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The billions of proteins inside a eukaryotic cell are organized among dozens of sub-cellular compartments,
within which they are further organized into protein complexes. The maintenance of both levels of organiza-
tion is crucial for normal cellular function. Newly made proteins that fail to be segregated to the correct
compartment or assembled into the appropriate complex are defined as orphans. In this review, we discuss
the challenges faced by a cell of minimizing orphaned proteins, the quality control systems that recognize
orphans, and the consequences of excess orphans for protein homeostasis and disease.

Introduction

The advent of methods to observe the interior of cells by electron
microscopy in the 1950s revealed far more compartmentaliza-
tion than was apparent previously using light microscopy with vi-
tal dyes and stains (Porter, 1955-1956). This led to the definition
of many membrane-bound organelles in the cell and our first
views of many non-membrane-bound structures such as the
ribosome (Palade, 1955). In parallel with direct visualization,
biochemical fractionation was able to isolate these various
morphologically identifiable structures (Claude, 1943, 1946).
The structures were soon shown to have distinct functions (De
Duve, 1965) and eventually associated with specific subsets of
cellular proteins that are often part of larger complexes with
defined composition and stoichiometry. These studies initiated
modern cell biology, a major goal of which is to understand
how intracellular organization is generated and maintained to
facilitate cellular function.

The most extensive efforts have been aimed at determining
how newly made proteins are segregated to the appropriate
organelle (Blobel, 1980; Wickner and Schekman, 2005).
Although the accuracy of intracellular protein targeting was usu-
ally assumed to be high, one could anticipate that it cannot be
perfect. As detailed below, it is increasingly clear that the recog-
nition and disposal of mistargeted copies of a protein is an
important facet of achieving effective net segregation. Similarly,
the assembly of proteins into complexes is likely to be imperfect
(Harper and Bennett, 2016), necessitating the degradation of un-
assembled components. Thus, the prompt degradation of pro-
teins that fail to be correctly localized or assembled is critical
to the maintenance of intracellular organization. We refer to pro-
teins that are terminally separated from their correct location or
partners as orphans.

In this review, we discuss our understanding of how cells
recognize orphans and selectively route them for degradation.
We begin by providing an accounting of the eukaryotic prote-
ome and the extent of its sub-cellular organization into com-
partments and complexes. After defining the challenges to
achieving a well-organized proteome, we consider successively
the mechanisms cells use to identify mislocalized and misas-
sembled proteins. We end with a consideration of how path-
ways for the quality control of orphaned proteins impact cellular
physiology and disease.
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Organization of the Eukaryotic Proteome

Bioinformatic tools to predict protein location based on known
trafficking signals (Emanuelsson et al., 2007), together with
increasingly thorough proteome-wide analytic tools (ltzhak
et al., 2016; Mulvey et al., 2017), provide estimates of how
many proteins are delivered to non-cytosolic destinations. In
parallel, systematic analyses of protein complexes (Babu et al.,
2012; Gavin et al., 2006; Krogan et al., 2006) and their relative
abundances (Kulak et al., 2014) inform on what proportion of
nascent proteins need additional assembly. These studies
show that the vast majority of newly made proteins are destined
for a different location, assembled with other cellular factors, or
both (Figure 1).

Of the 20,341 reference proteins of the human genome (Uni-
Prot Consortium, 2018), ~7,000 are targeted to the endoplasmic
reticulum for eventual residence in the endomembrane system,
nuclear envelope, plasma membrane, outside the cell, and
peroxisomal membrane. Approximately 1,000 proteins are
destined for mitochondria, ~50 for the peroxisomal lumen, and
a relative handful for more specialized structures such as lipid
droplets. Around 5,000 proteins operate primarily in the nucleus,
although the entry and exit of many of these are often dynamic
and regulated. Thus, ~65% of genes encode for proteins that
must be recognized for selective trafficking to a membrane-en-
closed compartment (Figure 1A).

Analysis of protein interactions by mass spectrometry across
the yeast proteome (Gavin et al., 2006; Krogan et al., 2006) indi-
cates that over half of all proteins may be in stable multi-protein
complexes (Figure 1B). While the proportion is somewhat less for
membrane proteins (Babu et al., 2012), this may be due to the
additional challenge of retaining interactions during detergent
solubilization. Although data on the human proteome is less
complete, analysis of the relatively abundant cytosolic proteins
in HeLa and HEK293 cells indicate that a little less than half of
them are in stable complexes (Havugimana et al., 2012). This
means that of the ~35% of proteins that do not traffic to another
destination (see above), fewer than half are unaccompanied by
partners. Thus, only ~15% of genes encode proteins that simply
fold and function without first requiring sub-cellular localization
and assembly.

When abundance, cell type, and growth rate are taken into
account, there are many circumstances where the vast majority
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Figure 1. Accounting of Protein Localization and Assembly

(A) The approximate percentages of human genes whose proteins are
destined for various intracellular compartments are shown.

(B) Data from three proteomic studies indicating that roughly half of all proteins
in yeast and mammals are in protein complexes.

of synthesized proteins must be localized or assembled. For
example, in highly secretory cell types such as pancreatic
exocrine cells or antibody-secreting plasma cells, nearly all ribo-
somes are synthesizing proteins destined for the ER (Brewer and
Hendershot, 2005; Pfeffer et al., 2016). In reticulocytes, almost
all protein synthesis is dedicated to a- and B-globin, which
assemble into a heterotetramer (Benz and Forget, 1974). Even
in a less specialized cell type making a diverse proteome, the
cell’'s most abundant proteins are localized (e.g., histones to
the nucleus) or part of complexes (e.g., tubulin, ribosomes,
and proteasomes).

These considerations indicate that even if the rate of failure for
localization or assembly is less than 0.1%, the absolute number
of polypeptides that must be recognized by quality control is
high. As argued below, the actual failure rates are likely to be a
few percent, imposing a substantial constitutive burden on qual-
ity control pathways. Based on these estimates, we propose that
orphans are the major source of substrates for most cellular
quality control pathways in normal unstressed cells. Thus, a
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mechanistic framework for their selective recognition and degra-
dation is of substantial importance to understanding how protein
homeostasis is maintained in cells to avoid various disease
states.

Challenges to Accurate Protein Localization

The fundamental principle underlying protein segregation to or-
ganelles is the recognition of signal sequences within a nascent
protein by targeting factors that specify the appropriate destina-
tion (Blobel, 1980). With few exceptions, the targeting signal for a
particular organelle is not a specific sequence. Instead, it is
typically specified by more general properties such as hydropho-
bicity, length, and charge (von Heijne, 1995). Thus, the set of pro-
teins that are recognized by a targeting factor have signals that
can differ substantially in sequence as long as they share the
relevant underlying biochemical feature(s).

