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ABSTRACT
Deubiquitylases remove ubiquitin moieties from different substrates to regulate
protein activity and cell homeostasis. Since this posttranslational modification plays
a role in several different cellular functions, its deregulation has been associated
with different pathologies. Aberrant expression of the Ubiquitin-Specific Peptidase
22 (USP22) has been associated with poor cancer prognosis and neurological
disorders. However, little is known about USP22 role in these pathologies or in normal
physiology. This review summarizes the current knowledge about USP22 function
from yeast to human and provides an overview of the possible mechanisms by which
USP22 is emerging as a potential oncogene.

INTRODUCTION

and signal transduction [4, 5]. Linear ubiquitylation
(M1-linked ubiquitin) has been shown to be important
for the nuclear factor-κB and cell survival [6]. Overall,
protein ubiquitylation is important for: biogenesis, cell
cycle, apoptosis, immunity, transcription, differentiation,
development and response to stress.
The deubiquitylases (DUBs) oppose the activity of
the ubiquitylating enzymes. DUBs are cysteine proteases
that remove ubiquitin from the target protein by cleaving
the amide bond between the two proteins. They are highly
specific and affect all the roles described for ubiquitylating
enzymes and produce monoubiquitin molecules for
recycling [7]. In humans, about 100 DUBs have been
identified and these are grouped into 6 families: ovariantumor proteases (OTUs), monocyte chemotactic proteininduced protein (MCPIP), Machado-Joseph disease
protein domain proteases, JAMM/MPN domain-associated
metallopeptidases (JAMMs), ubiquitin carboxy-terminal
hydrolases (UCHs) and ubiquitin-specific proteases
(USPs) [7]. USPs are the largest DUB family containing
more than half of the DUBs identified. Members of this
family are highly conserved and contain three subdomains
resembling the fingers of a right hand, the thumb and the
palm.
Due to the multiple roles DUBs have in cell
homeostasis, their deregulation has been found in cancer
and neurological disorders [8, 9]. DUBs have been shown
to regulate p53 activity, WNT, EGFR, NF-κB pathways,

Cells have different mechanisms to control
the activity of proteins such as posttranslational
modifications. These modifications lead to protein
activation, inactivation, compartmental targeting, creation
of recognition sites and degradation. As a result of these
posttranslational modifications, the cells quickly respond
to extracellular clues, stress or DNA damage to maintain
intracellular homeostasis. One of these post-translational
modifications is ubiquitylation, which is the conjugation
of ubiquitin, a small protein of 8.5 kDa [1, 2], at specific
lysine (K) or amino-terminal methionine (M1) residues on
the target proteins. As indicated by its name, this protein
is expressed ubiquitously in all eukaryotic cells. Three
different enzymes carry out the ubiquitylation process:
ubiquitin-activating enzymes (also known as E1s),
ubiquitin-conjugating enzymes (E2s) and ubiquitin ligases
(E3) [3]. Ubiquitin can be added to the target proteins
as a single molecule (monoubiquitylation) or as chains
(polyubiquitylation).
Different lysine residues on ubiquitin are used for
conjugation. K48 and K63 are the best understood. K48ubiquitin chains are mostly associated with targeting
of proteins for destruction by the proteasome but they
also have a role in transcription. K63-ubiquitin chains
are associated with the recruitment of other proteins
that are involved in endocytic trafficking, DNA repair
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been shown to form in vitro and in vivo some of them
lacking ATXN7 or ENY2 [16, 18]. Although the role of
these DUBm SAGA-independent complexes are not yet
fully studied, they seem to be important for mRNA related
processes. Lim et al [19] showed that DUBm separation
from SAGA complex was necessary for mRNA export
in yeast but no studies have addressed whether this also
occurs in mammalian cells.

cell cycle progression, apoptosis and response to DNA
damage. This review will focus on USP22, which has
recently emerged as an important DUB that leads to
cancer progression in several types of cancer. USP22
deubiquitylates histone and non-histone substrates
and has been associated with cancer progression and
spinocerebellar ataxia.

What is USP22?

USP22 substrates

The Ubiquitin-Specific Peptidase 22 (USP22)
belongs to the largest subfamily of deubiquitylases, the
ubiquitin-specific processing proteases (USPs), which
in yeast are called ubiquitin-binding proteins (UBPs).
USP22 is highly conserved from yeast to vertebrates.
USP22 in yeast, called Ubp8, has been shown to bind to
Sgf73, Sgf11 and Sus1 to form the deubiquitylase module
(DUBm) of the Spt-Ada-Gcn5 Acetyl transferase complex
(SAGA). The SAGA complex enhances transcriptional
activation and facilitates elongation by RNA polymerase
II through its histone acetylation and deubiquitylation
activities [10].

