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Forty years ago, ubiquitin was first discovered as a post-
translational modification earmarking proteins for degrada-
tion [1]. This seminal, biochemical work laid the foundation
for countless discoveries that revolutionised our under-
standing of cell biology and physiology. Today, we know
that ubiquitin regulates virtually all aspects of eukaryotic
biology. All eukaryotes—from yeast to humans—express
the enzymatic machinery to covalently modify substrate
proteins with ubiquitin, a 76 amino-acid residue protein, in
a process termed ubiquitination (Fig. 1A). Ubiquitination
is a three-step enzymatic cascade involving E1, E2, and E3
enzymes that results in the transfer of ubiquitin, via its C-
terminal glycine, onto the ε-amino group of a lysine residue
on the substrate [2]. The reverse reaction—removal of
ubiquitin modifications from substrates—is performed by
deubiquitinases (DUBs) [3]. Ubiquitination has emerged
as one of the most pervasive post-translational protein
modifications. Tens-of-thousands of ubiquitination sites on
thousands of proteins have been identified, indicating that
most cellular proteins will experience ubiquitination at
some point in their lifetime.
Ubiquitination starts by the transfer of a single ubiquitin to a
substrate lysine residue. These monoubiquitination events
are abundant in cells and serve many purposes. But a
hallmark of ubiquitin is that it can be assembled into
polymeric chains through ubiquitination of any of the seven
internal lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33,
Lys48, and Lys63) or the α-amino group of the N-terminal
methionine (Met1) within ubiquitin itself. This results in the
assembly of eight types of homotypic polyubiquitin
chains and a broad range of heterotypic, or mixed, and

branched polyubiquitin chains, collectively referred to as
the ‘ubiquitin code’ [2] (Fig. 1B). Recent discoveries on the
assembly, regulation, and decoding of the ubiquitin code
have revealed that the different polyubiquitin linkages are
structurally and functionally distinct signals that serve dif-
ferent cellular purposes. Even heterotypic and branched
ubiquitin chains may be considered discrete cellular
signals [2, 4]. The detailed biochemical characterisation of
linkage-specific ubiquitin ligases or DUBs that assemble or
disassemble either one or a discrete set of ubiquitin mod-
ifications has transformed the field. Together with techno-
logical advances in quantitative mass spectrometry-based
proteomics methods and improved affinity reagents, it has
led to the development of new tools and workflows to study
signalling by specific types of ubiquitin modifications [2–4].
With these new tools and insights into the ‘ciphers’ of the
‘code’, we are getting closer to decrypting how these
complex ubiquitin signals regulate cell biology.

Ubiquitin modifications control a plethora of vital
cellular processes through proteolytic and nonproteolytic
mechanisms, including proteasomal degradation and
proteostasis, selective autophagy, cell signalling cascades
such as those for NF-κB activation, protein trafficking,
DNA repair and genome integrity, cell cycle control, and
programmed cell death (Fig. 1C). It is therefore not sur-
prising that dysregulation of ubiquitination can have
detrimental consequences for cells. It may for instance
lead to deactivation or aberrant activation of signalling
pathways, accumulation of damaged or misfolded pro-
teins, or mislocalisation or mistrafficking of proteins away
from their cognate compartment; each of which can
severely impede or damage cell function. Thus, similar to
kinases, dysregulation of ubiquitin-dependent signalling
leads to a variety of diseases such as congenital devel-
opmental defects, cancer, neurodegenerative diseases, and
immune disorders (Fig. 1D). This makes the enzymes of
the ubiquitin system attractive drug targets [5, 6].

The thirteen reviews that follow this introduction discuss
some of the most recent and interesting advances in our
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understanding of the role and regulation of ubiquitin-
dependent signalling processes in disease biology and
highlight new therapeutic opportunities within the ubiquitin
system. Shah and Kumar [7] review emerging regulatory
principles in ubiquitin code assembly, namely the control of
HECT E3 ubiquitin ligases by adaptor proteins and the
regulatory effect these accessory molecules have on phy-
siological outcomes of signalling. Three additional reviews
discuss the function and regulation of a single—but
crucial—cipher of the ubiquitin code: Met1-linked ubiquitin
chains. Fiil and Gyrd-Hansen [8] focus on the molecular
concepts by which Met1-linked ubiquitin chains control
inflammatory signalling pathways, NF-κB activation, and

processes during infection. Jahan et al. [9] review the
variety of cellular functions controlled by Met1-linked
ubiquitin chains and the diseases linked to dysregulation of
this chain type, including immune disorders and cancer, and
highlight emerging cellular roles of Met1-linked ubiquitin
chains such as regulation of protein quality control and
metabolism. Finally, Weinelt and van Wijk [10] examine
the termination of Met1-linked ubiquitin signalling by the
catalysis-dependent and -independent functions of the
Met1-linkage-specific DUB OTULIN, particularly in rela-
tion to immune signalling and cell fate decisions.

