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Proteome complexity and the forces
that drive proteome imbalance

J. Wade Harper' & Eric J. Bennett?

The cellular proteome is a complex microcosm of structural and regulatory networks that requires continuous surveillance
and modification to meet the dynamic needs of the cell. It is therefore crucial that the protein flux of the cell remains in
balance to ensure proper cell function. Genetic alterations that range from chromosome imbalance to oncogene activation
can affect the speed, fidelity and capacity of protein biogenesis and degradation systems, which often results in proteome
imbalance. An improved understanding of the causes and consequences of proteome imbalance is helping to reveal how
these systems can be targeted to treat diseases such as cancer.

20,000 or so protein-coding genes of the human genome, a typi-

cal cell transcribes about 10,000 genes, resulting in the produc-
tion of at least as many proteins, which have a cumulative copy number
of 10°~10"" protein molecules per cell' . Although impressive, these
numbers fail to demonstrate the true complexity of the cellular pro-
teome due to three important reasons.

First, individual proteins often exist in several modified forms and
they also often engage in numerous dynamically regulated protein
complexes during their life cycle. For example, large-scale proteomic
studies have identified thousands of sites of modification (including
sites of phosphorylation, ubiquitylation, methylation and acetylation) in
roughly 50% of proteins in humans, the combinatorial nature of which
is mostly unknown*. It is also estimated that about 100,000 distinct
protein isoforms can be generated through alternative splicing from
the 20,000 protein-coding genes’. The mechanisms that underlie the
dynamics, interactions, stoichiometry and turnover of most individual
species of protein are poorly understood at the global level (Fig. 1).

Second, cells of different lineages can express distinct sets of genes,
including those that promote cellular identity. We are only beginning
to understand how differential gene expression in individual cell types
translates into differences in the organization and dynamics of the pro-
teome’”.

Third, variation in the human genome between individuals occurs
at the level of around 10° differences, a subset of which might alter the
abundance and the interactions of the resulting protein products".
This genomic variation is elevated further in cancer genomes, some
of which contain thousands of single base-pair mutations; large-scale
chromosomal abnormalities are so prevalent across a range of cancers
that about 25% of a typical cancer-cell genome will have undergone a
loss or gain in copy number'""2. Our knowledge of how genetic variation
alters proteomes in the context of somatic mutations in specific cancers
is still in its infancy".

A complete description of the mechanisms that establish cellular pro-
teomes requires not only an understanding of how proteins and their
multimeric assemblies are built, but also of the rules that determine how
proteins are selected for degradation when they are unable to assemble
properly with components of cognate networks. In the past decade,
methods have emerged that enable the quantitative analysis of rates
of transcription and translation, as well as the determination of rela-
tive protein abundance***'***. Moreover, methods for quantifying the

The cellular proteome is exceedingly complex (Box 1). Of the

dynamics of protein turnover through the ubiquitin—proteasome and
lysosomal systems, which include autophagy, are beginning to yield
insights into mechanisms of substrate selection and how these pathways
are integrated with stress-response and chaperone networks.

In this Review, we present our knowledge of the cellular systems that
monitor and control the abundance and stoichiometry of proteins, as
well as the mechanisms of quality control that underlie the cellular
response to conditions in which the production and degradation of
proteins deviates from the steady state — which we refer to as ‘proteome
imbalance. An emerging understanding of these systems is providing
potential avenues for the development of therapeutics that are directed
towards diseases of proteome imbalance.

Causes of proteome imbalance

In contrast to the complexity of the genome, we are unlikely to ever
know the upper limits of proteome complexity with complete certainty.
The protein biogenesis and degradation machineries determine the pre-
cise abundance of each protein within the proteome, and both biogen-
esis and degradation are highly regulated to execute the dynamic control
of proteome complexity'**'. The interplay between protein anabolism
and catabolism is evident in the consequences of the imbalance in pro-
tein homeostasis that can be observed with large-scale genetic variation
or an increased demand for ribosomal output (Fig. 1b).

Cancer as a model for proteome imbalance

A number of diverse disorders in people, including many cancers, can
be characterized by an imbalance in the proteome that results in chronic
proteotoxic stress**. Two specific features of cancer cells are considered
to contribute to proteome imbalance.

First, the explosion of cancer-genomics data has led to a large cata-
logue of single base-pair alterations and structural alterations that affect
gene copy numbers in numerous types of cancer'’. A potential conse-
quence of this is proteome imbalance caused by mutations that affect
the ability of proteins to assemble with cognate complexes or that alter
the proteins’ rate of turnover.

Second, sustained proliferation of cells in the absence of growth sig-
nals results in deregulated protein production®. In turn, this leads to
an elevated demand on the translational apparatus in human cancers.
Deviations in the rates of translation are sometimes evident only when
translation rates are compared in normal and tumorigenic cells after the
loss of permissive growth signals. This loss of growth control is often
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achieved through the mutation or genetic amplification of important
regulatory proteins, including Myc, phosphoinositide 3-kinases (PI,Ks)
or translation initiation factors such as eIF4E*".

The combination of enhanced genetic alteration and increased trans-
lational output suggests that tumorigenic cells must acquire an ability
to survive despite the persistent generation of an increasingly unstable
proteome.

Protein homeostasis and errors in translation

Cellular growth depends absolutely on protein synthesis. The prolifera-
tion of unicellular organisms under ideal growth conditions is limited
by the speed of translation in such organisms. In Escherichia coli, cell
division occurs as soon as enough ribosomes have been made to sup-
port the growth of another cell”*”. However, rapid protein biogenesis
comes at the cost of fidelity. The rate of amino-acid misincorporation in
E. coli is a single residue every 1,000 to 10,000 amino acids, with lower
rates observed in eukaryotic cells’*'. Measurements of error rates for
protein biogenesis that take into account mistakes at each step in the
messenger RNA translation process are difficult to obtain on a global
scale. A conservative estimate provides an overall protein synthesis error
rate of 1 in 10,000: for a typical protein of 500 amino acids in length,
the synthesis of 1 in every 20 such proteins will deviate from perfect
synthesis, and a subset of these defective proteins will be intrinsically
unstable. Although this proportion seems to be large at first, the impact
of erroneous protein synthesis can be understood only in the context of
the cell’s capacity for eliminating defective translation products through
protein degradation®. Protein half-lives have been determined for a
considerable percentage of the proteome using metabolic pulse labelling
followed by mass spectrometry. A number of studies report a median
protein half-life of 20-46 hours, which reflects an averaged turnover
number of the probable most-stable protein isoforms™>*. It can be
challenging or even impossible to extract quantitative information from
these types of studies about the rates of and capacity for proteasomal
degradation, or the relative contribution of distinct pools of proteins,
including defective translation products, to the overall protein half-life.