While molecular recognition of a distinct sequence can be
extremely specific, recognition of a diverse set of sequences
with loosely shared features will necessarily be limited in speci-
ficity. The actual rate of failure has been studied only cursorily
and is best understood for secretory protein segregation to the
ER. Very early studies anecdotally noted that the signal se-
quences of some proteins are more efficient than others in
cell-free translocation assays. It was later appreciated that not
only do signals differ in their relative efficiencies (Kim et al.,
2002; Levine et al., 2005), but also in their requirements for trans-
location machinery (Fons et al., 2003; Ng et al., 1996; Voigt
et al., 1996).

Mammalian cell culture experiments comparing different ER
signal sequences showed that even the best signals fail ~5%
of the time (Levine et al., 2005; Rane et al., 2004). In mouse brain,
it has been estimated that the efficient and well-characterized
signal from prolactin fails ~1%-2% of the time, while the more
average signal from prion protein fails ~5% of the time (Rane
et al., 2010). These in vitro, cell culture, and in vivo experiments
all indicate that failure rates of protein segregation to the ER are
on the order of 1%-10%. Although similar measurements of
mitochondrial import efficiency remain to be performed, the
comparable diversity of signal sequences (von Heijne, 1995)
and analogous mechanisms of recognition suggest that failure
rates may be comparable.

In addition to intrinsic failure of localization under normal con-
ditions, acute organelle stress has been shown to impair protein
import into the ER and mitochondria (Kang et al., 2006; Wright
et al., 2001). The step that fails appears to involve the actual
translocation reaction across the membrane, albeit by different
mechanisms. In the case of ER translocation, it is thought that
chaperones in the lumen bind partially translocated polypeptides
to prevent their back-sliding (Brodsky et al., 1995; Matlack et al.,
1999). Engagement of these chaperones with misfolded proteins
during ER stress reduces their availability for driving transloca-
tion. This is thought to be a protective mechanism to minimize
the load of misfolded proteins in the ER during stress (Kang
et al., 2006) but results in an increased number of mislocalized
proteins orphaned from the ER.

In the case of mitochondria, import of many proteins relies on
the electrochemical gradient across the inner membrane (Wie-
demann and Pfanner, 2017). Stress conditions that impair this
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gradient will result in reduced translocation. At least one protein
whose import is impaired initiates a stress response (Nargund
et al., 2012), while the general increase in mislocalized proteins
seems to initiate a compensatory increase in cytosolic degrada-
tion capacity (Wang and Chen, 2015; Wrobel et al., 2015). Other
cellular states, such as cell division, may also result in temporary
attenuation of mitochondrial protein import (Harbauer et al.,
2014; Schmidt et al., 2011; Weidberg and Amon, 2018). Thus,
cells active in protein synthesis are constantly challenged with
proteins orphaned in the cytosol due to a combination of intrinsic
and stress-dependent failures in segregating proteins to the ER
and mitochondria. The extent of import failure for proteins that
function exclusively in the nucleus (e.g., histones) remains poorly
studied and may further contribute to orphans.

Recognition of Mislocalized Protein Orphans

A number of early observations indicated that mislocalized pro-
teins in the cytosol are degraded. First, rare human mutations
that disrupt the function of a signal peptide result in lower overall
expression levels (Cassanelli et al., 1998; Karaplis et al., 1995;
Seppen et al., 1996). Second, proteasome inhibition led to the
appearance of a non-glycosylated form of prion protein (Ma
and Lindquist, 2001), which later proved to be generated by sta-
bilization of the non-targeted population (Chakrabarti et al.,
2011; Drisaldi et al., 2003; Rane et al., 2004). Third, inhibition
of ER translocation by small molecules (Besemer et al., 2005;
Garrison et al., 2005) or acute ER stress (Kang et al., 2006)
resulted in rapid proteasome-dependent degradation of the
non-translocated protein. While these findings showed that mis-
localized proteins are degraded in the cytosol, the factors
involved were not known.

BAG6 complex

1 Localization and Mislocalization

Sequence features in a nascent protein can be
recognized by various factors that mediate local-
ization to the destinations indicated in parenthe-
ses (left side). Not all factors or destinations are
shown. Orange indicates hydrophobicity, and
blue indicates basic residues. SRP, signal recog-
nition particle; IPO, importin family member; HSP,
heat shock protein. The right side shows that the
same sequence features used by biosynthesis
factors can also be recognized by quality control
factors that ultimately lead to degradation at the
proteasome.

-
/ proteasome

Various studies had informally noted
that cell-free translation of a protein in-
tended for the ER results in the protein’s
ubiquitination. This observation was ex-
ploited to identify factors needed for
recognition and ubiquitination of the mis-
localized protein (Hessa et al., 2011).
These experiments led to Bag6 (also
called Bat3 or Scythe), a large, widely
conserved cytosolic protein capable of
recognizing mislocalized proteins. A role
for Bag6 in quality control was consistent
with earlier studies that reported a role in
the degradation of newly synthesized polypeptides prematurely
released from the ribosome with puromycin (Minami et al., 2010).
A ubiquitin-like (UBL) domain in Bag6 associates with RNF126, a
ubiquitin ligase that works with the E2 enzyme UbcH5 to poly-
ubiquitinate substrates associated with Bag6 (Rodrigo-Brenni
et al., 2014). Knockdown of either Bagé or RNF126 partially im-
pairs degradation of proteins that fail to be successfully imported
into the ER.

The key feature of mislocalized proteins that are recognized by
Bag6 proved to be precisely the elements that are also recog-
nized by the targeting and insertion machinery: transmembrane
domains (TMDs) and signal sequences (Figure 2). Thus, deleting
these hydrophobic domains precludes Bag6 recognition and
ubiquitination despite the fact that the resulting protein is still
mislocalized and presumably unable to fold (Hessa et al.,
2011). It is instead apparently recognized by cytosolic quality
control pathways that recognize protein misfolding. Indeed, en-
forced mislocalization by deletion of a signal sequence in yeast
results in recognition by the general chaperone Hsp70 (Park
et al., 2007).

