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Abstract

Here | take a somewhat personal perspective on signalling control, focusing on the rhomboid-like
superfamily of proteins that my group has worked on for almost 20 years. As well as describing
some of the key and recent advances, | attempt to draw out signalling themes that emerge. One
important message is that the genetic and biochemical perspective on signalling has tended to
underplay the importance of cell biology. There is clear evidence that signalling pathways exploit
the control of intracellular trafficking, protein quality control and degradation, and other cell
biological phenomena, as important regulatory opportunities.

Introduction

Signalling between cells ultimately controls most cellular decisions in a multicellular
organism: differentiation, division, cell movement, physiological responses, cell death —all
depend on the sending and receiving of signals. Clearly, these central controllers need
themselves to be tightly regulated, and it is no surprise that the ultimate cause of many
diseases is disruption of signalling pathways. The two most productive general approaches
to understanding signalling in the last 50 years or more have been genetics and
biochemistry: both have contributed hugely to the current high level of understanding of
both the components and regulation of growth factor, cytokine, morphogen and other
pathways, to the extent that there are now successful drugs derived from this knowledge [1,
2]. Nevertheless, the fundamentals that we don’t understand greatly outweigh what we do,
and practical applications like novel drugs are still in their very early stages. Here | focus on
the rhomboid-like superfamily of proteins but, as well as describing some of the key recent
advances, | attempt to draw out themes that emerge about how they control signalling. One
important message is that the genetic and biochemical perspective on signalling has tended
to underplay the importance of cell biology. There is clear evidence that signalling pathways
are regulated by cell biological phenomena such as intracellular trafficking, protein quality
control and degradation.

Discovery of rnomboid proteases

The superfamily of rhomboid-like genes came to prominence when Drosophila Rhomboid-1
was discovered to be the first of a new class of enzyme: an intramembrane serine protease
[3]. Rhomboid proteases were soon found to exist in almost all eukaryotes and prokaryotes
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[3, 4], and the family subsequently expanded to a superfamily when it became clear that
there are many distantly related proteins that have lost protease activity during evolution [5-
7] (Figure 1). The hallmark of this wider rhomboid-like superfamily is a conserved six-
transmembrane domain (TMD) module which, in most cases, is extended by an extra N- or
C-terminal TMD and/or extramembrane domains. The discovery of Drosophila Rhomboid-1
as a serine protease was reported in 2001 [3] and in the intervening 15 years much has been
learned about some of the rhomboid-like proteins, although we still lack a clear view of the
core function of the rhomboid-like domain. Nevertheless, both rhomboid proteases and their
non-proteolytic cousins act in a very wide range of biologically significant cellular
processes, including growth factor and cytokine signalling, mitochondrial function,
intracellular protein quality control and trafficking, and bacterial protein export; in parallel,
rhomboid-like proteins have also been implicated in a similarly broad span of human
diseases including cancer, inflammation, and metabolic disorders [8].

Rhomboids were discovered in Drosophila (and their name derives from an early mutation
that gave rise to a pointy head skeleton in the fly embryo [9]). The path that led to
understanding their molecular function started when riomboid-1 mutations were discovered
to affect EGF receptor signalling. Indeed, it became apparent that they were the primary
regulators of this growth factor pathway in flies [10-12]. A convergence of genetic and
functional approaches led to my group showing that Rhomboid-1 triggered EGFR activity
by stimulating the release of active EGF ligand from its membrane tethered precursor [13];
we then showed that this was achieved by Rhomboid-1 being a protease that cuts the
precursor in its TMD, thereby releasing the extracellular growth factor [3]. Our genetic
screens also identified a protein, Star, that indicated a further complexity: the EGF precursor
was confined to the endoplasmic reticulum (ER) until it encountered Star, which promoted
its trafficking to the Golgi apparatus, the location of Rhomboid-1 [13]. This implied that the
control of EGFR signalling in flies was largely effected at the level of membrane trafficking
of the EGF ligand (Figure 2). Although not obvious at the time, it has subsequently become
clear that this work illustrated two important themes: first, the production of signals (i.e. the
pathway upstream of binding to a receptor) is an important but rather overlooked aspect of
signal regulation; and second, since signalling occurs within and between cells, the cell
biology of the signalling molecules is an important control point. | will return to these
themes towards the end of this review.