Histones
USP22/Ubp8 substrates now identified are histones
and non-histone proteins (Table 1). It has been shown that
Ubp8 deubiquitylates H2Bub on lysine 123 (H2BK123)
and USP22 on H2BK120. This lead to increased
transcription of several genes. Mutations on H2BK123
that remove the ubiquitylation site or impair Ubp8 activity,
lead to lower transcription levels [20]. This ubiquitylated
or deubiquitylated state of H2B changes the methylation
of histone 3 (H3) at specific sites, as well as the number of
methylations, which is also important during transcription
[21].
Ubp8 activity on H2B was mostly observed at the
transcriptional start sites where a trimethylation mark was
present in H3K4 (H3K4m3). Removal of the ubiquitin
moiety on H2BK123 by Ubp8 has been shown to allow
the recruitment of C-terminal kinase 1 (CtK1) resulting
in the phosphorylation of the RNA-polymerase II and
initiation of transcription [22].
Histone H2B deubiquitylation by USP22/Ubp8 has
been shown to occur at the transcribed regions of target
genes [16, 23]. Studies performed in Drosophila showed
that nonstop and dSgf11 are required for the expression
of silenced genes associated with heterochromatin [24].
Deubiquitylation of H2B by Ubp8 has also been associated
with DNA damage repair after UV irradiation [25].
Histone H2Aub was also identified as a USP22
substrate in vitro [26]. H2A ubiquitylation by the
Polycomb repressive group has been associated with
repression of genes involved in differentiation [27].
However, the functional impact of USP22 deubiquitylation
of H2A has not yet been studied in vivo.

USP22
STRUCTURE
AND
SAGA
DEUBIQUITYLASE MODULE FORMATION
USP22/Ubp8 is composed of two different domains,
the zinc finger (ZnF) at the N-terminal and the catalytic
domain at the C-terminal [11]. Analysis of crystal
structures of Ubp8 shows that the ZnF domain lacks
the ubiquitin-binding pocket observed in other USPs.
Therefore, instead of binding ubiquitin, this domain is
important for the binding to Sus1, Sgf11 and Sgf73, which
holds the DUBm together in yeast [12, 13].
The catalytic domain of Ubp8 it is composed
of three subdomains: Fingers, Palm and Thumb. The
cysteine protease active site of the catalytic domain is
found between the Palm and the Thumb, which unlike
other USPs, is catalytically competent even in the absence
of ubiquitin. Sgf11 and Sgf73 activate Ubp8 catalytic
activity and bind nucleosomes bringing the DUBm into
close proximity with the histones [14, 15].
Human orthologs of Sgf11, Sus1 and Sgf73,
named ATXN7L3, ENY2 and ATXN7 respectively, have
been found in the DUBm of human SAGA. ATXN7L3
(composed of 354 amino acids) has an additional SCA7
domain, which is absent in yeast Sgf11 containing only
99 amino acids [15]. ATXN7L3, ENY2 and ATXN7
are critical for USP22 activity [16]. Paralog proteins of
ATXN7 (ATXN7L1 and ATXN7L2) were also found as
part of the human SAGA components when USP22 was
immunoprecipitated [16, 17]. However, their function in
the DUBm has not been explored.
Different stable USP22-containing complexes have
www.impactjournals.com/oncotarget

Non-histone substrates
The notion that USP22 might also have non-histones
substrates came from genetic studies in drosophila where
mutations in nonstop lead to accumulation of ubiquitylated
proteins in larval tissue [28]. Non-histone substrates
identified so far include the telomeric repeat binding factor
44849
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Table 1: USP22 substrates and functions.
Substrate

Species

Functions

References

Histone H2B

activation
Yeast and human Transcription
Recruitment of CtK1 that phosphorylates RNA-pol II

45, 20, 16, 22, 24,
25

Histone H2A

Yeast and human Unknown

24, 26

TRF1

Human

Protein stabilization regulating telomere length

29

SIRT1

Human

Protein stabilization leading to inhibition of cell death

30, 31

Cyclin B1

Human

Protein stabilization promoting nuclear accumulation and cell cycle 32
progression

FBP1

Human

Removal of Lys-63 allowing FBP1 binding to target loci

33

Hes1

Mouse

Protein stabilization regulating neuronal differentiation

34

RCAN1

Human

Protein stabilization

35

NFATc2

Human

Protein stabilization regulating IL-2 production

36

COX-2

Human

Protein stabilization

37

Snf1

Yeast

Protein stabilization allowing for transcription of glucose-repressed 38
genes

1 (TRF1) [29], sirtuin 1 (SIRT1) [30, 31], cyclin B1 [32],
the far upstream element -FUSE- binding protein 1 (FBP1)
[33], hairy and enhancer of split 1 (Hes1) [34], regulator
of calcineurin 1 (RCAN1) [35], nuclear factor of activated
T-cells (NFAT) [36], cyclooxygenase 2 (COX-2) [37] and
sucrose-nonfermenting 1 (Snf1) [38].
In most of the cases, USP22 interaction with these
substrates leads to protein stabilization and inhibition
of degradation by the proteasome. For example, USP22
binding to TRF1, a protein that regulates telomere
length, induces TRF1 protein stability. Cells depleted of
USP22 have low TRF1 levels and present chromosomal
abnormalities that lead to cell death [29]. USP22 also
increases SIRT1 protein stability, which leads to the
suppression of p53 transcriptional activity and inhibition
of cell death [30, 31]. USP22 binding to Cyclin B1,
promotes cyclin B1 accumulation in the nucleus and
inhibits its degradation [32]. Interestingly, USP22 effect
on FBP1, a transcriptional regulator, does not change
FBP1 protein stability. Instead, USP22 increases FBP1
recruitment to target loci by deubiquitylation of K63 [33].
Other proteins have been shown to bind USP22 that
are not contained in the SAGA complex. These proteins
are involved in transcription and mRNA processing as
well as proteins that have not been well characterized [17].
www.impactjournals.com/oncotarget

USP22 has been shown to be important for the processing
of IRF1, POLR2F and GBP2 mRNA transcripts after
IFNγ-stimulation [39]. In prostate cancer, USP22
overexpression lead to increased androgen receptor
splicing [40]. These data open the possibility that USP22
either alone or with its DUBm partners may play a role in
mRNA processing.