Analogous studies of a mitochondrial membrane protein
showed that prior to its insertion into mitochondria, it associates
with members of the Ubiquilin (UBQLN) family (ltakura et al.,
2016). Structure-function analysis of UBQLN1 identified a middle
domain that specifically associates with the TMDs of membrane
proteins in the cytosol. Unlike substrate interaction with Bag6
(Shao et al., 2017), the UBQLN1 association is dynamic (ltakura
etal., 2016). However, if the interaction is prolonged, as would be
the case if import into mitochondria fails, the membrane protein
becomes ubiquitinated in a UBQLN-dependent manner. This
ubiquitination is mediated by a yet-unidentified ligase that is
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recruited to the ubiquitin-associating (UBA) domain in UBQLN.
Although other members of the UBQLN family (mammals have
four) have been less well studied, they have similar middle do-
mains that may also interact with TMDs of mislocalized proteins
(Iltakura et al., 2016; Suzuki and Kawahara, 2016). It is attractive
to speculate that their specificities are somewhat different from
each other to collectively cover the wide range of sequences
that define TMDs. Indeed, Bag6 appears to prefer more hydro-
phobic TMDs than UBQLN1 (ltakura et al., 2016). Additional
studies are needed to investigate the substrate ranges and mo-
lecular basis of specificity of these factors.

Unlike membrane proteins whose exposed TMDs provide a
distinctive cue for recognition of mislocalization, the soluble pro-
teins of membrane-bound compartments more closely resemble
cytosolic proteins. In the case of proteins destined for the ER,
signal sequences are sufficiently similar to TMDs that they
seem to be recognized by Bag6 (Hessa et al., 2011). Soluble pro-
teins destined for mitochondria or the nucleus have amphipathic
or basic signals, respectively. Whether dedicated factors recog-
nize persistent residence of these signals in the cytosol for
degradation remains largely unexplored. One candidate factor
for this role is UBE20, a hybrid E2-E3 enzyme that was recently
shown to recognize and ubiquitinate ribosomal proteins in the
cytosol (Nguyen et al., 2017; Yanagitani et al., 2017). Under
normal circumstances, newly made ribosomal proteins are
recognized by dedicated nuclear import factors (Jakel and Gor-
lich, 1998), delivered to the nucleolus, and assembled with rRNA
into pre-ribosomal subunits (Pefa et al., 2017). It appears that
failure of nuclear import leads to recognition by UBE20, multi-
mono-ubiquitination, and proteasomal degradation.

Although the precise sequence features recognized by
UBE20 are unclear, it appears to be the juxtaposition of hydro-
phobic and basic residues (Yanagitani et al., 2017). This is note-
worthy because it is similar in some ways to both nuclear import
(Jakel and Gérlich, 1998) and mitochondrial import signals (von
Heijne, 1995), as well as a common feature of nucleic acid-bind-
ing proteins (Hentze et al., 2018; Nelson, 1995). Ribosomal pro-
tein interactions with UBE20 and nuclear import factors appear
to be mutually exclusive (Yanagitani et al., 2017), suggesting that
UBE20 may interact with the nuclear import signal. It will there-
fore be interesting to determine whether this is a general property
of UBE20 and whether other nucleic acid binding proteins, such
as histones, subunits of the signal recognition particle (SRP), and
mitoribosomal proteins, are recognized by UBE20 when they
are orphaned in the cytosol.

Thus, the cytosol appears to be patrolled by a set of factors
that can interact with signal sequences and TMDs on the one
hand and ubiquitin ligases on the other (Figure 2). These factors
collectively recognize proteins that expose organelle targeting
domains, an indicator that targeting may have failed, and
mediate their tagging for degradation. It is noteworthy that the
substrate specificity of these factors, while likely to be rather
broad, appears to be especially well suited to the same elements
recognized by protein targeting factors such as SRP and TRC40
(also called Get3), which mediate membrane protein targeting to
the ER (Shao and Hegde, 2011), and Importins 5 and 7, which
mediate nuclear import of ribosomal proteins (Jakel and Gérlich,
1998). In order to not interfere with targeting, Bag6, UBQLNSs,
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and UBE20 must act after substrates have attempted targeting,
the mechanisms of which are discussed later. Even though these
factors collectively recognize a broad range of orphans mislocal-
ized to the cytosol, additional quality control machinery that
recognize nuclear and mitochondrial targeting signals may
remain to be discovered.

Proteins Orphaned to the Wrong Organelle

The TMDs of membrane proteins targeted to the ER and mito-
chondria are very similar in their biophysical properties (Guna
and Hegde, 2018), consistent with their eventual residence in a
lipid bilayer. For many of these proteins, the TMD(s) serve as
the main or sole targeting signal. Due to the similarities among
these TMDs, membrane proteins can be routed to the wrong
organelle. How cells deal with this problem is only partially un-
derstood.

The simplest and best-studied case involves tail-anchored
(TA) membrane proteins (Hegde and Keenan, 2011). These pro-
teins contain a single TMD close to the C terminus, which serves
as the sole targeting signal. TA proteins destined for the mito-
chondria tend to have slightly less hydrophobic TMDs (Watten-
berg et al., 2007) and often have downstream basic residues in
the C-terminal tail (Horie et al., 2002). Nevertheless, there is sub-
stantial overlap in their properties and a clear risk of mistargeting.

The best-characterized TA targeting pathway to the ER is
known as the TRC (TMD recognition complex) pathway in mam-
mals and the homologous GET (guided entry of TA proteins)
pathway in yeast (Hegde and Keenan, 2011). Deletion of GET
pathway components in yeast results in mislocalization to the
cytosol (often as protein aggregates) and mitochondria (Jonikas
et al., 2009; Schuldiner et al., 2008). A membrane-embedded
AAA-ATPase Msp1 in the mitochondrial outer membrane is
thought to be involved in removing TA proteins mislocalized to
mitochondria (Chen et al., 2014; Okreglak and Walter, 2014).
A sub-population of Msp1 is also found in the peroxisomal mem-
brane, where it is thought to serve a similar role (Weir et al., 2017).
Hence, the levels of mislocalized TA proteins in mitochondria or
peroxisomes increases when Msp1 (or its human homolog,
ATAD1) is deleted. As this stabilization is seen even in wild-
type cells containing an intact TRC/GET pathway (Chen et al.,
2014), mislocalization must be a constitutive problem in cells
and tissues, consistent with the challenges of achieving precise
targeting specificity.

The mechanistic basis of Msp1 function in clearance of mislo-
calized protein substrates is not well understood. Purified Msp1
reconstituted into synthetic liposomes was shown to drive ATP-
dependent extraction of a co-reconstituted TA protein to the
cytosol (Wohlever et al., 2017). The ATPase domain of Msp1,
which faces the cytosol, was shown to be a hexamer containing
a central pore. Because mutations within the pore impair the TA
protein extraction activity, it has been posited that the substrate
is pulled through the pore into the cytosol (Wohlever et al., 2017).
Such a model would be consistent with the mechanism of action
of other AAA protein unfoldases for which translocation through
the central pore is strongly supported (Sauer and Baker, 2011).
How the substrate is kept in a soluble form after extraction,
how it is ubiquitinated, and how it is delivered to the proteasome
all remain unknown. One possibility is that cytosolic factors such
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as Bag6 or UBQLNs may mediate these downstream steps simi-
larly to how they recognize and degrade cytosolic orphans
generated by failed targeting. Consistent with this concept,
Bag6 has been shown to maintain the solubility of membrane
proteins extracted from the ER until their degradation at the pro-
teasome (Wang et al., 2011).