rhomboid-like superfamily

The search for rhomboid homologues led to early recognition that as well as many close
relatives, there were also more distant family members that lacked key catalytic residues,
implying that unlike Drosophila Rhomboid-1 they were not proteases [7, 14]. The potential
importance of these proteins was implied by their evolutionary conservation but there was no
indication of their function. Pursuing this puzzle, we returned to fly genetics to investigate
the closest inactive homologue of the rhomboid proteases in Drosophila, which we named
iRhom (reflecting its proteolytic inactivity, and no doubt also somewhat influenced by the
prevailing fashion for ‘i’ as a prefix for cool new things). Again, a combined genetic and
cellular approach was productive, showing that, like active Rhomboid-1, iRhom also
interacts with EGF family ligands but instead of activating them, it degrades them before
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they can be released from the signal emitting cell, thereby inhibiting EGFR signalling [15].
At a functional level, iRhom acted in opposition to Rhomboid-1, inhibiting rather than
activating EGFR signalling, but mechanistically there was little obvious relationship
between the protease and the inactive homologue. iRhom, primarily localised to the ER,
binds to and promotes ER associated degradation (ERAD) of EGF ligands (Figure
3).Although full mechanistic details remain unclear, the evolutionary relationships suggest
that the binding between iRhom and its client EGF ligand may mimic the interaction
between a rhomboid protease and its EGF ligand substrate, but in the case of the iRhom this
promotes ERAD rather than proteolytic cleavage.

A similar genetic and cellular approach in mammals demonstrated that mammalian iRhoms
have a different primary function [16, 17], although there are similarities: mammalian
iRhoms (of which there are two) appear primarily located in the ER, and they too bind to a
single pass TMD protein, thereby affecting its subsequent fate. But in this case, instead of
directing their client to degradation, they license its onward trafficking from the ER to the
Golgi apparatus. In the absence of iRhom, the client cannot leave the ER (Figure 3). So far,
the only confirmed client of mammalian iRhoms is TACE (aka ADAM17), a membrane
tethered metalloprotease of the ADAM family [18]. TACE is the TNFa converting enzyme,
named because one of its main functions is to release active TNFa from its membrane
tethered precursor, at the surface of inflammatory cells. TNFa is sometime called the
primary inflammatory cytokine; accordingly, iRhom2 mutant mice are defective in their
inflammatory response [16, 17, 19]. Indeed, since TNFa is the target of very successful anti-
inflammatory therapy, used extensively for rheumatoid arthritis (RA) but also in other
diseases, the discovery that iRhomz2 is a physiologically important new regulator of TNFa
activity, and its consequent involvement in RA models, has caused significant
pharmaceutical interest.

Much of the focus of mammalian iRhom function has been associated with its TNFa and
inflammatory function, but the iRhom client TACE is also responsible for shedding multiple
other cell surface proteins. Although not all of these are known to be physiologically
important, TACE is definitely the primary activator of several EGF receptor ligands in
mammals (with a similar role as Rhomboid-1 in flies: releasing the active growth factor from
a membrane tethered precursor) [20]. Consistent with this, iRhoms also affect aspects of
EGFR signalling in mammals, although the mechanistic details are less well understood than
in the case of TNFa. What is clear is that iRhoms can indeed modulate signalling by the
TACE-dependent EGFR ligands — TGFa, HB-EGF, amphiregulin, and epiregulin [21].
Intriguingly, iRhom is reported to control the selectivity of TACE for different EGFR ligands
[22], as well as its ER exit, but the relationship between these functions is not known.
Consistent with a role in EGFR signalling, mutations in mouse iRhom2 leads to wound
healing and skin/hair follicle defects, although the full chain of cause and effect is not yet
clear [23, 24]. Importantly, iRhomz2 is also implicated in human disease. The rare autosomal
dominant disease Tylosis with oesophageal cancer (TOC) is caused by mutations in the
cytoplasmic domain of iRhom2 [25], leading to a variety of symptoms including
palmoplantar hyperkeratosis and oesophageal cancer. Whether this is caused by defects in
inflammatory signalling via TNFa, or EGFR signalling, or by other mechanisms, is not yet
resolved, although a recent report shows that mutations in the cytoplasmic domain enhances
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cancer susceptibility in a mouse model [23], and another suggests that cell death may be
aberrant due to elevated TNFR shedding from TOC cells [26]. Although TOC is a very rare
disease, cells from these patients provide a valuable genetic resource for learning more about
iRhom function in humans.