USP22 regulation
Regulation of USP22 activity is still poorly
understood. At the transcriptional level, Sp1 and PKA/
CREB have been reported to bind to USP22 promoter and
regulate USP22 transcription [41, 42].
At the posttranscriptional level, c-MYC has been
shown to increase USP22 protein but not mRNA levels.
c-Myc, through USP22, also increased SIRT1 protein
levels which in turn deacetylated c-Myc to enhance
its transcriptional activity [31]. SIRT1 decreases
the acetylation state of USP22 and the other SAGA
components to decrease their activity [43]. Acetylation
of USP22 on lysine 129 (K129) regulates USP22
deubiquitylase activity and its association with the SAGA
complex. Absence of K129 acetylation, as demonstrated
by mutating of K to arginine (R), leads to decreased
44850
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stem cells Usp22 mRNA and protein levels increase
when embryonic stem cells (ESCs) differentiated into
embryoid bodies (EBs). Usp22 expression was associated
with decreased expression of Sox2, a transcription
factor essential to maintain a pluripotency state. Usp22
knockdown in ESCs lead to a decrease in differentiation
and a transcriptional profile similar to ESCs. On the
contrary, Usp22 overexpression leads to increased
differentiation of ESCs into EBs even in the absence of
stimuli that drives differentiation [52]. Another study in
mice showed that Usp22 negatively regulates neuronal
differentiation in the mouse developing brain. Usp22
was shown to deubiquitylate Hes1, a key transcriptional
repressor for the maintenance of neuronal stem cell and
progenitor cells, increasing its half-life [53].

USP22 activity. However, mutations mimicking an
acetylated state (K129Q) did not increase USP22 activity
compared to basal levels in-vitro.
Other posttranscriptional modifications of USP22
have been also identified. Phosphorylation of USP22 at
T147 and S237 by cyclin-dependent kinase 1 (CDK1)
was shown to activate USP22 to deubiquitylate cyclin B1.
These phosphorylated forms were specifically found in
G2/M phase but not in G1 phase. Lastly, ubiquitylation
of USP22 mediated by the anaphase promoter complex/
cyclosome (APC/C) induces USP22 protein degradation
during the cell cycle [32].

PHYSIOLOGICAL
USP22

FUNCTIONS

OF

USP22 INVOLVEMENT IN PATHOLOGICAL
CONDITIONS

USP22 functions described so far include the
regulation of genes and proteins involved in metabolism,
cell cycle and development. In yeast, deletion of Ubp8
leads to an extended lifespan [44] and a slight decrease
of growth in galactose and ethanol/glycerol media. This
is accompanied by a decrease in the mRNA levels of
GAL1, GAL10 and ADH2 genes [45]. Upb8 null strains
also showed decreased resistance to γ-radiation, and
desiccation [46, 47].
In drosophila, nonstop expression is observed in the
cytoplasm of cells located in the central brain, optic lobe,
lamina precursor and glial cells [28]. Nonstop deletion
is lethal and disruption of one allele leads defects in
development and migration of glial cells, which results in
an impaired visual system [48]. Nonstop was also found
to counteract gene silencing in a model of position effect
variegation [24]. Studies of SAGA occupancy performed
in drosophila showed different binding profiles depending
on the tissue analyzed. In embryonic muscle, SAGA was
found to localize in almost 2000 genes. But in embryonic
neurons, it was found in less than 600 genes most of
which overlapped with the ones found in embryonic
muscle. SAGA was also found to associate with different
transcription factors that most likely directed SAGA into
specific sets of genes [49].
In mouse and human tissues, Usp22/USP22 is
ubiquitously expressed. During early developmental
stages in mice, Usp22 expression is detected at E4.5 and
peaks at E11.5 [50]. Genetic deletion of Usp22 leads
to early mortality with embryos not surviving beyond
E10.5. These embryos presented retardation, small
size and increased apoptosis compared to wild type or
heterozygous littermates [30]. Mice with reduced Usp22
levels are viable but show growth retardation with
impaired differentiation of the brain and the small intestine
[51].
Little is known about the role of Usp22 in normal
tissues. Few studies have explored the role of Usp22
during development. One study showed that in murine
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Studies in human samples suggest that USP22
overexpression is involved in different pathological
conditions such as cancer, neurological disorders,
diabetes and male infertility. Glinsky et al published
one of the first studies linking USP22 with poor cancer
prognosis. They described that a 11-gene signature profile,
which included USP22, was capable of predicting tumor
recurrence, metastasis and poor survival after cancer
diagnosis in several types of cancer: prostate, lung, breast,
ovarian, bladder, lymphoma, glioma, mesothelioma,
neuroblastoma, mantle cell lymphoma and acute myeloid
leukemia. Some of the genes in this signature profile have
been previously involved with processes such as mitosis
and chromatin remodeling [54].
Several other studies have confirmed overexpression
of USP22 at the protein level in different types of cancer
as well as its correlation to poor patient survival [55, 56].
USP22 overexpression has been positively correlated
with proteins involved in proliferation and negatively
correlated with the expression tumor suppressor proteins.
For example, USP22 positively correlated with the
expression of BMI-1 and pAKT but negatively with PTEN
in non-small cell lung carcinoma [57]. Ki67 expression
was associated with USP22 overexpression in cervical
cancer, prostate cancer and oral squamous cell carcinoma
[40, 55, 58].
It is clear that USP22 is involved in tumor
progression because it is not only increased at the mRNA
level but also at the protein level. Moreover, USP22
expression correlates with proteins involved in cell
growth and cell cycle. In fact, USP22 knockdown in
different types of cancer cells, lead to cell cycle arrest
in the G0/G1 phase and decreased in-vivo tumor growth
[32, 59, 60]. Among the key players in driving tumor
growth is c-MYC. USP22 was shown to be necessary for
c-MYC transcriptional activity [59]. However, it is not
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an oncogene. Although the frequency of USP22 somatic
mutations reported is very low (<0.5%) [69], multiple
reports show that USP22 is highly expressed at the
mRNA and protein level in several types of cancer. USP22
controls cell growth and activation in different ways: it
induces changes in promoter regions of genes by removing
ubiquitin moieties from histones H2A and H2B leading to
transcription activation; it induces cell cycle progression
by the stabilization of cyclin B and TRF1 which induce
cell mitosis and protection of telomeres during cell
division; USP22 inhibits the activation of apoptotic
pathways through the stabilization of Sirt1; and finally,
USP22 induces activation of transcriptional factors such
as c-MYC and AR. Moreover, it seems that USP22 may
be involved in mRNA processing and splicing, although
this has not yet been clearly established. Therefore,
in cancer, USP22 up regulation leads to the abnormal
activation of multiple pathways that are directed to cell
survival. It is likely that USP22 overexpression in cancer
is a downstream effect of the activation of pro-survival
pathways. This makes USP22 an attractive therapeutic
candidate since these multiple pathways will converge in
the same protein.