The basis of substrate selection by Msp1 is also only partially
understood. Studies of the peroxisomal TA protein Pex15 have
provided initial insights into this key issue (Weir et al., 2017).
Pex15 is normally found in complex with Pex3. It was observed
that excess Pex15 in peroxisomes is degraded in an Msp1-
dependent manner, while Pex15 in complex with Pex3 evades
Msp1 (Weir et al., 2017). As discussed in detail later, orphans
of multi-protein complexes are often targets for quality control
via recognition of the regions that are normally shielded by
interaction partner(s). It appears that Msp1 may use such a
mechanism to recognize orphaned Pex15 and perhaps other
substrates (Figure 3).

This finding suggests that when Pex15 is mistargeted to mito-
chondria, its recognition by Msp1 for degradation is due to the
absence of Pex3. Whether all Msp1 substrates are normally
part of larger complexes whose absence cues their recognition
remains to be determined. Furthermore, it is unclear whether
Msp1 directly recognizes substrates or uses adaptors. In this
context, it is noteworthy that Msp1 associates with Cis1, a pro-
tein that is upregulated by excessive mitochondrial import failure
and plays a yet-unknown role in clearance of failed import prod-
ucts (Weidberg and Amon, 2018). Whether Cis1 is involved in
identifying substrates for delivery to Msp1 remains unclear.
Thus, both the specific features of mistargeted proteins that
are recognized and the factors that mediate recognition remain
to be elucidated in molecular terms.

The factor(s) that play the analogous role to Msp1 in the ER are
unknown. It has recently been shown that mitochondrial TA
proteins can be mistargeted to the ER, particularly under

Figure 3. Recognition of Protein
Mislocalization at Organelles

Membrane protein insertion into the wrong
organelle can be recognized by its lack of associ-
ation with an interaction partner. In mitochondria
and peroxisomes, the hexameric ATPase Msp1 is
involved in extracting such mislocalized proteins
to the cytosol for degradation by the proteasome.
In the ER, the specific machinery for mislocalized
proteins has not been studied, but probably in-
volves known ER-associated degradation (ERAD)
pathways. The molecular basis of recognition is
not known, but may involve the same features that
facilitate assembly into protein complexes, ex-
plaining why successful assembly would prevent
recognition by quality control factors.

overexpression conditions (Vitali et al.,
2018). Furthermore, the ribosome-asso-
ciated chaperone-like protein NAC
appears to antagonize SRP and limit
its promiscuous recognition of nascent
mitochondrial proteins (Gamerdinger
et al.,, 2015; Wiedmann et al., 1994).
Thus, when NAC levels are reduced, mitochondrial proteins
can be detected at the ER. Although these examples of ER mis-
targeting are seen under perturbed conditions, it is likely that a
low level of mistargeting occurs in normal cells. How these mis-
targeted proteins are recognized and degraded is unclear. One
possibility is that known ER-associated degradation pathways
are involved (Vembar and Brodsky, 2008). This problem warrants
investigation. Tools to induce excessive ER mistargeting should
facilitate this line of inquiry.

Challenges to Assembly of Protein Complexes

After segregating proteins to the correct compartment, most
proteins must additionally assemble with one or more partners
(typically other proteins, but also RNAs). The assembly of
multi-protein complexes imposes three major challenges to the
cell. First, the components of the complex must be synthesized
in the appropriate stoichiometry. Second, the unassembled sub-
units of a complex must avoid inappropriate interactions until
their assembly. Third, partners must find each other within a
crowded cell. As with protein localization, limitations to the
overall efficiency of achieving these essential steps in complex
assembly results in orphans that must be recognized and
degraded.

Direct analysis of translation rates by sequencing of ribosome-
protected footprints (ribosome profiling) indicates that cells typi-
cally express subunits of a multi-protein complex at close to the
stoichiometry found in the final complex (Li et al., 2014). A com-
bination of several mechanisms contributes to this concordance.
First, the genes for proteins that function together are frequently
organized in a single operon in prokaryotes (Ames and Martin,
1964). This allows the transcript levels to necessarily be
increased and decreased in unison. Differences in the order of
genes in an operon and their respective Shine-Dalgarno se-
quences can presumably further tune their relative levels of
translation (Bonde et al., 2016; Lim et al., 2011).
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In eukaryotes, gene order (Davila Lopez et al., 2010) and the
similarities of promoters engaged by the same transcription fac-
tors (Lee et al., 2009) can also coordinate transcript levels of pro-
tein subunits. Beyond this, further fine-tuning of mRNA half-lives
and translation rates via untranslated regions and codon opti-
mality probably contribute to expression at the desired stoichi-
ometry. For example, the 5’ end of mMRNAs encoding ribosomal
proteins and many translation factors contain terminal oligo-py-
rimidine sequences (Meyuhas and Kahan, 2015). These se-
quences allow the translation of these mRNAs to be repressed
and de-repressed in concert, thereby maintaining their approxi-
mate stoichiometry. Nevertheless, these mechanisms are all
subject to stochasticity (Munsky et al., 2012), meaning that the
inevitable imbalances in synthesis levels generate orphans. It is
reasonable to assume that achieving expression stoichiometry
to greater than 90% precision is very challenging given the
inherent noisiness of gene expression. For complexes with
many subunits, such as ribosomes and proteasomes, matching
expression levels may be particularly difficult.

The mechanisms by which proteins are assembled into com-
plexes has been studied in a number of contexts, including ribo-
some biogenesis in the nucleolus (Pena et al., 2017), hemoglobin
assembly in pre-erythrocytes (Feng et al., 2004; Kihm et al.,
2002), and histone assembly (Hammond et al., 2017). Each of
these processes is distinctive in its use of specific chaperones
and assembly factors. The main underlying principle from these
studies is that unassembled subunits of a complex are held
temporarily by an assembly factor until it is displaced by the
appropriate interacting subunit. In many cases, the precise order
of protein complex assembly is important and under selective
pressure to be maintained, presumably to minimize misas-
sembled products (Marsh et al., 2013). However, the efficiency
of these processes is unknown in most cases, especially in vivo,
so their relative contributions to the generation of orphans re-
mains to be determined.