Most vertebrates have two iRhoms, and the work described above has focused on iRhomz2,
which is primarily expressed in macrophages. Because of this tissue specificity, iRhom2 null
mutant mice appear healthy apart from macrophage driven inflammatory defects. The
phenotype of iRhom1 mutant mice is less certain, in that that there are two different papers
describing different defects. Our group has published that loss of iRhom1 leads to multiple
organ defects and death within 2-4 weeks of birth [27]. We found that iRhom1/2 double
mutants die in utero, around embryonic day 10. In contrast, the group of Carl Blobel
subsequently reported that another iRhom1 mutation led to no obvious phenotype, and that
the iRhom1/2 double mutant were born at normal Mendelian ratio but with eyes open, and
die perinatally [28]. The eyes open phenotype is significant because it is associated with loss
of TACE, the iRhom client [29]. The reasons for this discrepancy are not yet clear: the two
mutations are caused by different lesions so although both are expected to be null, it is
possible they have different functional consequences. The one we produced has a larger
genomic deletion, making it possible that it disrupts a control element of a neighbouring
gene in addition to iRhom1. Finally, the genetic backgrounds of the two mutations are not
identical, which could affect the phenotype. Further work is ongoing to resolve this issue,
which is important not just for understanding the physiopathology of the mutants but also
mechanistically. We know that iRhom1 and iRhom?2 are largely interchangeable in their
ability to regulate TACE trafficking and selectivity: they appear to be mechanistically similar
[27, 28]. If the double knockout closely resembles a TACE knockout, that would suggest that
TACE is the primary or only client of the iRhoms. If, however, the double knockout is
significantly worse, there is an implication of other, as yet unknown clients or functions.

To date more has been discovered about the physiology and genetics of iRhom mutations
than about their mechanistic cell biology. There are major gaps and puzzles to solve. How
does iRhom in Drosophila promote ERAD? And in mammals, how does it promote ER to
Golgi trafficking and TACE substrate selectivity? Is TACE really the only client in
mammals? — it seems a priori unlikely but, on the other hand, TACE is an unusually
powerful and multifunctional signalling activator, so it is possible that the iRhoms have
evolved as specialised regulators. Another important issue is how the same protein in flies
and mammals can do apparently different things, a question made more intriguing by the
result that, like Drosophila iRhom, mammalian iRhom can also promote ERAD [15],
although it is not yet clear whether this is physiologically meaningful. An unexpected recent
piece of molecular insight, albeit not one that immediately resolves any of the open
questions, is a report that iRhom1 can regulate the activity of proteasomes, probably by
interaction with the proteasome chaperones PAC1 and 2 [30]. Overall, there are more
questions than answers about the molecular mechanisms by which iRhoms act to control
inflammatory and growth factor signalling, but all current evidence points to them being key
regulators of major signalling pathways, so there are strong incentives to learn more.
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Emerging themes

Our knowledge of the rhomboid-like superfamily is still patchy, making it hard to develop
clear mechanistic or functional themes that connect all its members. Most work has focused
on the rhomboid proteases, particularly on their enzymology and structure [31], and on the
iRhoms, the class of proteolytically inactive rhomboid-like proteins that are closest to the
active rhomboids. More distant members of the family include the derlins, which are
important components of the ERAD pathway but whose molecular mechanism remains
controversial [5]; UbaC2, an ER protein reported to be involved in the regulation of lipid
droplet biosynthesis [32, 33]; RHBDD?2, genetically associated with cancer but
mechanistically unexplored [34-36]; RHBDD3 an inflammatory regulator of natural killer
and dendritic cells, functioning at least in part by interaction with ubiquitin [37, 38]; and
TMEM115, a Golgi protein reported to bind to the conserved oligomeric Golgi (COG)
complex and to regulate retrograde transport [39]. The phylogenetic tree of rhomboid-like
proteins suggests that they may have all evolved from an ancient rhomboid that was a
protease, with only one branch having retained that protease function [4, 6].

Combined with what we know about the function of the proteases and the iRhoms it is
attractive to speculate that a common function of the rhomboid-like domain may be to
recognise and bind TMDs — either to cleave them, in the case of the active proteases, or to
handle them in other ways. This is consistent with the core 6 TMD domain being almost
entirely membrane embedded, but it is too early to be confident that a TMD binding function
extends to the more distant members of the clan. Rhomboid-like proteins exist in many
different membranes — for examples organelles of the secretory pathway, plasma membrane,
mitochondria — but they all have significant cytoplasmic domains. Interestingly, these are not
well conserved, suggesting that they may determine some of the functions distinct to
different rhomboids. Many rhomboid-like proteins also have significant luminal/periplasmic/
extracellular domains, again not well conserved, but there is less evidence so far about their
functional importance.