known how USP22 affects c-MYC activity. It could be
through a direct mechanism where USP22 deubiquitylates
c-MYC inducing its stabilization/activation, or indirectly
through ubiquitin removal from histones at c-MYC target
genes, recruitment of other transcriptional machinery or
deubiquitylation of proteins important for c-MYC activity.
In addition to the role of USP22 in the cell cycle,
USP22 promotes the activity of the androgen receptor
(AR). In prostate cancer cells, upon ligand binding,
USP22 is recruited (and also promotes AR recruitment)
to the promoter regions of AR- dependent genes such
as KLK2, KLK3/PSA, TMPRSS2 and FKBP5. This
increases the transcription levels of these genes for
which USP22 deubiquitylase activity is necessary. In the
presence of USP22, AR protein levels are increased in
prostate cancer cell lines. Interestingly, this was not at the
transcriptional level since AR mRNA levels did not change
[40]. In addition, USP22 was shown to immunoprecipitate
with AR indicating that AR is probably another USP22
substrate. In this regard, one study shows that USP22
has no effect on AR protein stability [24] but another
one shows that USP22 indeed affects AR stability [40].
These differences might be due to different experimental
conditions. Interestingly, AR ubiquitylation by RNF6
leads to changes in the expression of a subset of ARtarget genes by modifying its recruitment to the promoter
of these genes. RNF6 did not change AR stability but
rather its activity and it is required for prostate cancer cell
growth [61]. Therefore it is possible that RNF6 and USP22
contribute to prostate cancer progression by changing AR
activity and stability.
A component of the SAGA DUB module, Ataxin
7 (Sgf73 in yeast), has been linked to an autosomal
neurodegenerative disease called spinocerebellar ataxia
7 (SCA7). In this disease, Ataxin-7 protein contains
additional poly-glutamine (polyQ) repeats (more than 35)
at its N-terminal domain that leads to cerebellar and retinal
degeneration [62]. Although it was debatable whether
poly(Q) Ataxin-7 incorporated into the SAGA complex
and decreased SAGA-meditated histone acetylation [6366], other studies showed that poly(Q) Ataxin-7 increased
H2B ubiquitylation with no changes in H3 acetylation [67,
68]. This indicated that poly(Q) Ataxin-7 likely decreased
USP22 activity. Recently, Lan et al. reported that poly(Q)
Ataxin-7 does not directly decrease USP22 enzymatic
activity, but instead, it forms aggregates that impair
USP22 binding to its substrates [68]. These results open
the possibility that disruption of USP22 activity in SCA7
might be in part responsible for the phenotype observed in
these patients.

USP22 TARGETING
THERAPY

CANCER

USP22 is emerging as a potential oncogene linked
not only to resistance and metastasis in different types of
cancer. In addition, because USP22 is an enzyme, it is an
attractive target for the development of molecules that can
inhibit its catalytic activity. Due to the important roles that
deubiquitylases have in cancer, efforts are being made
to design small inhibitors for use as anti-cancer therapy.
Some of these inhibitors target UCHL1, UCHL3, USP14,
USP2 and USP7 [70].
One of the challenges of finding/designing inhibitors
that target DUBs is their specificity since most DUBs are
cysteine proteases and their inhibition can affect several
other DUBs with similar active site [8]. However, new
approaches are being explored such as the design of
allosteric and exosite inhibitors, which could overcome
this problem [71]. Interestingly, Chauhan et al [72],
showed that a highly selective small inhibitor of USP7
(P5091) is capable of decreasing multiple myeloma growth
in cell lines and xenograft models without affecting normal
cells. In addition, P5091, besides working synergistically
with conventional treatment drugs, induces cell death of
multiple myeloma cells that are resistant to the standard
therapy. Although the exact mechanism by which P5091
acts on inhibiting USP7 is not yet clear, this opens the
door for targeting DUBs in cancer. Nonetheless USP22
inhibitors have not been identified yet, screening of small
molecule inhibitors is currently ongoing [73].