An alternative way of estimating the scale of error in protein synthesis
and its impact on protein homeostasis is to examine the fraction of total
nascent chains that are marked with ubiquitin and targeted for degrada-
tion. About 2% of nascent chains in yeast and 12-15% of those in human
cells are ubiquitylated®**. There are between 1 million and 10 million
ribosomes in a typical mammalian cell'; however, the percentage of
actively translating ribosomes is unknown in such cells. If only 50% of
5 million cellular ribosomes translate an mRNA that encodes a protein
of 500 amino acids at a speed of 5 amino acids per second, 1.5 million
proteins will be synthesized every minute®. Under the assumption that
12% of all nascent chains are ubiquitylated and targeted for degradation
as the result of an unresolvable error in translation, 180,000 proteins will
require ubiquitin-dependent degradation every minute. And assuming
a protein degradation rate of 10 amino acids per second (under idealized
in vitro conditions”) and that there are 1 million proteasomes per cell
(ref. 3), 50% of which are active, 600,000 proteins of 500 amino acids in
length can be degraded every minute.

These estimates suggest that the defective products of translation are
unlikely to burden the ubiquitin-proteasome system, at least under
steady-state conditions, and that proteasomes are underloaded. How-
ever, careful quantitative studies are needed to more accurately define
unknown parameters such as the fraction of active proteasomes in a
cell and the in vivo rates of turnover for particular pools of individual
proteins. The suggestion that there is spare proteasomal capacity in cells
is in agreement with cryo-electron microscopy studies that estimate that
about 20% of proteasomes in hippocampal neurons are in a substrate-
engaged conformation®. And the observation that proteins that are
targeted for proteasomal degradation accumulate only after more than
60% of cellular proteasomal activity is inhibited is consistent with the
idea that the excess capacity for degradation exists to buffer cells from
fluctuations in proteome stress”.

REVIEW

BOX1

Current knowledge of
proteome identity and
abundance

The human genome is predicted to encode 20,687 proteins,
although its annotation continues to be refined!®!. Although

RNA sequencing makes it possible to determine which genes

in a particular cell type are transcribed, it is more challenging to
determine the identity and relative abundance of proteins that

are present in that cell type, partly because of the dynamic range

of protein abundance and the difficulty in identifying certain

types of proteins (such as membrane proteins)'*2 The translation
products of 17,294 (ref. 15) and 18,097 (ref. 18) genes have

been detected across a wide range of tissues and cell types,
including putative translation products from what were previously
considered to be non-coding RNAs. Studies in commonly used

cell lines have attempted to identify all of the proteins in these

cells and some have also tried to compare protein abundance

with mRNA abundance’®%9!%, Among the deepest proteomic
content measured so far for a single cell line comes from studies

of HEK293T cells'** and Hela cells®. In the HelLa cell analysis, in
which 10,596 proteins were detected, mRNA transcripts for up to an
extra 20% of genes were identified®. Similarly, in the HEK293T cells,
in which 10,326 proteins were detected, large-scale interaction
proteomic experiments identified 10% more proteins than could
be identified through total deep proteomic analysis'®*. Available
descriptions of proteomes for such cell lines therefore probably
underestimate the total number of proteins that are expressed by
10-20%. Proteomics also enables a means by which to estimate
the copy number of individual proteins within a single cell. These
estimates range from 1.7 x 10!! proteins to 3 x 10° proteins,
depending on the cell type and depth of the analysis'~. Several
features of the Hel.a cell proteome demonstrate its complexity®. For
instance, of the 3 x 10° protein molecules per Hela cell, the top 40
most abundant proteins constitute 25% of the entire proteome by
mass, the top 600 most-abundant proteins constitute 75% of the
proteome by mass and the least-abundant half of proteins accounts
for less than 2% of the proteome by mass. These parameters, albeit
incomplete, provide a glimpse into the intricacies of the proteome.

Such model systems do not take into account shifts in the genetic and
environmental landscapes that occur over the lifetime of an organism.
For example, in mouse models, genetic perturbations of translation-
fidelity mechanisms that increase the output of defective translation
products result in neurodegenerative phenotypes***". The observa-
tion that defects in systemic protein quality control often manifest as
neurological phenotypes suggests that neurons might be particularly
sensitive to conditions that promote proteome imbalance. Indeed, mice
with reduced function of the E3 ubiquitin-protein ligase listerin (Ltn1),
which is involved in the ubiquitylation of defective nascent chains, have
numerous neurological anomalies®. These examples hint at the possi-
bility that degradation capacities might be eclipsed, over considerable
periods of time, by cellular environments that are permissive to lower-
fidelity protein biogenesis.

The response of cells to low-fidelity translation

The balance between the speed and the fidelity of translation has
been tuned over time to maximize fitness. Classic studies in E. coli
have revealed mutations in ribosomal proteins that result in higher-
fidelity translation®"****. However, this increase in fidelity comes at a
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Figure 1 | An overview of proteome complexity. a, Numerous factors
contribute to the generation of complex proteomes. These include (clockwise
from top left): alternative splicing; the assembly of protein complexes with
varied compositions; the subcellular location of proteins; the attachment

of various modifications to proteins; the use of alternative upstream open
reading frames (uORFs, purple) in mRNA translation; and the efficiency of
mRNA translation. b, In a balanced proteome (green), the level of protein
production does not exceed the capacity of protein depletion systems.