In a review closely related to the theme of immune
signalling, Cockram et al. [11] discuss the wide

Fig. 1 Ubiquitin signalling in
cell biology and disease.
A Schematic of the
ubiquitination and
deubiquitination reactions.
Ubiquitination is a sequential
cascade of enzymatic reactions.
First, ubiquitin (Ub) is attached
to the E1 Ub-activating enzyme
in an ATP-dependent manner
before it is transferred to an E2
Ub-conjugating enzyme.
Subsequently, the Ub is
transferred from the Ub~E2
conjugate to a lysine residue in a
substrate either directly from the
E2, mediated by a RING E3 Ub
ligase, or first transferred to a
HECT/RBR E3 Ub ligase before
being transferred to the
substrate. Deubiquitination is
performed by deubiquitinases
(DUBs) that remove ubiquitin
modifications from substrates.
B Schematic representation and
examples of some of the
ubiquitin modifications in the
‘ubiquitin code’. C Examples of
cellular functions that are
regulated by ubiquitination.
D Dysfunction or dysregulation
of ubiquitination is associated
with development of a range of
pathologies and human diseases.
Recent advances in the
understanding of ubiquitin
biology at the cellular and
molecular level may offer new
therapeutic opportunities and
strategies for drug development
to treat human diseases. HECT
Homologous to the E6-AP
Carboxyl Terminus, RING
really interesting new gene,
RBR RING-in-between-RING.
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range of ubiquitin-mediated signalling mechanisms that
control inflammatory cell death pathways, necroptosis
and pyroptosis, and the roles these processes play in
cancer development. Three more reviews explore
additional important roles of ubiquitin signalling in
cancer. Dang et al. [12] discuss how ubiquitination,
particularly the two E3 ubiquitin ligases anaphase-
promoting complex/cyclosome (APC/C) and the Skp1-
Cul1-F-box 8 (SCF) complex, regulate cell cycle pro-
gression and how APC/C and SCF complex dysregulation
results in uncontrolled cell proliferation and tumorigen-
esis. Louis et al. [13] review the current knowledge of
the function of the tumour suppressor DUB BAP1,
including its roles in cell proliferation, differentiation,
metabolism, and cell death, and discuss how inactivation
of this DUB might cause cancer. Lastly, Humphreys et al.
[14] focus on the role of E3 ubiquitin ligases in
the development and progression of glioblastoma, an
aggressive form of brain cancer, and discuss how the
ubiquitin system may be exploited in the future for novel
therapeutic interventions.

In the remaining reviews of this collection, we follow
ubiquitin ‘from cradle to grave’, in a broad sense. Basar
et al. [15] review the emerging role of DUBs in control of
gene expression of chromatin regulation during embryonic
development and discuss how dysregulation of DUBs can
cause developmental disorders. In extension of this, Ottens
et al. [16] explore the coordinated regulation of proteos-
tasis and metabolism that is crucial for preventing ageing
and ageing-related diseases such as neurodegeneration.
Neurodegenerative diseases, often caused by accumulation
of toxic protein aggregates that escape degradation,
are a growing burden worldwide. Three reviews in this
collection explores the current knowledge of ubiquitin-
dependent proteolysis and signalling in neurodegeneratve
diseases. Le Guerroué and Youle [17] focus on the role of
ubiquitin-dependent degradation of misfolded proteins and
aggregates, such as α-synuclein and amyloid-β, associated
with neurodegenerative diseases and discuss possible
reasons why the ubiquitin system fails to eliminate
aggregates. Schmidt et al. [18] review the role of ubiquitin-
dependent signals in mitochondrial homeostasis, mem-
brane receptor trafficking, neuroinflammation, and neuro-
nal cell death in the development of neurodegenerative
diseases and provide a thorough analysis of the emerging
therapeutic opportunities found within the ubiquitin sys-
tem for the treatment of neurodegeneration. Finally, Ziv
and Ciechanover [19] discuss new results showing that
site-specific ubiquitination of aggregate-prone Huntingtin,
the causative agent in Huntington’s disease, may alleviate
the neuropathology in a surprising way: namely by
enhancing—rather than preventing—the formation of
large protein aggregates.

Collectively, these outstanding reviews bring the read-
ership of Cell Death & Differentiation a comprehensive
overview of fascinating and emerging concepts of ubiquitin-
mediated processes in disease development. Time will tell if
the promising therapeutic opportunities, which targeting
ubiquitin-dependent processes provides, will bring the
desired and much needed outcomes in the form of new
treatments for human diseases.
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