USP22 AS A POSSIBLE ONCOGENE
Based on the function and activity of USP22
mentioned above, it is possible that USP22 behaves as
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PERSPECTIVES AND FUTURE DIRECTIONS

enzymes. Annu Rev Biochem. 2009; 78:363-397.

USP22 has emerged as a new DUB linked to
carcinogenesis and neurodegenerative disease. However,
very little is known about its function and regulation in
normal tissues or cancer. Most of the studies elucidating
some of the targets and activity of USP22 have been
performed in yeast. Few studies have been performed in
mammalian cells and none have been performed using
conditional knockout mouse models. Defining the role
of USP22 in homeostasis and cancer will be necessary to
establish whether targeting this DUB could be beneficial.
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assembly and function of the SAGA deubiquitinating
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There is no conflict of interest.

REFERENCES

Hershko A, Ciechanover A, Heller H, Haas AL and Rose IA.
Proposed role of ATP in protein breakdown: conjugation
of protein with multiple chains of the polypeptide of ATPdependent proteolysis. Proc Natl Acad Sci U S A. 1980;
77:1783-1786.

3.

Glickman MH and Ciechanover A. The ubiquitinproteasome proteolytic pathway: destruction for the sake of
construction. Physiol Rev. 2002; 82:373-428.

4.

Bach I and Ostendorff HP. Orchestrating nuclear functions:
ubiquitin sets the rhythm. Trends Biochem Sci. 2003;
28:189-195.

5.

Tenno T, Fujiwara K, Tochio H, Iwai K, Morita EH,
Hayashi H, Murata S, Hiroaki H, Sato M, Tanaka K and
Shirakawa M. Structural basis for distinct roles of Lys63and Lys48-linked polyubiquitin chains. Genes Cells. 2004;
9:865-875.

6.

Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T,
Kamei K, Nakagawa T, Kato M, Murata S, Yamaoka S,
Yamamoto M, Akira S, Takao T, Tanaka K and Iwai K.
Involvement of linear polyubiquitylation of NEMO in NFkappaB activation. Nat Cell Biol. 2009; 11:123-132.

7.

Reyes-Turcu FE, Ventii KH and Wilkinson KD. Regulation
and cellular roles of ubiquitin-specific deubiquitinating

www.impactjournals.com/oncotarget

Kowalski JR and Juo P. The role of deubiquitinating
enzymes in synaptic function and nervous system diseases.
Neural Plast. 2012; 2012:892749.

12. Kohler A, Zimmerman E, Schneider M, Hurt E and
Zheng N. Structural basis for assembly and activation of
the heterotetrameric SAGA histone H2B deubiquitinase
module. Cell. 2010; 141:606-617.

CONFLICTS OF INTEREST

2.

9.

11. Bonnet J, Romier C, Tora L and Devys D. Zinc-finger
UBPs: regulators of deubiquitylation. Trends Biochem Sci.
2008; 33:369-375.

This work was supported by research grants from
National Institute of Health grants to D.F. and the National
Institute of Environmental Health Sciences (NIEHS)
(ES015010) and the American Cancer Society (RSG-07154) awarded to D.D.Z.

Ciechanover A, Heller H, Elias S, Haas AL and Hershko
A. ATP-dependent conjugation of reticulocyte proteins with
the polypeptide required for protein degradation. Proc Natl
Acad Sci U S A. 1980; 77:1365-1368.

Fraile JM, Quesada V, Rodriguez D, Freije JM and LopezOtin C. Deubiquitinases in cancer: new functions and
therapeutic options. Oncogene. 2012; 31:2373-2388.

10. Daniel JA and Grant PA. Multi-tasking on chromatin
with the SAGA coactivator complexes. Mutat Res. 2007;
618:135-148.

ACKNOWLEDGMENTS

1.

8.

15. Bonnet J, Wang YH, Spedale G, Atkinson RA, Romier C,
Hamiche A, Pijnappel WW, Timmers HT, Tora L, Devys
D and Kieffer B. The structural plasticity of SCA7 domains
defines their differential nucleosome-binding properties.
EMBO Rep. 2010; 11:612-618.
16. Lang G, Bonnet J, Umlauf D, Karmodiya K, Koffler J,
Stierle M, Devys D and Tora L. The tightly controlled
deubiquitination activity of the human SAGA complex
differentially modifies distinct gene regulatory elements.
Mol Cell Biol. 2011; 31:3734-3744.
17. Sowa ME, Bennett EJ, Gygi SP and Harper JW. Defining
the human deubiquitinating enzyme interaction landscape.
Cell. 2009; 138:389-403.
18. Gurskiy D, Orlova A, Vorobyeva N, Nabirochkina E,
Krasnov A, Shidlovskii Y, Georgieva S and Kopytova D.
The DUBm subunit Sgf11 is required for mRNA export
and interacts with Cbp80 in Drosophila. Nucleic Acids Res.
2012; 40:10689-10700.
19. Lim S, Kwak J, Kim M and Lee D. Separation of a
functional deubiquitylating module from the SAGA
complex by the proteasome regulatory particle. Nat
Commun. 2013; 4:2641.
20. Henry KW, Wyce A, Lo WS, Duggan LJ, Emre NC, Kao
CF, Pillus L, Shilatifard A, Osley MA and Berger SL.
Transcriptional activation via sequential histone H2B
ubiquitylation and deubiquitylation, mediated by SAGAassociated Ubp8. Genes Dev. 2003; 17:2648-2663.
21. Henry KW and Berger SL. Trans-tail histone modifications:
wedge or bridge? Nat Struct Biol. 2002; 9:565-566.
44853

Oncotarget

22. Wyce A, Xiao T, Whelan KA, Kosman C, Walter W, Eick
D, Hughes TR, Krogan NJ, Strahl BD and Berger SL.
H2B ubiquitylation acts as a barrier to Ctk1 nucleosomal
recruitment prior to removal by Ubp8 within a SAGArelated complex. Mol Cell. 2007; 27:275-288.