To achieve this equilibrium, many factors contribute to the generation or
degradation of proteins. Cellular events and states such as chromosome
imbalance, oncogenic activation and errors in translation alter the proteome
in ways that promote proteotoxic stress and lead to imbalance in the proteome
(red). This can be buffered by an enhanced capacity for protein degradation
or be exacerbated by the depletion of factors that facilitate protein folding or
degradation. P, phosphate; Ub, ubiquitin.

considerable fitness cost, as demonstrated by slower rates of growth
overall. Decreases in fidelity are also undesirable: in the yeast Saccha-
romyces cerevisiae, the introduction of a transfer RNA that miscodes a
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leucine codon as serine results in the chronic mistranslation of the entire
transcriptome™. This reduction in fidelity produces a transcriptional
response that resembles the environmental stress response, as well as a
decrease in ribosomal protein mRNAs, a decrease in the overall rates of
protein synthesis and an overall reduction in fitness*. To survive, cells
that have unstable genomes, such as cancer cells, might require compen-
satory adaptation to such prolonged activation of stress responses. Labo-
ratory evolution experiments performed in yeast that miscode aleucine
codon to serine result in rapid adaptation to amino-acid miscoding and
the recovery of growth rates™. Sequencing has revealed that the adapted
strains often contain large-scale genomic deletions and amplifications.
The enhanced proteome instability that these genetic changes generate
does not seem to be deleterious to the cells, which already have elevated
levels of proteome stress. It has been proposed that large-scale chromo-
somal abnormalities and the sudden increase in proteome stress that
they produce force cells to adapt to widespread proteome imbalance.
These observations could explain why a large proportion of tumour cells
contain chromosomal abnormalities. Aneuploidy may not lead directly
to tumorigenesis, but the resulting adaptation to proteome stress could
be of benefit to tumour formation.

Ribosome-associated mechanisms of quality control

Errors in translation can occur at numerous points in the process, result-
ing in the production of defective nascent chains that are removed by
ribosome quality control (RQC) pathways. RQC pathways engage
stalled ribosomes and catalyse the degradation of the associated nascent
chain. This process involves splitting of the 80S ribosome, recruitment
of Ltn1, ubiquitylation of the nascent chain, extraction of the nascent
chain by the ATPase Cdc48 (the yeast orthologue of p97) and protea-
somal turnover of the nascent chain’’"*. Considerable insight into this
quality control system and a potential signalling arm of the pathway
came from the discovery of Rqc2, a component of the complex that
is responsible for RQC, and its role in adding C-terminal alanine and
threonine extensions (known as CAT tails) to stalled nascent chains that
cannot be ubiquitylated (for example, in Ltn1-mutant cells)”. Because
Rqc2 was discovered in a screen for activators of heat shock factor pro-
tein 1 (HSF1)*, it is possible that the addition of CAT tails might directly
or indirectly signal heat-shock activation, although further studies are
needed to define the underlying mechanisms. A role for Rqc2, Ltn1 and
CAT-tail formation in mediating the aggregation and toxicity of both
stall-inducing nascent chains and mutated Huntingtin that contains
expanded and pathogenic polyglutamine repeats has been demon-
strated in S. cerevisiae” . Despite the elegant biochemical characteri-
zation of the RQC complex in mammalian cells, a physiological role for
the complex or CAT-tail formation in mammals has yet to be demon-
strated, and endogenous Ltn1 substrates are lacking. The abundance of
ribosomes is about 300 times greater than that of Ltn1 (ref. 17), which
suggests that the capacity of Ltn1 and the function of the RQC complex
could be easily overcome by small perturbations in the proteome, or
that alternative factors and pathways also function in regulating RQC.
Ribosome stalling that is induced by translation elongation inhibitors
has been shown to stimulate the site-specific regulatory ubiquityla-
tion of particular 40S ribosomal proteins; it is therefore possible that
post-translational mechanisms contribute to sensing or clearing stalled
ribosomal complexes®. However, a direct role for these ubiquitylation
events in mediating RQC has yet to be determined.

Another important consideration is the physiological conditions
under which ribosome stalling occurs at high enough levels to elicit
an adaptive response. Such conditions might include the limited avail-
ability of particular amino acids. Ribosome profiling studies in cells that
were treated with L-asparaginase, which converts asparagine to aspartic
acid, revealed the robust accumulation of ribosomes that were stalled
on asparagine codons®'. And in patient-derived clear cell renal cell
carcinoma tumours, ribosomes were found to stall at proline codons.
The same tumours showed an increase in a crucial proline biosynthetic
enzyme as part of a possible compensatory feedback loop®'. Together,

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



a Genetic alterations that drive proteome imbalance

RNA pol | ——> 188, 5.85, 28S rRNA RNA pol

RNA pol I —— Ribosomal proteins

~15% of protein
RNA pol [l —— 5S rRNA coding genes

l l

T Ribosome Activation and

abundance repression of individual genes
\ 4// 1 elF4F

T Protein
TRTKs — TPI3K — TAKT1 — T mTORC1 — synthesis \

TelF3

Ribosomal <——
surveillance pathway

T Proteotoxic stress

Figure 2 | Mechanisms that contribute to proteome imbalance and
transcriptional responses. a, Genetic alterations in human cancers can
generate proteome imbalance. Myc protein promotes the RNA polymerase
(RNA pol) I- and RNA pol III-dependent transcription of rRNAs; it also
promotes the RNA pol II-dependent transcription of ribosomal proteins to
induce ribosome production. Elevated levels of some ribosomal proteins in
excess of the assembled ribosome can lead to the activation of the ribosomal
surveillance pathway, which stimulates cell death pathways. At the same
time, Myc activates about 15% of protein-coding genes that are transcribed
by RNA pol II, thereby increasing the protein-synthesis load of the cell. This
is likely to increase the number of defective translation products, which
lead to an increase in proteotoxic stress. Similarly, the activation of receptor
tyrosine kinases (RTKs) and the PLK signalling pathways that stimulate
AKT1 and mTORCI activity, or the overexpression of translation initiation
factors eIF4F and eIF3 can increase protein synthesis, also leading to increased
levels of proteotoxic stress. b, Two transcriptional response systems sense
imbalance in the proteome and can elevate the cell’s capacity for protein

these results suggest that altered amino-acid metabolism in some can-
cers might result in enhanced ribosome stalling. Whether these cancers
display an increased need for RQC has yet to be examined.

