UBAC2.

Rhbdl4 Colorectal Cancer | High expression of Rhbdl4 is associated with metastatic colorectal cancer. Its role in [108-
colorectal cancer has been proposed to be through the Wnt and EGFR signaling 110]
pathways.

Rhbdl4 Glioblastoma Knockdown of Rhbdl4 resulted in an increase in apoptosis in a glioblastoma derived cell [111]
line.

iRhom1 Breast Cancer Elevated expression of iRhom1 was found to be correlated with breast cancers with a [100]

faster progression. Possible mechanism is by promoting stability of transcription factor
Hifla, thus promoting cellular adaptation to hypoxia.
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