Recent proteomic pulse-chase experiments indicate a sub-
stantial constitutive burden of unassembled orphans in cultured
cells (McShane et al., 2016). In this study, kinetic analysis of pro-
tein degradation found ~10% of proteins are degraded non-
exponentially, with a proportion (ranging from 10% to 70%)
being degraded immediately after synthesis. Approximately
70% of these non-exponentially degraded proteins are subunits
of known multi-protein complexes, suggesting that the rapidly
degraded populations are those polypeptides that failed assem-
bly. As this analysis identified only the most abundant proteins, it
appears that cells must constantly identify and degrade unas-
sembled orphans.

Recognition of Unassembled Cytosolic Protein Orphans

It has been apparent for many decades that unassembled or-
phans of multi-protein complexes are selectively degraded.
The earliest appreciation of this phenomenon comes from the
study of hemoglobin, a hetero-tetramer normally formed of two
o and two B subunits (Perutz et al., 1960). Mutations in hemoglo-
bin that markedly reduce its unusually long half-life were corre-
lated with an increased tendency of tetramer dissociation into
subunits and decreased binding to heme (Jacob et al., 1968;
Rieder, 1974). Many years later, studies of the multi-subunit
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T cell receptor (TCR) showed that the o subunit is rapidly
degraded when expressed without its interaction partners (Lip-
pincott-Schwartz et al., 1988). Conversely, it is well appreciated
that knockdown or knockout of one subunit of a multi-protein
complex often destabilizes the other subunits. Thus, in
numerous contexts and cellular compartments, cells have
mechanisms to selectively identify orphaned subunits and target
them for degradation.

Two general mechanisms can explain how orphans are recog-
nized. First, some proteins may not be able to achieve a stable
folded state in the absence of its interaction partner. This insta-
bility would result in its unfolding and recognition by general
quality control pathways that monitor protein folding. Second,
a subunit interface that is normally shielded in the intact complex
is recognized by a factor that ultimately leads to degradation.
Factors for both mechanisms have been identified in different
biological contexts.

The most challenging multi-subunit complex to assemble in
cells is probably the ribosome. Its biogenesis from 80 proteins
and pre-rRNA involves dozens of dedicated assembly factors,
numerous processing reactions of both proteins and rRNA, a va-
riety of post-translational modifications, and multiple transport
steps across the nuclear envelope (Pena et al., 2017). Individual
ribosomal proteins have long been known to be refractory to
overexpression, suggesting efficient mechanism(s) for degrad-
ing excess copies (Abovich et al., 1985; Warner et al., 1985).
Despite the fact that ribosomes have a very long half-life, ribo-
somal proteins are a major set of proteins that accumulate
when proteasome activity is diminished (Mayor et al., 2005,
2007). This suggests that ribosomal proteins may be a major
source of orphans in actively growing cells. The need to destroy
orphaned ribosomal proteins may be especially critical as these
factors are aggregation-prone in the absence of an RNA scaffold
or a ribosome assembly chaperone (Jakel et al., 2002).

As discussed above, a ribosomal protein orphaned at the step
of import into the nucleus is recognized in the cytosol by UBE20
(Yanagitani etal., 2017). After nuclear import, failure at the step of
assembly with rRNA is recognized by a different mechanism. In
yeast, the large nuclear-localized E3 ligase Tom1 was shown
to interact with unassembled ribosomal proteins and mediate
their ubiquitination (Sung et al., 2016). The sites of ubiquitination
suggest that Tom1 probably interacts with basic regions that
would ordinarily interact with rRNA. These regions are inacces-
sible in intact ribosomes, which are not recognized by Tom1.
HUWET1 is the closest homolog of Tom1 in mammals. Its knock-
down partially increases the levels of overexpressed ul24/
RPL26, but the basis for this effect was not explored in sufficient
depth to conclude a direct effect (Sung et al., 2016).

In separate studies, however, it was observed that HUWET1 is
required for efficient degradation of farnesyltransferase alpha
(FTNA) and UBL4A when their respective binding partners are
absent (Xu et al., 2016). Although interaction studies were not
performed, HUWE1 presumably recognizes the exposed inter-
faces of these and other proteins to mediate their ubiquitination.
Proteomic analysis identified 72 candidate HUWE1 substrates
(although, curiously, not ribosomal proteins), almost all of which
are known subunits of multi-protein complexes. Most of these
candidate substrates operate in the nucleus, yet HUWE1
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appears to function in the cytosol. Thus, HUWE1 may identify
orphans that fail localization, assembly, or both. The molecular
features shared by HUWET1 clients and the basis of their recog-
nition remain to be addressed.

In addition to its role in recognizing mislocalized ribosomal
proteins discussed above, UBE20O can also recognized folded
but unassembled proteins. This conclusion comes from the
observation that in vitro and in vivo, UBE20 is needed for effi-
cient ubiquitination and degradation of unassembled a-globin
(Nguyen et al., 2017; Yanagitani et al., 2017). The interface
of a-globin that interacts with B-globin is usually shielded by
a-hemoglobin-stabilizing protein (AHSP) until assembly with
B-globin (Feng et al., 2004, 2005) (Figure 4A). Mutations in
a-globin that impair interaction with AHSP (and B-globin) are
more effectively recognized and ubiquitinated by UBE20 (Ya-
nagitani et al., 2017). This indirectly suggests that UBE20 rec-
ognizes the same region as AHSP. This interface is basic and
hydrophobic (Figure 4B), which is similar to other established
UBE20 targets such as unassembled ribosomal proteins
(Nguyen et al., 2017; Yanagitani et al., 2017). Thus, orphan
a-globin appears to be identified for degradation by its exposed
assembly interface.

Notably, UBE20O is highly upregulated during erythrocyte
development concordantly with increased globin production
(Wefes et al., 1995). Whether this upregulation is a programmed
event in preparation for the inevitable increase in substrate load
or a response to increased orphans remains to be determined.
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Figure 4. Assembly Interfaces Serve as
Degradation Signals

(A) Schematic of hemoglobin assembly in which
the o subunit is temporarily shielded by a-hemo-
globin-stabilizing protein (AHSP) until it assembles
with the B subunit. Free o subunit, generated due
to excess or a mutation that prevents assembly, is
instead recognized by UBE20O for ubiquitination
and targeting to the proteasome for degradation.
(B) The assembly interface of a-globin showing
hydrophobic (yellow) and basic (blue) surfaces.
AHSP is shown in transparent tan to illustrate how
this interface is shielded. The positions of two
2 assembly mutants that cause human anemia are
indicated. UBE20 is known to bind composite
basic/hydrophobic peptides, suggesting that the
interface is recognized via these features when
assembly fails.