Alterations in translational output

Reoccurring tumorigenic mutations in diverse genes stimulate or sus-
tain mRNA translation under conditions that would otherwise dampen
protein output***. One such mutation is the amplification of the onco-
gene Myc, which occurs in 50% of human cancers™. Myc functions as a
transcription factor and it is estimated that the transcription of 15% of
human genes is stimulated by the presence of activated Myc*’. Myc has
the ability to stimulate not only the production of ribosomal proteins
but also ribosomal RNA synthesis by activating all three RNA poly-
merases”™* (Fig. 2a), which directly leads to an increase in ribosome
biogenesis and translational capacity. The global increases in ribosome
biogenesis and the overall capacity for translation that are observed on
Myc activation are thought to facilitate tumorigenesis. In support of
this, the loss of translational capacity that results from the deletion of a
single copy of the ribosomal protein gene RPL24 limits tumorigenesis
in a widely used mouse model of B-cell lymphoma that is driven by
Myc overproduction®. This result provides a clear example in which
rebalancing the proteome stifles the development of cancer.

The activation of cellular signalling pathways that stimulate either
translation initiation or elongation is common among tumorigenic cells.
This activation is achieved often through mutations that stimulate PI,K
signalling”. Such mutations can occur in upstream receptor tyrosine
kinases, in PI,Ks themselves or in downstream effectors such as the
kinase Aktl, with each resulting in the general, sustained activation of
the kinase-containing signalling complex mTORCI (refs 24 and 27).
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folding or degradation. One mode of control involves the conversion of a pool
of inactive HSF proteins in response to perturbations such as heat shock into

an active nuclear transcription complex that binds a promoter known as a
heat-shock element (HSE). This leads to the expression of heat-shock proteins
(HSPs), including chaperones, and increases the cell’s capacity for protein
folding. Another mode of control is the production of proteasome subunits to
increase the cellular capacity for protein degradation. Under basal conditions,
transcription factor NRF1 in the endoplasmic reticulum (ER) is targeted for
p97-dependent proteasomal degradation through ER-associated degradation
(ERAD) (not shown). However, when the activity of the proteasome is inhibited
or depleted, retrotranslocated NRF1 is cleaved by an unknown protease,

which facilitates the translocation of NRF1 into the nucleus where it activates
the transcription of proteasome subunit genes. Global environmental and
integrated stress-response pathways also attempt to rebalance the proteome
through reduced translational output (red box) and enhanced cellular defence
systems (green box) such as protein folding and degradation machineries. ARE,
antioxidant response element; MAF, transcription factor MAE.

Although mTORCI signalling impinges on a large array of cellular
systems, it directly stimulates mRNA translation through activating
phosphorylation of the ribosomal protein S6 kinase -1 (RPS6KB1)
and inhibitory phosphorylation of eIF4E binding protein 1 (EIF4EBP1)
(ref. 24). The sustained hyperactivation of translation initiation and
elongation that is observed on mTORC1 activation might lead to a
further loss of fidelity in mRNA translation and to the increased pro-
duction of defective products. Indeed, cells with chronically activated
mTORCI show a decrease in translational fidelity, which results in an
enhanced sensitivity to proteotoxic stress*. This suggests that tumo-
rigenic cells with mutations that activate translation must adapt to a
heightened basal level of proteome imbalance. Accordingly, cells that are
exposed to proteasome inhibitors respond by increasing the transcrip-
tion of genes that encode proteasome components through activation of
the transcription factor NRF1 (refs 65-67) (Fig. 2b). The disruption of
NRF1 in cancer might therefore limit their ability to adapt to proteome
imbalance.

Another mechanism by which cancer cells enhance translation is
the overproduction of translation initiation factors**. Components
of both the eIF3 and eIF4F initiation complexes are overexpressed in a
wide range of cancers™”’. The idea that enhanced translation initiation
can promote tumour formation is best described for eIF4E, the mRNA
5’-cap-binding component of the eIF4F complex. Overexpression of
eIF4E mediates both cellular transformation in cell-culture models and
enhanced susceptibility to tumours in mouse models® ”. The ability of
elF4E to stimulate the initiation of translation is dependent on mTORC1
activity as the loss of inhibitory EIFAEBP1 phosphorylation sequesters
elF4E from the eIF4F complex’". Interestingly, the overexpression of a
mutant EIF4EBP1 that evades inhibitory mTORCI1 phosphorylation
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or a 50% reduction in the levels of eIF4E does not lead to global altera-
tions in basal translation””’. However, the expression of mutant EIF-
4EBP1 blocks eIF4-driven tumorigenesis in haematological cancers and
prostate cancer in mice, and mice with reduced levels of eIF4E show
suppressed development of GTPase KRAS-driven lung cancers”">*,
Together, these results indicate that the suppression of hyperactivated
translation can inhibit tumorigenesis. However, it remains unknown
how the enhanced translation in these cases affects protein degradation
systems, and specifically RQC, or whether adapting to the increased
demand for protein degradation is a necessary step for tumorigenesis.