34. Kobayashi T, Iwamoto Y, Takashima K, Isomura A,
Kosodo Y, Kawakami K, Nishioka T, Kaibuchi K and
Kageyama R. Deubiquitinating enzymes regulate Hes1
stability and neuronal differentiation. FEBS J. 2015;
282:2411-2423.

23. Bonnet J, Wang CY, Baptista T, Vincent SD, Hsiao WC,
Stierle M, Kao CF, Tora L and Devys D. The SAGA
coactivator complex acts on the whole transcribed genome
and is required for RNA polymerase II transcription. Genes
Dev. 2014; 28:1999-2012.

35. Hong A, Lee JE and Chung KC. Ubiquitin-specific protease
22 (USP22) positively regulates RCAN1 protein levels
through RCAN1 de-ubiquitination. J Cell Physiol. 2015;
230:1651-1660.
36. Gao Y, Lin F, Xu P, Nie J, Chen Z, Su J, Tang J, Wu Q,
Li Y, Guo Z, Gao Z, Li D, Shen J, Ge S, Tsun A and Li B.
USP22 is a positive regulator of NFATc2 on promoting IL2
expression. FEBS letters. 2014; 588:878-883.

24. Zhao Y, Lang G, Ito S, Bonnet J, Metzger E, Sawatsubashi
S, Suzuki E, Le Guezennec X, Stunnenberg HG, Krasnov
A, Georgieva SG, Schule R, Takeyama K, Kato S, Tora L
and Devys D. A TFTC/STAGA module mediates histone
H2A and H2B deubiquitination, coactivates nuclear
receptors, and counteracts heterochromatin silencing. Mol
Cell. 2008; 29:92-101.

37. Xiao H, Tian Y, Yang Y, Hu F, Xie X, Mei J and Ding
F. USP22 acts as an oncogene by regulating the stability
of cyclooxygenase-2 in non-small cell lung cancer.
Biochemical and biophysical research communications.
2015; 460:703-708.

25. Mao P, Meas R, Dorgan KM and Smerdon MJ. UV
damage-induced RNA polymerase II stalling stimulates
H2B deubiquitylation. Proc Natl Acad Sci U S A. 2014;
111:12811-12816.

38. Wilson MA, Koutelou E, Hirsch C, Akdemir K, Schibler A,
Barton MC and Dent SY. Ubp8 and SAGA regulate Snf1
AMP kinase activity. Mol Cell Biol. 2011; 31:3126-3135.

26. Zhang XY, Pfeiffer HK, Thorne AW and McMahon SB.
USP22, an hSAGA subunit and potential cancer stem cell
marker, reverses the polycomb-catalyzed ubiquitylation of
histone H2A. Cell Cycle. 2008; 7:1522-1524.

39. Chipumuro E and Henriksen MA. The ubiquitin hydrolase
USP22 contributes to 3’-end processing of JAK-STATinducible genes. FASEB J. 2012; 26:842-854.
40. Schrecengost RS, Dean JL, Goodwin JF, Schiewer MJ,
Urban MW, Stanek TJ, Sussman RT, Hicks JL, Birbe
RC, Draganova-Tacheva RA, Visakorpi T, Demarzo
AM, McMahon SB and Knudsen KE. USP22 Regulates
Oncogenic Signaling Pathways to Drive Lethal Cancer
Progression. Cancer Res. 2014; 74:272-286.

27. Muller J and Verrijzer P. Biochemical mechanisms of gene
regulation by polycomb group protein complexes. Curr
Opin Genet Dev. 2009; 19:150-158.
28. Poeck B, Fischer S, Gunning D, Zipursky SL and Salecker
I. Glial cells mediate target layer selection of retinal axons
in the developing visual system of Drosophila. Neuron.
2001; 29:99-113.

41. Xiong J, Zhou X, Gong Z, Wang T, Zhang C, Xu X, Liu J
and Li W. PKA/CREB regulates the constitutive promoter
activity of the USP22 gene. Oncol Rep. 2015; 33:15051511.

29. Atanassov BS, Evrard YA, Multani AS, Zhang Z, Tora L,
Devys D, Chang S and Dent SY. Gcn5 and SAGA regulate
shelterin protein turnover and telomere maintenance. Mol
Cell. 2009; 35:352-364.

42. Xiong J, Che X, Li X, Yu H, Gong Z and Li W. Cloning and
characterization of the human USP22 gene promoter. PLoS
One. 2012; 7:e52716.

30. Lin Z, Yang H, Kong Q, Li J, Lee SM, Gao B, Dong H,
Wei J, Song J, Zhang DD and Fang D. USP22 antagonizes
p53 transcriptional activation by deubiquitinating Sirt1 to
suppress cell apoptosis and is required for mouse embryonic
development. Mol Cell. 2012; 46:484-494.