(C) An exposed N or C terminus with a destabiliz-
ing residue can be shielded in a correctly assem-
bled complex (left) but exposed as an unassem-
bled orphan. N-end and C-end E3 ubiquitin ligases
that recognize such residues would then selec-
tively target the orphan for degradation.
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In support of the latter possibility, acute
induction of protein misfolding has been
shown to cause UBE20O upregulation in
cultured cells (Miyazaki et al., 2015).
Structure-function analysis of UBE20 in-
dicates that it has two major substrate
interaction domains with different binding
properties (Nguyen et al., 2017; Yanagi-
tani et al., 2017). Identifying the client
ranges of these domains and the structural basis of their interac-
tions remains an important goal.

The general concept of orphan recognition via exposure of a
normally buried interface has been exploited by other ubiquitina-
tion factors. The N-end rule pathways of substrate ubiquitination
recognize certain residues at an exposed N terminus and selec-
tively target these proteins for degradation (Tasaki et al., 2012).
One mechanism involves recognition of N-terminal acetylation
by the ubiquitin ligase CNOT4 (Shemorry et al., 2013). Several
multi-protein complexes appear to contain N-acetylated sub-
units whose N terminus is shielded by other subunits in the
intact complex. Failure to assemble into a complex (or complex
disassembly) exposes the N-terminal degron, resulting in ubiqui-
tination by an N-end rule ubiquitin ligase (Figure 4C). Examples
include the Hcn1 subunit of the APC/C complex and the Cog1
subunit of the yeast COG complex.

It is possible that other N-end rule ligases exploit a similar
mechanism to recognize different unassembled proteins. For
example, the N-end rule ubiquitin ligase Ubr1 was shown to be
needed for efficient clearance of unassembled Fas2, a subunit
of the fatty acid synthase complex (Scazzari et al., 2015).
Whether Ubr1 uses its N-end rule recognition domain or uses
an adaptor such as Hsp70 to identify unassembled Fas2 is un-
clear at present. Hsp70 is needed for Ubr1-dependent Fas2
ubiquitination, supporting the latter hypothesis. Presumably, an
interface of Fas2 shielded by its interaction partner, Fas1, is
exploited for its recognition by chaperones, which over time
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recruits a ubiquitin ligase to initiate degradation. The recent
discovery of a “C-end rule” (Koren et al., 2018; Lin et al., 2018)
raises the possibility that exposure of a normally shielded C ter-
minus might also be exploited by cells to recognize orphans
(Figure 4C). This idea remains to be investigated.

Recognition of Unassembled Protein Orphans at the ER
Each of the examples of unassembled protein degradation dis-
cussed thus far occur in the cytosol. Analogous processes oper-
ate in the ER membrane and lumen and probably also different
mitochondrial compartments. In the ER, the most extensively
studied multi-protein assemblies have been the immunoglobu-
lins and TCR. TCRa and CD359, two subunits of the TCR, have
been widely used as models for ERAD (Bonifacino and Lippin-
cott-Schwartz, 1991; Bonifacino et al., 1989; Huppa and Ploegh,
1997; Lippincott-Schwartz et al., 1988). Both subunits are single-
spanning transmembrane proteins that are recognized for
degradation via their TMDs (Bonifacino et al., 1991; Cosson
et al., 1991; Manolios et al., 1990). The prevailing model is that
the orphaned TMDs of TCRa and CD33 are recognized by the
membrane-embedded regions of a ER-resident ubiquitin ligase
complex centered around Hrd1 (Kikkert et al., 2004). Although
the structural basis of their recognition remains unknown, it de-
pends critically on charged residues within their TMDs that are
shielded by other subunits in the assembled TCR. A similar
mode of recognition by Hrd1 was also shown for other integral
membrane substrates such as Hmg2 (Sato et al., 2009).

Based on these examples, one might speculate that orphans
of multi-protein complexes assembled via their TMDs are recog-
nized by the exposure of polar residues within the lipid bilayer.
This would provide a relatively universal cue for unassembled
proteins without relying on sequence-specific recognition. In
this light, it is intriguing that the recently determined cryo-EM
structure of Hrd1 shows a hydrophilic pocket that might serve
as the site of recognition of such orphaned TMDs (Schoebel
et al., 2017). Even though the functional role of this putative bind-
ing region of Hrd1 remains to be investigated experimentally, the
model is consistent with previous observations that mutations
within this hydrophilic region of Hrd1 affect recognition of
some integral membrane ERAD substrates (Sato et al., 2009).

Although recognition of orphaned TMDs within the membrane
has long been presumed, experimental evidence for this idea is
generally lacking. An alternative idea is that orphaned TMDs, due
to their exposed polar or charged residues, are unstable in the
lipid bilayer and translocate into the ER lumen (Feige and Hen-
dershot, 2013). This results in their recognition by lumenal chap-
erones, particularly BiP, which are proposed to deliver them for
degradation. Successful assembly would prevent this transloca-
tion, providing an explanation for why orphans are selectively
degraded. Although both models ultimately involve Hrd1 (or
another ubiquitin ligase complex) mediating retrotranslocation
into the cytosol for degradation, one posits recognition in the
ER lumen while the other involves recognition in the membrane.

Although the two views have yet to be reconciled, one attrac-
tion of the lumenal recognition model is its similarity to how mis-
assembled lumenal protein complexes might be monitored. One
example of protein complex assembly in the ER lumen is immu-
noglobulins typically built from two heavy and two light chains
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(Huber et al., 1976). After translocation into the ER lumen, the
first heavy chain immunoglobulin domain (CH1) binds to the
chaperone BiP in an unfolded and reduced state (Bole et al.,
1986; Haas and Wabl, 1983; Hendershot et al., 1987; Vanhove
et al., 2001). CH1 can only fold upon interaction with light chain
(Feige et al., 2009). Hence, in the absence of light chains, heavy
chains are retained in the ER and are eventually dislocated to the
cytosol to be degraded by the proteasome (Mancini et al., 2000).
Even though the assembly process varies between different
immunoglobulin isotypes (Baumal et al., 1971), BiP-mediated
retention of heavy chains in the ER appears to be universal (Hen-
dershot et al., 1987). Prolonged association with BiP, whether
of orphan heavy chains or TCR subunits, may result in delivery
to ERAD machinery via adaptors such as specific J-proteins
(Shen and Hendershot, 2005).