Changes in the stoichiometry of multisubunit complexes
Keeping the proteome in balance requires more than just quality con-
trol processes at the ribosome: it also involves mechanisms that control
the stoichiometry of complexes. Imbalance in subunit stoichiometry
can have detrimental effects by disturbing the assembly or dynamics

332 | NATURE | 537 | 15 SEPTEMBER 2016

of multisubunit complexes. This is demonstrated by the a—p-tubulin
complex, which forms dynamic filaments that are crucial for cell divi-
sion and organelle trafficking. In classic experiments, the 1.4-fold over-
expression of B-tubulin leads to the disassembly of microtubules, the
formation of alternative B-tubulin-positive structures and a loss of cell
viability, which can be rescued by the expression of a-tubulin’”®. This
phenotype reflects the sequestration of factors that are necessary for the
formation of a—f-heterodimers by elevated -tubulin. By contrast, the
30-fold overexpression of a-tubulin has no obvious phenotype”’®. This
example reinforces the idea that cells require mechanisms for control-
ling the stoichiometry of multisubunit complexes. Proportional synthe-
sis through tuned efficiencies of transcription and translation probably
controls the stoichiometry of some complexes” (Fig. 3a). However,
turnover of excess or orphan proteins through the proteasome or the
lysosome also plays a considerable part in coupling protein abundance
with the assembly of complexes.

The response of cells to increased gene dosage

Our understanding of how cells respond to changes in protein abun-
dance has been enhanced by examining the consequences of large-scale
changes in chromosome copy number on the proteomes of S. cerevisiae,
as well as in plants and mammalian cells, to a lesser extent. The analysis
ofhaploid S. cerevisiae cells into which 13 of the 16 yeast chromosomes
were individually introduced to produce a ‘disome’ has revealed several
common principles by which cells respond to proteome imbalance™ **
(Fig. 1a, b). In a manner that is largely independent of the particular
chromosomes that are duplicated, a two fold increase in transcription
from the supernumerary chromosome triggers a chain of events that
decrease the fitness of the cell and reduce the cell’s ability to cope with
proteome imbalance®. Most evidence suggests that reduced fitness
and the presence of proteotoxic stress do not reflect the expression of
particular proteins from the disome®*. Instead, they are a reflection of
a greater reliance on protein chaperones and degradation machinery
within the cell that attempts to manage the higher levels of protein pro-
duction, the ensuing increase in translational errors that give rise to
misfolded proteins, the imbalance in subunits of multiprotein com-
plexes that accompanies enhanced expression from the disome and a
reduction in the capacity of chaperones**® (Fig. 1b).

Although transcription from the disome produced a two fold increase
in the abundance of mRNA, protein abundance diverged from a nor-
mal distribution, and the abundance of about 20% of disome-derived
proteins increased by only 1.6-fold, compared to a two fold increase
in mRNA"*, Interestingly, this group of disome-derived proteins was
enriched in those that participate in multiprotein complexes®, which
implies that protein degradation systems might participate in the main-
tenance of the stoichiometry of complexes. Although some proteins
might be ‘immune’ to post-translational copy number control, others
are therefore regulated by a form of dosage compensation that prob-
ably balances the abundance of subunits for multiprotein complexes.
Interestingly, a transcriptional response that is related to the environ-
mental stress response®* seen in cells that are exposed to external stress
agents” is layered on top of post-translational control (Fig. 2b). The
environmental stress response is observed widely in cells from ane-
uploid fission yeast, mice, humans and plants, which implies that it is a
conserved transcriptional response to proteome imbalance®.

Two lines of evidence suggest that a reduction in the dosage of
disome-derived proteins can promote cellular fitness. First, deletion of
the proteasome-associated deubiquitylating enzyme Ubp6 — a negative
regulator of protein turnover — reverses the slow-growth phenotype of
disomic cells****, Proteomic analysis hints that this effect is a reflection
of the enhanced turnover of relatively abundant proteins, which reduces
proteotoxic stress to promote fitness, although the removal of specific
toxic proteins cannot be ruled out. Second, diploid cells that receive an
extra chromosome are less sensitive to the perturbation than haploid
cells, which suggests that excess protein derived from the supernumer-
ary chromosome is more easily buffered under these conditions”*’.
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Genetic screens in S. cerevisiae for genes that increase the viability of
disomic cells have led to the identification of mutant alleles in several
genes that are related to protein homeostasis*’. These include genes
that encode the proteasome subunit Rptl, two ubiquitin ligases (Rsp5
and Ubrl), Lad2 (the yeast orthologue of the cullin-RING E3 regula-
tor CAND1), a protein involved in rRNA production called Utpl and a
protein involved in vacuolar targeting that is known as Vps64, indicating
that there are other mechanisms by which cellular defects in protein
imbalance can be ameliorated. Further mechanistic studies are needed
to define the underlying pathways. However, the spectrum of genes that
have been identified so far suggest that mechanisms that reduce flux
through the ubiquitin—proteasome system probably contribute to the
toxic effects of aneuploidy in disomic yeast cells.

Demands on the cellular machinery
Widespread proteome imbalance that arises from supernumerary
chromosomes has two main effects: the loss of the buffering capacity
of protein-folding chaperones and the degradation of proteins that are
unable to join cognate complexes (Fig. 3b, top). Although a sizable pro-
portion of the proteome is degraded as a result of either proteome imbal-
ance or errors in translation or folding, we do not yet have a systematic
understanding of the rules that dictate the turnover of excess subunits
of complexes. This is partly because of a lack of methods that measure
the ubiquitylation and turnover dynamics of proteins that are unable to
assemble properly into complexes, or that measure rates of turnover for
the same proteins in distinct complexes or subcellular compartments.
What are the mechanisms by which proteins that are unable to
assemble with their partners are marked for degradation? N-terminal
acetylation and a variation of the N-end rule” have been implicated
in one such mechanism (Fig. 3b, bottom). This pathway involves the
E3 ligase Doal0, which recognizes acetylated N-terminal residues (or
Ac-N-degrons) in target proteins’'. Because N-terminal acetylation
typically occurs at the same time as translation, the model predicts that
newly synthesized proteins will be marked with this signal during their
generation. If such proteins are incorporated successfully into cog-
nate complexes, the Ac-N-degrons will be masked by other subunits
in the complexes. But if these proteins remain unassembled, they are
ubiquitylated by Doal0 and are then degraded by the proteasome. This
mechanism has been demonstrated in S. cerevisiae for the proteins Cogl
(part of the conserved oligomeric Golgi complex) and Henl (part of
the anaphase-promoting complex)”. N-terminal proteomics studies
suggest that about 85% of detected human proteins are at least partially
N-acetylated”**. Although such studies do not analyse the N terminus
of every protein in a sample, the high degree of N-acetylation observed
indicates that the Ac-N-degron recognition signal might not be univer-
sal because most soluble proteins that do not form tight stoichiometric
complexes would be expected to be destroyed. However, a more careful
analysis of the N termini of both monomeric proteins and proteins that
participate in complexes is needed. N-acetyl groups can also mediate
functional interactions with complexes in a dynamic setting without
targeting the N-acetylated protein for degradation™. A bipartite signal
would therefore be the minimum requirement for recognizing orphan
proteins that have been stranded from their complexes. One possibility
involves the use of hydrophobic surfaces as a second signal that could
be recognized by protein chaperones. Indeed, orphan subunits of fatty
acid synthase (FASN) as well as orphan von Hippel-Lindau disease
tumour suppressor are recognized by the Hsp40-70-90 heat-shock
protein system, and FASN is known to be directed to Ubrl, which is a
principal quality control ligase™**. FASN is also one of the most highly
ubiquitin-modified proteins by abundance, as are other proteins that
are obligate members of complexes, which indicates that this pathway is
active under steady-state conditions and that these substrates would be
the first to accumulate on proteasome inhibition®”. Excess components
of multisubunit complexes could offer an abundant source of degrada-
tion substrates that greatly exceed the amount of substrates that arise
from errors in translation.