43. Armour SM, Bennett EJ, Braun CR, Zhang XY, McMahon
SB, Gygi SP, Harper JW and Sinclair DA. A highconfidence interaction map identifies SIRT1 as a mediator
of acetylation of USP22 and the SAGA coactivator
complex. Mol Cell Biol. 2013; 33:1487-1502.

31. Li L, Osdal T, Ho Y, Chun S, McDonald T, Agarwal P,
Lin A, Chu S, Qi J, Li L, Hsieh YT, Dos Santos C, Yuan
H, Ha TQ, Popa M, Hovland R, et al. SIRT1 Activation by
a c-MYC Oncogenic Network Promotes the Maintenance
and Drug Resistance of Human FLT3-ITD Acute Myeloid
Leukemia Stem Cells. Cell stem cell. 2014; 15:431-446.

44. McCormick MA, Mason AG, Guyenet SJ, Dang W,
Garza RM, Ting MK, Moller RM, Berger SL, Kaeberlein
M, Pillus L, La Spada AR and Kennedy BK. The SAGA
histone deubiquitinase module controls yeast replicative
lifespan via Sir2 interaction. Cell Rep. 2014; 8:477-486.

32. Lin Z, Tan C, Qiu Q, Kong S, Yang H, Zhao F, Liu Z,
Li J, Kong Q, Gao B, Barrett T, Yang GY, Zhang J and
Fang D. Ubiquitin-specific protease 22 is a deubiquitinase
of CCNB1. Cell Discovery. 2015; 1.

45. Daniel JA, Torok MS, Sun ZW, Schieltz D, Allis CD, Yates
JR, 3rd and Grant PA. Deubiquitination of histone H2B by
a yeast acetyltransferase complex regulates transcription. J
Biol Chem. 2004; 279:1867-1871.

33. Atanassov BS and Dent SY. USP22 regulates cell
proliferation by deubiquitinating the transcriptional
regulator FBP1. EMBO Rep. 2011; 12:924-930.

46. Game JC, Birrell GW, Brown JA, Shibata T, Baccari C,
Chu AM, Williamson MS and Brown JM. Use of a genomewide approach to identify new genes that control resistance

www.impactjournals.com/oncotarget

44854

Oncotarget

of Saccharomyces cerevisiae to ionizing radiation. Radiat
Res. 2003; 160:14-24.

in cervical cancer prognosis and therapeutics. Tumour Biol.
2014; 35:929-34.

47. Ratnakumar S, Hesketh A, Gkargkas K, Wilson M, Rash
BM, Hayes A, Tunnacliffe A and Oliver SG. Phenomic and
transcriptomic analyses reveal that autophagy plays a major
role in desiccation tolerance in Saccharomyces cerevisiae.
Mol Biosyst. 2011; 7:139-149.

59. Zhang XY, Varthi M, Sykes SM, Phillips C, Warzecha C,
Zhu W, Wyce A, Thorne AW, Berger SL and McMahon
SB. The putative cancer stem cell marker USP22 is a
subunit of the human SAGA complex required for activated
transcription and cell-cycle progression. Mol Cell. 2008;
29:102-111.

48. Weake VM, Lee KK, Guelman S, Lin CH, Seidel C,
Abmayr SM and Workman JL. SAGA-mediated H2B
deubiquitination controls the development of neuronal
connectivity in the Drosophila visual system. EMBO J.
2008; 27:394-405.

60. Lv L, Xiao XY, Gu ZH, Zeng FQ, Huang LQ and Jiang
GS. Silencing USP22 by asymmetric structure of interfering
RNA inhibits proliferation and induces cell cycle arrest in
bladder cancer cells. Mol Cell Biochem. 2011; 346:11-21.

49. Weake VM, Dyer JO, Seidel C, Box A, Swanson SK, Peak
A, Florens L, Washburn MP, Abmayr SM and Workman
JL. Post-transcription initiation function of the ubiquitous
SAGA complex in tissue-specific gene activation. Genes
Dev. 2011; 25:1499-1509.

61. Xu K, Shimelis H, Linn DE, Jiang R, Yang X, Sun F, Guo
Z, Chen H, Li W, Kong X, Melamed J, Fang S, Xiao Z,
Veenstra TD and Qiu Y. Regulation of androgen receptor
transcriptional activity and specificity by RNF6-induced
ubiquitination. Cancer Cell. 2009; 15:270-282.

50. Lee HJ, Kim MS, Shin JM, Park TJ, Chung HM and Baek
KH. The expression patterns of deubiquitinating enzymes,
USP22 and Usp22. Gene Expr Patterns. 2006; 6:277-284.

62. David G, Abbas N, Stevanin G, Durr A, Yvert G, Cancel
G, Weber C, Imbert G, Saudou F, Antoniou E, Drabkin H,
Gemmill R, Giunti P, Benomar A, Wood N, Ruberg M,
et al. Cloning of the SCA7 gene reveals a highly unstable
CAG repeat expansion. Nat Genet. 1997; 17:65-70.

51. Kosinsky RL, Wegwitz F, Hellbach N, Dobbelstein M,
Mansouri A, Vogel T, Begus-Nahrmann Y and Johnsen
SA. Usp22 deficiency impairs intestinal epithelial lineage
specification in vivo. Oncotarget. 2015; 6:37906-18. doi:
10.18632/oncotarget.5412.