Distinguishing Intermediates from Orphans

Proteins should be recognized as orphans to be degraded only
after reasonable attempt(s) at localization and assembly have
failed. Thus, the biosynthesis machinery should have higher pri-
ority for access to nascent chains than the quality control ma-
chinery, but this priority should be time limited. The mechanistic
basis of how priority and timing are determined is important to
understand because this critical decision balances promiscuous
degradation of normal biosynthetic intermediates versus exces-
sive persistence of potentially toxic and aggregation-prone
orphans.

One mechanism by which priority can be conferred is by
spatial segregation of the biosynthetic and quality control fac-
tors. The best illustration of this principle is SRP interaction
with the ribosome. The majority of eukaryotic proteins
destined for the ER are recognized co-translationally by SRP
(Chartron et al., 2016; Costa et al., 2018; Keenan et al.,
2001). This interaction is facilitated by the ability of SRP to
interact with the ribosome such that the signal sequence bind-
ing domain is positioned precisely at the ribosomal exit tunnel
(Halic et al., 2004; Voorhees and Hegde, 2015). Not only is
SRP thought to sample ribosomes for the presence of an
emerging signal, but it may be stabilized there while the signal
is still inside the ribosomal tunnel (Berndt et al., 2009; Voo-
rhees and Hegde, 2015).

In this manner, nascent secretory and membrane proteins
would not have an opportunity to engage quality control factors
such as Bag6 or UBQLNs unless SRP recognition has failed.
Thus, despite its ~5- to 10-fold lower abundance (Kulak et al.,
2014), SRP nevertheless has priority due to its precise localiza-
tion at the ribosome. Once a protein has been released from
the ribosome, SRP’s relatively low abundance and poor capacity
to bind proteins in solution precludes its interference with other
processes.

At a later step in biogenesis, secretory and membrane proteins
are translocated into the ER through the ribosome-associated
Sec61 translocation channel (Rapoport et al., 2017). Any proteins
that selectively associate, even dynamically, with Sec61 will get
priority for interaction with the nascent chain over those that do
not. Indeed, processing enzymes such as oligosaccharyl trans-
ferase and signal peptidase enjoy such priority (Braunger et al.,
2018), as might the chaperone BiP (via its recruitment by the
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translocon component Sec63 [Brodsky et al., 1995]) and Calnexin
(Lakkaraju et al., 2012). In this manner, biosynthetic factors could
be given priority before degradation factors such as Hrd1.

A second mechanism of conferring priority is to use a combi-
nation of abundance and fast binding. This appears to be how
newly made TA proteins are prioritized for ER targeting ahead
of proteasomal degradation. Recent studies show that among
the three TMD binding factors involved in TA protein targeting,
SGTA is the fastest and first interactor (Shao et al., 2017). lts
competitive advantage may be further increased by its interac-
tion with the Bag6 complex or Hsp70, both of which can asso-
ciate with the ribosome. TA proteins can transfer from SGTA to
TRC40 (Mock et al., 2015; Shao et al., 2017) by a mechanism
that does not require release of TA protein into the bulk cytosol
(Shao et al., 2017). Loading on TRC40 is a commitment to target-
ing because TA protein dissociation is very slow relative to the
rate of targeting. TA proteins have a limited time to complete
these events as dictated by their off-rate from SGTA. Dissocia-
tion from SGTA permits an opportunity to be captured by
Bag6, which recruits an E3 ligase for substrate ubiquitination
(Rodrigo-Brenni et al., 2014). Very slow dissociation from Bag6
means TA binding to this factor is effectively a commitment for
degradation. Thus, triage by multiple factors of seemingly iden-
tical specificity can be accomplished simply by their differential
on- and off-rates combined with committed downstream events
such as membrane insertion or ubiquitination (Shao et al., 2017).

The final mechanism is based on an intrinsically slow reaction
followed by a specific commitment step. This is best exemplified
by glycoprotein quality control in which a specific irreversible
trimming event of an N-linked glycan generates a product that
is recognized by a lectin coupled to quality control pathways
(Caramelo and Parodi, 2015; Tannous et al., 2015). The trimming
event is carried out by intrinsically slow mannosidases, effec-
tively placing a time limit on protein maturation attempts. As
predicted by this model, overexpression of the mannosidase
accelerates the rate of degradation (Hosokawa et al., 2001).

An analogous mechanism of a slow enzymatic reaction linked
to a commitment step seems to be used for some orphans in the
cytosol. Membrane proteins bound to UBQLNSs are not initially
committed for degradation (ltakura et al., 2016). Instead, their
dynamic release and re-binding provides opportunities at suc-
cessful insertion. However, a relatively slow ubiquitination step
seems to be the key commitment step. When ubiquitin is added
to the substrate, a UBA domain in UBQLNs binds to ubiquitin,
preventing substrate release and thereby ending insertion at-
tempts (Itakura et al., 2016). Presumably, the time allowed for
insertion is dependent on the affinity of the ligase for UBQLNs,
its abundance, and speed of ubiquitination. Identifying the ligase
should allow these aspects of the model to be tested.

Can Failures Be Detected Co-translationally?

The systems for detection and degradation of orphans dis-
cussed so far all operate post-translationally. This is consistent
with the idea that biosynthesis must necessarily have an oppor-
tunity to succeed before a polypeptide is deemed an orphan.
However, many biosynthetic reactions are initiated or occur
co-translationally: recognition by SRP, the initial stages of poly-
peptide folding, various modifications, and even multi-subunit

assembly. It is therefore possible that cells have evolved
mechanisms to detect orphans co-translationally via failure of
a decisive co-translational biosynthetic step. Early detection is
advantageous because minimizing the time an aberrant poly-
peptide resides in a cell reduces the risk of inappropriate interac-
tions, aggregation, and other adverse consequences. Although
co-translational orphan detection has not been established
unambiguously, two examples are noteworthy.

The first example concerns an autoregulatory mechanism to
control B-tubulin expression. As noted already, o~ and B-tubulin
form a constitutive complex (Feit et al., 1971). In the presence
of excess unpolymerized tubulin subunits, synthesis of both
a-tubulin and B-tubulin polypeptides is reduced (Cleveland
etal., 1981). One regulatory mechanism involves selective degra-
dation of B-tubulin mRNA (Pittenger and Cleveland, 1985). This
degradation is strictly dependent on translation and more specif-
ically on the first four amino acids in the nascent polypeptide
(Bachurski et al., 1994; Gay et al., 1989). Remarkably, a mono-
clonal antibody that binds these four residues abolished transla-
tion-dependent mRNA degradation (Theodorakis and Cleveland,
1992). These findings led to the idea that co-translational associ-
ation of nascent B-tubulin with some yet-unidentified factor
(which is not a-tubulin) is needed to escape MRNA degradation.