REVIEW

An important example that has emerged from the 13 yeast disome
strains is the dosage compensation of essentially all detected ribo-
somal proteins®. Considering the cellular resources that are used in
ribosome production, it is unsurprising that cells actively control the
stoichiometry of ribosomes. Early experiments in mammalian cells
demonstrated that a disruption in the synthesis of rRNA or in the
overproduction of an individual ribosome subunit had little impact on
total ribosomal-protein synthesis but that it did result in the turnover of
ribosomal proteins though unknown mechanisms'**'"*". In S. cerevisiae,
several ribosomal proteins do not accumulate when overexpressed, and
these excess subunits are degraded by the proteasome, seemingly with-
out the contribution of autophagy'”. Unlike ribosomal proteins that
have been assembled into subunits, which are mainly found in the cyto-
plasm under steady-state conditions, excess ribosomal protein Rpl26a
accumulates in the nucleus. Interestingly, when the proteasome is
inhibited, endogenous newly synthesized ribosomal proteins aggregate
in the nucleus, suggesting that an important quality control mechanism
is present to ensure that the proper stoichiometry of ribosomal proteins
is maintained'”. Understanding the machinery that is involved in this
quality control process will be a crucial next step. Intriguingly, a subset
of extra-ribosomal proteins participates in the ribosome surveillance
pathway in which excess ribosomal proteins RPL11 and RPL5 physi-
cally inhibit the p53 ubiquitin ligase Mdm2 (refs 103 and 104), thereby
promoting p53-dependent cell death. However, it is still unknown how
quality control pathways can distinguish this subset of ribosomal pro-
teins from others that are to be degraded rapidly.

Mislocalized proteins

The stoichiometry of protein complexes is only one of several types of
alterations that can promote imbalance in the proteome. For example,
newly synthesized membrane proteins occasionally fail to translocate
properly into the endoplasmic reticulum, which results in their aggrega-
tion in the cytoplasm through hydrophobic transmembrane domains.
Proteins that contain transmembrane domains can be recognized by
a surveillance complex containing the proteins BAG6, TRC35 (also
known as GET4), UBL4A and SGTA'®™'?, which then facilitates the
ubiquitin-dependent degradation of the transmembrane client protein
through the ubiquitin ligase RNF126 (ref. 108). A distinct system that
involves members of the ubiquilin protein family has been identified
for proteins containing a C-terminal transmembrane sequence that
fails to insert into the mitochondrial outer membrane'®. Ubiquilins
(UBQLN1, UBQLN2, UBQLN3 and UBQLN4 in humans) contain an
N-terminal ubiquitin-like domain, a central domain that is related to a
chaperone-binding domain from heat-shock protein STI1 that associ-
ates with hydrophobic sequences, and a C-terminal ubiquitin-associated
domain, which binds ubiquitin. The association of client proteins with
ubiquilins promotes the ubiquitylation of client proteins by an unknown
E3 ligase as well as rapid proteasomal degradation that is mediated by
the association of ubiquilin’s ubiquitin-like domain with the protea-
some'”. The impairment of mitochondrial import or the overproduc-
tion of mislocalized mitochondrial proteins initiates a cytoplasmic stress
response that includes activation of the proteasome and a reduction
in translation''’. Similarly to when cells are exposed to stress through
chronic mistranslation, cells that experience high levels of mislocal-
ized proteins adapt through enhancements to protein-degradation
systems™. Further studies are needed to understand the global role of
such membrane-protein quality control pathways and to elucidate the
contributions of membrane proteins to proteome imbalance.