63. Palhan VB, Chen S, Peng GH, Tjernberg A, Gamper
AM, Fan Y, Chait BT, La Spada AR and Roeder RG.
Polyglutamine-expanded ataxin-7 inhibits STAGA histone
acetyltransferase activity to produce retinal degeneration.
Proc Natl Acad Sci U S A. 2005; 102:8472-8477.

52. Sussman RT, Stanek TJ, Esteso P, Gearhart JD, Knudsen
KE and McMahon SB. The epigenetic modifier ubiquitinspecific protease 22 (USP22) regulates embryonic stem
cell differentiation via transcriptional repression of sexdetermining region Y-box 2 (SOX2). J Biol Chem. 2013;
288:24234-24246.

64. Burke TL, Miller JL and Grant PA. Direct inhibition of
Gcn5 protein catalytic activity by polyglutamine-expanded
ataxin-7. J Biol Chem. 2013; 288:34266-34275.
65. Helmlinger D, Hardy S, Abou-Sleymane G, Eberlin A,
Bowman AB, Gansmuller A, Picaud S, Zoghbi HY, Trottier
Y, Tora L and Devys D. Glutamine-expanded ataxin-7
alters TFTC/STAGA recruitment and chromatin structure
leading to photoreceptor dysfunction. PLoS Biol. 2006;
4:e67.

53. Kobayashi T, Iwamoto Y, Takashima K, Isomura A,
Kosodo Y, Kawakami K, Nishioka T, Kaibuchi K and
Kageyama R. Deubiquitinating enzymes regulate Hes1
stability and neuronal differentiation. FEBS J. 2015;
282:2475-2487.
54. Glinsky GV, Berezovska O and Glinskii AB. Microarray
analysis identifies a death-from-cancer signature predicting
therapy failure in patients with multiple types of cancer. J
Clin Invest. 2005; 115:1503-1521.

66. McMahon SJ, Pray-Grant MG, Schieltz D, Yates JR, 3rd
and Grant PA. Polyglutamine-expanded spinocerebellar
ataxia-7 protein disrupts normal SAGA and SLIK histone
acetyltransferase activity. Proc Natl Acad Sci U S A. 2005;
102:8478-8482.

55. Piao S, Liu Y, Hu J, Guo F, Ma J, Sun Y and Zhang B.
USP22 is useful as a novel molecular marker for predicting
disease progression and patient prognosis of oral squamous
cell carcinoma. PLoS One. 2012; 7:e42540.

67. McCullough SD, Xu X, Dent SY, Bekiranov S, Roeder RG
and Grant PA. Reelin is a target of polyglutamine expanded
ataxin-7 in human spinocerebellar ataxia type 7 (SCA7)
astrocytes. Proc Natl Acad Sci U S A. 2012; 109:2131921324.

56. Tang B, Tang F, Li B, Yuan S, Xu Q, Tomlinson S, Jin J,
Hu W and He S. High USP22 expression indicates poor
prognosis in hepatocellular carcinoma. Oncotarget. 2015;
6:12654-12667. doi: 10.18632/oncotarget.3705.

68. Lan X, Koutelou E, Schibler AC, Chen YC, Grant PA and
Dent SY. Poly(Q) Expansions in ATXN7 Affect Solubility
but Not Activity of the SAGA Deubiquitinating Module.
Mol Cell Biol. 2015; 35:1777-1787.

57. Hu J, Liu YL, Piao SL, Yang DD, Yang YM and Cai L.
Expression patterns of USP22 and potential targets BMI-1,
PTEN, p-AKT in non-small-cell lung cancer. Lung Cancer.
2012; 77:593-599.

69. Forbes SA, Bindal N, Bamford S, Cole C, Kok CY, Beare
D, Jia M, Shepherd R, Leung K, Menzies A, Teague JW,
Campbell PJ, Stratton MR and Futreal PA. COSMIC:
mining complete cancer genomes in the Catalogue of

58. Yang M, Liu YD, Wang YY, Liu TB, Ge TT and Lou G.
Ubiquitin-specific protease 22: a novel molecular biomarker
www.impactjournals.com/oncotarget

44855

Oncotarget

Somatic Mutations in Cancer. Nucleic Acids Res. 2011;
39:D945-950.

73. Wang F, Stanek TR, Biswas L, Kodrasov M, LaRocque
J, Wu J, Sterner D, Weinstock J, Mattern M, McMahon
SB and Kumar S. Abstract 5432: Discovery and
characterization of USP22 inhibitors as novel anti-cancer
agents. Proceedings: AACR 106th Annual Meeting 2015.
2015.

70. Sippl W, Collura V and Colland F. Ubiquitin-specific
proteases as cancer drug targets. Future Oncol. 2011; 7:619632.
71. Bedford L, Lowe J, Dick LR, Mayer RJ and Brownell
JE. Ubiquitin-like protein conjugation and the ubiquitinproteasome system as drug targets. Nat Rev Drug Discov.
2011; 10:29-46.
72. Chauhan D, Tian Z, Nicholson B, Kumar KG, Zhou B,
Carrasco R, McDermott JL, Leach CA, Fulcinniti M,
Kodrasov MP, Weinstock J, Kingsbury WD, Hideshima T,
Shah PK, Minvielle S, Altun M, et al. A small molecule
inhibitor of ubiquitin-specific protease-7 induces apoptosis
in multiple myeloma cells and overcomes bortezomib
resistance. Cancer Cell. 2012; 22:345-358.

www.impactjournals.com/oncotarget

44856

Oncotarget