In the intervening time since these findings, various pathways
of mMRNA decay have been characterized, including ones depen-
dent on ribosome stalling (Shoemaker and Green, 2012). Thus,
one attractive model is that a limiting assembly factor binds
nascent B-tubulin, the absence of which leads to translation
arrest and mRNA degradation. Assuming that this factor is
displaced upon assembly with a-tubulin (or tubulin incorporation
into microtubules), B-tubulin orphans would sequester the
assembly factor and lead to mRNA decay. In this way, the
production of orphan B-tubulin would be tightly restricted via a
co-translational detection mechanism.

The second example concerns the consequences of failed co-
translational recognition by SRP. It has been observed that
knockdown of SRP or mutating a signal peptide such that it
cannot be recognized by SRP causes a reduction in the corre-
sponding mMRNA and protein (Karamyshev et al., 2014). This
effect was dependent on Argonaute2, which was also observed
to interact with the SRP-deficient nascent chain at the
ribosome (Karamyshev et al., 2014). These findings suggest
a model in which co-translational failure of a hydrophobic
sequence to be recognized by SRP triggers Argonaute2-depen-
dent mRNA decay.

These two examples illustrate a potentially important princi-
ple (Figure 5). If an interaction critical for biogenesis occurs
co-translationally, its failure would necessarily result in an
orphan. There may be mechanisms to detect such failures
co-translationally, which would provide the cellular quality con-
trol systems access to both the nascent polypeptide and asso-
ciated mRNA. Although still poorly studied, there is evidence
that many protein complexes may initiate assembly during
translation (Duncan and Mata, 2011; Williams and Dichtl,
2018). If such co-translational interactions were coupled to
translation elongation, the mRNA decay pathways downstream
of ribosome stalling could be exploited to fine-tune the
balanced expression of subunits and minimize the generation
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of orphans. Such an early-detection system may represent one
of the physiologic roles of ribosome-associated quality control
pathways. Intriguingly, up to ~12%-15% of nascent proteins
might be ubiquitinated co-translationally at the ribosome for
reasons that remain to be investigated (Duttler et al., 2013;
Wang et al., 2013).

Orphan-Related Pathologies

As with other types of quality control, such as protein misfolding
or processing, excessive production of orphans can be domi-
nantly detrimental to cellular homeostasis. This is observed in
the disease phenotypes of various inherited mutations. Rare mu-
tations have been described in the signal sequences of a wide
range of proteins (Cassanelli et al., 1998; Karaplis et al., 1995;
Seppen et al., 1996). In most cases, the mutation disrupts the hy-
drophobic core of the signal to reduce or eliminate its targeting
function. This would lead to an increase of orphans in the cytosol
of cells expressing the mutant protein. Accordingly, the pheno-
types are typically dominant and tissue-specific to the most
highly expressing cell type. This suggests that the increase in or-
phans, not simply a loss of function, is the basis of cellular dam-
age. In mouse studies of the non-essential prion protein (PrP),
introduction of a version containing a signal sequence that is
only ~50% efficient led to a dominant neurodegenerative pheno-
type (Rane et al., 2008). Thus, over long times in a complex
organism, even a modest increase in the load of mislocalized
orphans in the cytosol can be detrimental.

Perhaps the most common set of diseases involving orphans
are the Thalassemias, a group of hereditary blood diseases
characterized by anemia, hemolysis, and various downstream
consequences (Olivieri, 1999; Piel and Weatherall, 2014). These
diseases result when one or more of the alleles encoding a- or
B-globin is deficient, resulting in imbalanced synthesis of hemo-
globin subunits. Mutations in the a-f interface that impair assem-
bly of hemoglobin also cause rare variants of anemia related to
the Thalassemias (Clarke and Higgins, 2000; Kohne, 2011).
While a reduced level of mature hemoglobin is certainly a major
contributor to the pathogenesis of these diseases, substantial
evidence indicates that the unpaired globin proteins are domi-
nantly toxic in many ways. For example, unpaired o- or B-globin
has been suggested to generate increased reactive oxygen spe-
cies, form intracellular aggregates, or interfere with other cellular
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Figure 5. Hypothetical Model for Co-
translational Monitoring of Protein
Assembly

A nascent polypeptide emerging from the ribo-
some is recognized by an assembly factor, which
is recycled when assembly occurs correctly.
When assembly fails, the assembly factor is
titrated by excess unassembled orphans (right
side). The unavailability of this nascent chain
binding protein at the ribosome is proposed
to trigger ribosome-associated quality control
pathway via effects on translation (red arrow),
perhaps via factors (not shown) that bind to the
sequence motif normally recognized by the as-
sembly factor.
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processes such as assembly of a membrane cytoskeleton
(Weatherall and Clegg, 2001). As noted above, unassembled
a-globin is selectively recognized, ubiquitinated, and degraded
by UBE20. However, this does not seem to be the only degrada-
tion pathway, as some a-globin ubiquitination was observed
even in UBE20 knockout cells (Nguyen et al., 2017). Further-
more, the pathway of unpaired B-globin degradation remains
unknown. These may prove to be important facets of the patho-
physiology of the Thalassemias.

Given the detrimental consequences of orphans, it is note-
worthy that aneuploidy is a prominent feature in a large propor-
tion of cancers (Rajagopalan and Lengauer, 2004). As the genes
for different subunits of multi-protein complexes are often on
different chromosomes, aneuploidy would necessarily unbal-
ance expression. Experiments in yeast have shown that duplica-
tion of a single chromosome in an otherwise haploid cell is
detrimental, while an additional chromosome in a diploid cell is
less so (Dephoure et al., 2014; Dodgson et al., 2016; Oromendia
et al.,, 2012). This suggests that proteome imbalance may under-
lie the fitness cost, an idea consistent with the observed protein
homeostasis defects seen in aneuploid yeast. Experiments in
human cells induced to be aneuploid support the findings in
yeast (Ben-David et al., 2014; Stingele et al., 2012; Williams
et al., 2008), yet aneuploid cancer cells paradoxically grow unre-
strained. This might imply that they manage to grow robustly
despite aneuploidy, not because of it. Consistent with this
idea, many cancer cells have higher levels of the major cytosolic
chaperone Hsp70 (Murphy, 2013), elevated proteasome activity
(Chen and Madura, 2005), and increased autophagy (Singh et al.,
2018). It is also noteworthy that UBE20 is amplified in many can-
cers, while reduction of UBE20 in different mouse cancer
models provides a benefit by attenuating tumor growth (Liang
et al., 2017; Vila et al., 2017). Thus, understanding the mecha-
nistic basis of orphan recognition and degradation may provide
new therapeutic opportunities in a number of common diseases
ranging from Thalassemias to cancers.
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