Autophagy and the control of proteome imbalance

Autophagy is a catabolic process in which proteins and cellular orga-
nelles are targeted to the autophagosome for delivery to the lysosome,
a site of degradation. This process involves the lipidation of ubiqui-
tin-like ATGS proteins (MAP1LC3A, MAP1LC3B and MAP1LC3C
and GABARAP, GABARAPLI1 and GABARAPL2 in mammalian
cells) to promote autophagosome formation, maturation and cargo
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Figure 4 | Therapeutic strategies that target proteome maintenance. a,
The ability of cells to respond to fluctuations in proteome balance is dictated
by the cellular ratio of quality control capacity to substrate abundance. When
the capacity to load ratio (y axis) is high, levels of proteotoxic stress (x axis) are
low. Tumour cells may adapt to increase their quality control capacity, which
enables them to become more resistant to the effects of proteotoxic stress
(left). Pharmacological targeting of the pathways that regulate the balance of
the proteome with drugs that inhibit chaperones or the proteasome can alter
the cell’s capacity to load ratio in favour of enhanced cell death at lower levels
of proteotoxic stress (right). b, A number of pathways that regulate proteome
balance have been targeted using small molecules. In the nucleus, inhibitors
of RNA pol I, such as CX-5461, block the production of rRNA. This isolated
reduction of rRNA leads to an excess of ribosomal proteins RPL11 and RPL5,
recruitment'"'. Evidence to support an increase in the number of
autophagosomes and in the expression of autophagic machinery was
initially observed in human colon cancer cells (HCT116) that contain
supernumerary chromosomes''>. However, ubiquitin-binding protein
p62 (also known as SQSTM1) — a cargo adaptor that associates with
ubiquitylated protein aggregates in HCT116 cells — increases in abun-
dance, which is counter-intuitive if the autophagy flux has increased'"*.
Lipidation of MAP1LC3s and the levels of p62 were also increased in
retinal pigment epithelial cells that contain supernumerary chromo-
somes'’; however, although these MAP1LC3-positive structures were
delivered to the lysosome, they were not efficiently degraded. The ina-
bility of lysosomes to degrade MAP1LC3s did not reflect the inhibition
of lysosomal proteases, but it was accompanied by the activation of a
lysosome stress response that involved the transcription factor TFEB'”.
It is unclear whether this is a response to the broad ubiquitylation of
misfolded proteins. Further studies should help to explain the role
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which induces p53 stabilization through inhibition of the ubiquitin ligase
Mdm2. In the cytoplasm, translational control mechanisms, protein chaperones
such as HSP90 and the AAA-ATPase p97 control a network of interactions that
regulate the production and turnover of the defective products of translation at
the ribosome. The excess of ribosomal proteins such as RPL11 and RPL5 is also
increased in the context of Myc overexpression, which promotes the production
of ribosomal proteins. Several small-molecule inhibitors, including the HSP90
inhibitor tanespimycin (17-AAG), the PLLK and mTOR inhibitor NVP-BEZ235
and various elongation factor 4E (EIF4E) inhibitors (4EI-1 related molecules
and the natural product pateamine A), have been developed to target distinct
steps in the pathway. p97 also controls the proteasomal turnover of proteins
through the ERAD pathway, which might be important for determining the
clinical activity of p97 inhibitor CB-5083. Ub, ubiquitin.

that autophagy has in the catabolism of excess proteins that emerge
from supernumerary chromosomes as well as the relationship between
autophagy and the ubiquitin system in this context.

Therapeutic targeting of proteome imbalance

At present, there is great interest in determining whether interference
in stress-response pathways in cells with elevated proteome imbal-
ance could be used therapeutically, especially given that the threshold
for cell viability could be altered (Fig. 4a). Perhaps the most advanced
example of using proteome imbalance to treat diseases in people is the
application of proteasome inhibitors (such as bortezomib, carfilzomib
and ixazomib) in malignant bone-marrow cells'**'"*. These cells are
particularly sensitive to proteasome inhibition because they show a
high rate of protein synthesis through the secretory pathway''. This
concept has been extended to the p97 (or VCP) AAA-ATPase, which
functions as a segregase for the extraction of ubiquitylated proteins from
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complexes and membranes, especially in the context of endoplasmic-
reticulum-associated degradation (ERAD), and from chromatin'".
After retrotranslocation, misfolded and ubiquitylated proteins in the
endoplasmic reticulum are extracted and delivered to the proteasome
through p97 (ref. 118) (Fig. 4b). ATP-competitive inhibitors of p97 such
as CB-5083, which block the delivery of ERAD substrates and other
ubiquitylated proteins to the proteasome, have been shown to inhibit the
growth of myeloma cells both in vitro and in mouse xenograft experi-
ments'>'"*, But unlike bortezomib, CB-5083 also shows activity towards
solid tumours in mice, which generally have more complex karyotypes
than do multiple myeloma cells, suggesting that the inhibition of p97
might have an enhanced effect on cells with greater imbalance in the
proteome. Interestingly, p97 has roles in the extraction of ubiquitylated
proteins from stalled ribosomes™ (Fig. 4b). It is possible that some of the
effects of p97 inhibition on cell proliferation are a reflection of increased
proteotoxic stress that results from a decreased ability to free the ribo-
some of defective products of translation.

A further target for therapeutics that exploit proteome imbalance
has emerged from two independent lines of investigation that point to
inhibitors of the heat-shock protein HSP90 as a possible treatment for
aneuploid tumours. Two studies in aneuploid model systems'*"'** led to
the finding that HSP90 inhibitors, including tanespimycin (also known
as 17-AAG), enhance cell death in cells with aneuploidy compared to
non-aneuploid cells. This is consistent with a role for the Hsp90-Cdc37
system in folding and activating protein kinases that are important for
proliferation; for example, the toxicity of human SRC kinase expres-
sion in yeast is relaxed in disomic cells”. This effect is interpreted as
there being insufficient levels of the Hsp90-Cdc37 system to support
the maturation of kinases in aneuploid cells”’. The selective inhibition of
cells with supernumerary chromosomes by Hsp90 inhibitors has impli-
cations for the many clinical trials in progress that are targeting Hsp90
(ref. 123). More broadly, HSF1 might represent an important target for
therapeutics. HSF1 promotes homeostasis through the transcription
of molecular chaperones, but it is also linked to energy metabolism'**
(Fig. 2b). The inhibition of translation with small-molecule rocaglates
leads to the inactivation of HSF1, a reduction in cellular energy, the
loss of chaperone capacity and a selective reduction in the prolifera-
tion of cancer cells'*". Further studies will improve understanding of
the mechanistic regulation of HSF1 by alterations in protein synthesis.

