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Abstract
Initial studies of the mammalian hSAGA transcriptional coactivator complex identified the
acetyltransferase hGCN5/PCAF as the only known enzymatic subunit. Recently we and others
demonstrated that the ubiquitin hydrolase USP22 comprises a second enzymatic subunit of hSAGA,
which is required for activator-driven transcription. USP22 is expressed with polycomb ubiquitin
ligases in an 11 gene signature that defines therapy-resistant tumors. At the biochemical level, these
Polycomb proteins function as global transcriptional repressors by catalyzing the ubiquitylation of
histone H2A. In yeast, the USP22 homolog functions as a transcriptional coactivator by removing
ubiquitin from a distinct core histones, H2B. Given that USP22 is expressed in cancer as part of an
11 gene signature that includes transcriptional repressors which ubiquitylate H2A, it seemed possible
that USP22 might activate transcription in part via the deubiquitylation of this same substrate. As
reported here, biochemical analysis of the substrate specificity of USP22 reveals that it
deubiquitylates histone H2A in addition to H2B. This finding supports a model in which the H2A
ubiquitin hydrolase USP22 is coordinately expressed with Polycomb H2A ubiquitin ligases in order
that the transcription of certain critical transforming genes be maintained in the face of the global
repression mediated by Polycomb.
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Introduction
Glinsky et al., recently identified an 11 gene mRNA expression profile that they termed a “death
from cancer signature”.1 The pattern of expression of the genes within this signature was able
to identify highly aggressive tumors in both humans and animal models. Tumors with this
expression signature were consistently resistant to therapy and had a high incidence of
recurrence after surgical resection. The behavior of these tumors, coupled with the finding that
most of the genes within the signature are regulated by the Polycomb group protein BMI-1,
led the authors to suggest that the signature might identify tumors with cancer stem cell
properties. 2,3 This suggestion was supported by a number of recent studies implicating
Polycomb proteins in stem cell function in both normal tissues and tumors.4 In addition to
being regulated by Polycomb proteins, the death-from-cancer signature also includes the
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Polycomb gene Ring1B/RNF2 among its 11 members.1 Ring1B/RNF2 resides within a multi-
protein complex termed PRC1,5 that participates in global transcriptional repression by
ubiquitylating histone H2A.6

We and others recently reported that another protein encoded by the death-from-cancer
signature, USP22, is a subunit of the hSAGA coactivator complex.3,7 We also showed that
USP22 that can remove ubiquitin from another of the core histones, H2B.7 Our analysis of
H2B as a potential substrate for USP22 was prompted by reports from S. cerevisiae showing
that a USP22 ortholog termed Ubp8p functions to activate transcription largely via the
deubiquitylation of H2B.8,9 Yeast have nearly insignificant levels of histone H2A
ubiquitylation. 10 In contrast, approximately 10–15% of H2A molecules are ubiquitylated in
human cells.11 Given that USP22 can deubiquitylate another core histone (i.e., H2B), that
ubiquitylated H2A levels are relatively high in mammals, and that other members of the USP22/
polycomb signature function by regulating the levels of H2A ubiquitylation, we asked whether
USP22 is capable of deubiquitylating histone H2A. The data presented below show that human
USP22 can hydrolyze ubiquitin that has been conjugated to either histone H2A or H2B.

Results
In order to assess whether USP22 can deubiquitylate histone H2A, epitope-tagged USP22 was
purified after transfection of the H1299 human lung cancer cell line. In parallel, H1299 cells
were transfected with an expression vector for an epitope-tagged version of the other known
enzymatic hSAGA subunit, the acetyltransferase GCN5. Mock-transfected cells served as a
negative control. After purification of USP22 or the holo-hSAGA complex (via GCN5),
proteins were incubated in vitro with ubiquitylated histone H2A or ubiquitylated H2B that had
been purified from mammalian cells.12 These in vitro reactions were incubated and the
products resolved and detected by western blotting (Fig. 1). Blotting for the FLAG epitope
shared by USP22 and GCN5 revealed that both proteins were specifically expressed and
purified. Probing of reaction products for histones H2A and H2B demonstrated that both
purified USP22 and the holo-hSAGA complex were capable of deubiquitylating histone H2B,
as we and others recently reported.7,17 When these protein complexes were exposed to
ubiqutitylated H2A as a potential substrate, both USP22 and the holo-hSAGA complex
exhibited deubiquitylating activity. No deubiquitylating activity on either H2A or H2B was
evident in reactions containing eluates from mock transfected cells. In addition, the
accumulation of unit length non-ubiquitylated histones in the reactions suggests that the
enzymatic activity detected is not simply due to the presence of nonspecific proteases. These
data suggest that USP22, whether purified directly or as part of the holo hSAGA complex,
possesses histone H2A deubiquitylating activity. The ubiquitylation of histone H2A is
catalyzed at least in part by proteins within the Polycomb group of transcriptional repressors.
The implications of shared substrate specificity between USP22 and Polycomb PRC1
components are discussed below.