A broader signalling theme is illustrated by rhomboid research: there is much control of
signalling between cells at the level of signal production. This is important because
historically a greater focus has been placed on understanding signal transduction pathways,
that is, the pathways from the receptor to the nucleus in the receiving cell (Figure 4). This
imbalance of effort probably derives from the early biochemical approaches that founded
much of the field: it is much easier to study what happens autonomously within the
receiving cell. Genetic approaches are not restricted in this way, and it is notable that genetic
screens have identified signalling regulators that act to control signal emission. An even
more general message emerges from studying the genetics of signalling, as alluded to at the
beginning of this review: although both classical genetics and biochemistry tend to produce
maps of signalling pathways that show proteins linked to each other by arrows, often
depicted non-specifically floating inside (or outside) cells, signalling pathways are actually
hugely influenced by cell biology. As exemplified by the signalling associated with the
rhomboid-like clan, many key signalling components are membrane proteins and therefore
subject to regulated membrane trafficking as well as quality and protein stability control.
Moreover, the cytoskeleton influences the intracellular movement of signalling machinery,
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and membrane lipid composition also can affect signal production and reception. These are
just examples of the myriad cell biological factors that can act as important regulators of
signalling pathways. This relatively poorly studied interface between signalling and cell
biology will be productive and illuminating at both a fundamental and translational level: if
rational drug design is to live up to its huge promise, we need to understand the detailed
mechanisms of the pathways in which we aim to intervene.

Finally, one even broader issue arises from the study of iRhoms: the potential functional
significance of inactive enzyme homologues or pseudoenzymes [40-42]. Browsing the EC
enzyme database it is clear that most enzymes, across all classes, have inactive cognates.
Where these are conserved, it must be assumed that there is selective pressure for their
retention and there that they are functional, despite not having enzyme activity. The
pseudokinases have been most studied. They comprise about 10% of the human ‘kinome’.
No other class has been studied as systematically, but what does emerge from many of the
cases that have been investigated, including the iRhoms, is that, having lost enzyme activity,
they have evolved regulatory relationships with the pathways in which their cognate
enzymes act. This is perhaps not surprising: despite loss of a catalytic residue or an active
site, the overall architecture of the protein is likely to remain similar when mutated so that it
may still bind to cofactors or substrates, and it may retain expression in the same place and
time as the enzyme from which it evolved. This provides a solid platform from which to
evolve regulatory factors. It should be stressed that this will not be a universal phenomenon,
and the nature and function of the evolved regulator can be very diverse, but it seems like a
safe prediction that many pseudoenzymes will be found to regulate the process in which
their cognate enzyme acts, and that a chain of evolutionary logic will exist that links the two
functions.

In conclusion, | have attempted two goals in this short review. First, | have outlined the
history and current state of play of research into the rhomboid-like superfamily. Once it
became clear that rhomboid-like proteins were much more widespread than just the
rhomboid proteases, the field diversified and grew substantially. Then, as medical
significance has begun to emerge for several members of the clan, interest has grown further
and there are prospects of rapid progress on many fronts in the near future. My second goal
has been to use the rhomboid-like field to draw out some important broader principles,
mostly about how signalling pathways — the all-important regulators of most biology in
multicellular organisms — are regulated by cell biological processes. | have also speculated
that pseudoenzymes illustrate a profound evolutionary phenomenon of potential regualtory
significance.
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Figurel.
Classification of members of the rhomboid-like superfamily in mammals. This shows the
degree of similarity of rhomboid-like genes in mammals. It is not an evolutionary tree.
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Figure 2.
Rhomboid and Star regulate EGFR signalling in Drosophila. Star is needed for the EGF-like

ligand, Spitz, to traffic from the ER to the Golgi apparatus. Once in the Golgi, the membrane
tethered Spitz precursor is cleaved by Rhomboid, and is then free to leave the cell as a
soluble and active growth factor
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Figure 3.
iRhom triggers ERAD in flies but forward trafficking in mammals. In Drosophila the

primary known function of iRhom is to trigger degradation of the EGF-like ligand Spitz by
ERAD; it is not know if this function also occurs in mammalian cells. The known function
in mammals is to promote the forward trafficking from the ER to the Golgi apparatus of
TACE, the enzyme that activates TNFa and several EGFR ligands. In both flies and
mammals, iRhom binds directly to its client protein, which has a single TMD.
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Figure 4.
Signal sending and receiving. To date, most signalling research has focused on signal

pathways in the signal receiving cell. It is becoming apparent from genetic and cell biology
appraoches that there is at least as much important regulation in the signal sending cell.
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