Considerable focus has been placed on targeting pathways that pro-
mote translation’*** (Fig. 4b), including efforts that have yielded inhibi-
tors of the binding of eIF4E to eIF4F, some of which show efficacy in
xenograft models of cancer'?. Because of the prevalence of Myc activa-
tion in cancer, numerous strategies to target Myc function have been
implemented®, including the inhibition of ribosome biogenesis through
RNA polymerase I (ref. 126). The idea that underlies this approach is
to inhibit rRNA synthesis without affecting the synthesis of riboso-
mal proteins, which leads to the continuous production of ribosomal
proteins that require degradation. This strategy simultaneously acti-
vates the ribosomal surveillance pathway and reduces the capacity for
degradation (owing to an excess of orphan ribosomal proteins), and it
has proven effective and synergistic with mT'OR inhibition in mouse
models of Myc-driven B-cell lymphomas'?’. Although the small-mol-
ecule-mediated inhibition of RNA polymerase I has not been tested
specifically in cells with supernumerary chromosomes, it is intriguing to
postulate that a sudden increase in unassembled ribosomal proteins that
require quality-control-dependent degradation might have large effects
on cells that are already burdened by excess ribosomal protein synthesis.
These approaches underscore the general hypothesis that therapeutics
aimed at increasing proteotoxic stress in cells with an already overbur-
dened protein-degradation system might represent anti-cancer strate-
gies with broad benefits (Fig. 4a).

Future directions
We now have an extensive picture of how imbalance in the proteome,
whether it is generated through the activation of oncogenes or by

REVIEW

BOX2

Proteome imbalance
at a glance

©® Which E3 ubiquitin-ligase systems and mechanisms control the
turnover of excess subunits from complexes? Our understanding of
the roles and mechanisms of E3 ligases that are involved in quality
control is limited, and the rules for selecting orphan subunits of
multimeric complexes for degradation are unclear.

©® What are the mechanisms that underlie spatially distinct quality-
control pathways? Misfolded proteins in yeast are often channelled
into three locations: the juxtanuclear quality-control compartment
in which active re-folding is promoted; the cytoplasmic insoluble
protein deposits compartment for irreconcilably misfiled proteins;
or the Q-bodies, which are processing centres for soluble misfolded
proteins that are controlled by the Hsp104 disaggregase!®>1%¢.
Comparatively little is known in mammalian cells about the spatial
organization of the synthesis and degradation machinery and
whether they are coupled.

©® Which mechanisms underlie the capacity of the cell for
degradation? The occupancy of the proteasome is estimated to be
about 20%, based on tomography in neurons®®, but it is unclear
whether this reflects the full capacity of the cell’s proteolytic
machinery. The finding that deletion of the deubiquitinase Ubp6 in
yeast (or of USP14 in mammalian cells) can increase flux through
the proteasome suggests that it is possible to increase proteasomal
activity, although perhaps at the expense of specificity.

©® What is the role of autophagy in controlling proteome
imbalance? Links between autophagy and proteotoxic stress

in the context of chromosome imbalance are limited and the
circumstances under which autophagy is activated or inhibited are
unclear. The extent to which proteotoxic stress produces protein
aggregates that require autophagy for degradation is unknown.
The basis for the apparent inhibition of protein degradation within
lysosomes in the context of chromosome imbalance!'® is also
unknown.

@ What are the molecular determinants that specify the
ubiquitylation and turnover of defective products of translation?
Ribosomes that lack the ubiquitin ligase Ltn1 are unable to degrade
misfolded nascent chains efficiently; this leads to the accumulation
of nascent proteins with C-terminal alanine and threonine
extensions, which points to a central role for Ltn1 in the removal

of defective nascent chains. However, Ltn1 is present at levels that
are much lower than those of the ribosome. It will be important

to understand the dynamics of Ltn1 and whether there are
mechanisms that can compensate for its loss or operate in parallel
in the context of particular types of translational errors.

©® What contributions do membrane proteins make to proteome
imbalance? The answer to this question will probably require the
development of improved methods to quantify the turnover of

the pools of individual proteins that are contained within vesicular
structures as well as the turnover of membrane proteins themselves.

alterations in gene dosage, limits the capacity of systems that chaperone
or degrade proteins. Studies of gene dosage, in particular, have revealed
the existence of widespread dosage compensation that is mediated
through the ubiquitin-proteasome system, and this finding is beginning
to shed light on how the stoichiometry of proteins is established within
the cell. Numerous questions have emerged (Box 2), such as how and
from where do cells orchestrate the degradation of excess subunits from
protein complexes, and whether there are differences in the capacity
of distinct types of cells to handle proteome imbalance. In this regard,
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haematopoietic stem cells have lower rates of protein synthesis in vivo
in comparison to those of differentiated lineages, and they are sensitive
to genetic perturbations that lead to either increases or decreases in
protein synthesis'**'*’. Attempts to quantify proteomes have focused on
identification of the relative abundances of proteins within ensembles of
cells"’. However, such studies do not address features of the proteome
that are crucial for understanding how balance is achieved. In particular,
studies that are limited to measuring the total abundance of proteins do
not address the complexity that individual proteins exhibit through vari-
ous free and complexed forms that might have broadly different stabili-
ties. Understanding turnover rates for both orphan subunits and their
assemblies on a global scale will require innovative methods that rely
on the integration of quantitative proteomics and imaging. Moreover,
a present limitation is that most studies that analyse protein abundance
do not reach the depth that is required to fully address the status of low-
abundance proteins (Box 1), and it is unclear whether the behaviour
of abundant proteins accurately models that of proteins that are near
the limits of detection. The reliance on using bulk measurements to
understand most assembly and turnover pathways limits our ability to
appreciate fully the underlying regulatory systems. In the future, meth-
ods based on analyses of single cells will help to unravel the complex
interplay between protein quality control and proteome imbalance.

Note added in proof: Recent work has demonstrated a conserved path-
way in which mTORC1 negatively regulates the production of assembly
factors and chaperones called ribosome-associated complexes (RACs)
for the proteasome (A. Rousseau and A. Bertolotti. An evolutionarily
conserved pathway controls proteasome homeostasis Nature 536,
184-189;2016). mTORCI1 inhibition leads to the phosphorylation of
MAP kinase family members, which promotes RAC expression. This
suggests that proteasome activity is controlled by a highly integrated
network and provides a therapeutic target. m
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