Discussion
We and others recently demonstrated that USP22 is a ubiquitin hydrolase that is present within
the human SAGA transcriptional co-activator complex.7,17 Previously Glinsky et al.,
demonstrated that USP22 is one of 11 genes linked to the polycomb group that are misexpressed
in therapy-resistant tumors.1 Among the genes in this 11 gene signature is Ring1B/RNF2,
which resides in the PRC1 complex that represses transcription via the ubiquitylation of histone
H2A. The data presented here demonstrate that USP22 can remove this same modification
from H2A. These observations suggest a model in which the simultaneous induction of
polycomb ubiquitin ligases, such as Ring1B/RNF2 and the ubiquitin hydrolase USP22, is
critical during cancer progression because USP22 recruitment allows certain essential cell
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cycle genes to be transcriptionally activated in the face of the global transcriptional repression
catalyzed by the PRC1 complex. Several lines of indirect evidence support this model. For
example, both the PRC1 subunit BMI-1 and the hSAGA subunit USP22 are required for
appropriate transit through the cell cycle,13 despite their antagonistic enzymatic activities. In
addition, USP22 is required for MYC function and BMI-1 was originally discovered as an
oncogene capable of cooperating with MYC during transformation.14,15 Thus the biological
function of the H2A ubiquitin hydrolase USP22 and the H2A ubiquitin ligase PRC1 complex
are largely overlapping, despite their direct antagonism on H2A ubiquitylation.

Among the issues that remain to be explored is whether H2A, H2B or some other substrate is
the relevant target of USP22-mediated deubiquitylation during transcription, cell cycle
progression and cancer. While the precise answer to this question must await the development
of reagents capable of identifying USP22 substrates and selectively blocking their
deubiquitylation, the presence of USP22 within the “death from cancer signature” suggests
that developing inhibitors of its enzymatic activity might have a therapeutic benefit. This is
particularly true given that targeted therapies directed at cancer stem cells are now recognized
as a goal worth pursuing.16
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Figure 1.
USP22 catalyzes the deubiquitylation of histones H2A and H2B in vitro. (A) FLAG-tagged
USP22 or GCN5 were expressed in 293T cells and affinity purified under nondenaturing
conditions. The purification of USP22 and hGCN5 was confirmed by western blotting for the
FLAG epitope (upper). Purified USP22 or hSAGA complex was incubated in vitro with
ubiquitylated H2A (uH2A) isolated from calf in deubiquitylation assay buffer (20 mM Tris
[pH 8.0], 1 mM EDTA, 1 mM DTT and 5% glycerol). After incubation at 37°C for 2 hr,
reactions were stopped by the addition of SDS-PAGE sample buffer. Samples were then run
on 4%–20% SDS-PAGE gels (Invitrogen) and analyzed by western blot with an anti-H2A
antibody from Upstate (lower). In addition to deubiquitylation reactions that included the
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USP22 complex (lane 3), or hSAGA (lane 4), a mock reaction was analyzed in parallel (lane
2). Ubiquitylated H2A was run as a control (lane 1). (B) The same experiment was performed
as described in (A), except that the ubiquitylated H2B (uH2B) isolated from porcine thymus
was used as the substrate in the deubiquitylation assay. Samples were analyzed by western blot
with an anti-H2B antibody from Upstate.
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