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Summary
Polycomb genes encode critical regulators of both normal stem cells and cancer stem cells. A gene
signature that includes polycomb genes and additional genes co-regulated with polycomb genes was
recently identified. The expression of this signature has been reported to identify tumors with the
cancer stem cell phenotypes of aggressive growth, metastasis and therapy resistance. Most members
of this 11-gene signature encode proteins with well-defined roles in human cancer. However the
function of the signature member USP22 remains unknown. We report that USP22 is a previously
uncharacterized subunit of the human SAGA transcriptional cofactor complex. Within SAGA,
USP22 deubiquitylates histone H2B. Furthermore, USP22 is recruited to specific genes by activators
such as the MYC oncoprotein, where it is required for transcription. In support of a functional role
within the polycomb/cancer stem cell signature, USP22 is required for appropriate progression
through the cell cycle.
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Introduction
The development of high throughput mRNA expression profiling raised the possibility that a
small number of transcripts might be identified whose expression could accurately predict the
therapeutic response of individual cancer patients (Raetz and Moos, 2004). The recent
identification of an 11-gene polycomb/cancer stem cell signature, has brought this type of
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assessment closer to practical reality (Glinsky, 2005; Glinsky et al., 2005; Widschwendter et
al., 2007). This signature contains polycomb genes such as BMI-1 and RNF2/Ring1b, and also
a number of genes that are co-regulated with BMI-1, potentially by the elevation of BMI-1
itself. In fact, the polycomb protein BMI-1 regulates transcription of 8 of the 11 genes in the
signature (Glinsky, 2005, 2006; Glinsky et al., 2005). In initial tests, this signature was able to
distinguish patients whose tumors would eventually metastasize from those whose tumors
would remain localized. Remarkably, the predictive power of this signature remains high even
when assessing early stage cancer patients and when examining tumors derived from a wide
variety of epithelial and non-epithelial tissues. Expression of the polycomb profile is critical
for maintaining the self-renewal properties of stem cells (Lessard and Sauvageau, 2003; Valk-
Lingbeek et al., 2004) and the identification of this signature has added support to the cancer
stem cell hypothesis (Blagosklonny, 2006; Wicha, 2006; Widschwendter et al., 2007). This
hypothesis argues that tumors contain therapy-resistant cells with stem cell properties and that
these cells are responsible for tumor recurrence after treatment, and for metastases (Wicha,
2006).

Interestingly, proteins encoded by the 11 gene polycomb/stem cell signature are not simply
bystander markers of tumor progression. Instead, most play well-documented, causal roles in
human cancer (Glinsky, 2006). For example, both BUB1 and HEC1 function in kinetochore
assembly and are important for integrity of the mitotic checkpoint (Hori et al., 2003; McCleland
et al., 2003). The aberrant expression of these genes is predicted to induce the aneuploid
genotype observed in aggressive tumors. Similarly, the signature gene cyclin B1 (CCNB1) is
another critical regulator of mitosis, as is another member of this signature, the cyclin B1/cdc2
substrate Ki67 (MacCallum and Hall, 1999). A number of the genes within this signature
encode critical components of signaling pathways that are altered in cancer. These signature
members include GBX2, the FGF receptor 2 and Ankyrin 3 (Glinsky, 2006). Finally, this
signature includes the polycomb protein RNF2/Ring1b, a ubiquitin ligase that forms a complex
with BMI-1 to ubiquitylate nucleosomal histones (Ben-Saadon et al., 2006; Li et al., 2006;
Voncken et al., 2003). Thus, the polycomb/cancer stem cell signature genes encode proteins
whose biochemical functions play an active role in modulating tumor growth.

Unlike the other genes in this cancer stem cell signature, no direct mechanistic link to human
cancer has been ascribed to USP22. Sequence analysis reveals that USP22 belongs to a large
family of proteins with ubiquitin hydrolase activity, and recombinant USP22 is able to cleave
a synthetic ubiquitin molecule in vitro. In order to assess whether USP22 might also participate
in pathways important for cancer progression, we initiated studies aimed at defining the in
vivo function of this protein. We report here that USP22 is a dedicated subunit of the human
SAGA complex (hSAGA), a multiprotein transcriptional cofactor complex broadly required
for the function of sequence-specific transcription activators in eukaryotes (Lee and Workman,
2007). Proteomics screens in yeast had previously identified Ubp8p, a protein with significant
homology to USP22, as a constitutive subunit of the yeast SAGA complex (Gavin et al.,
2002; Ho et al., 2002). Subsequent empirical studies by a number of groups have shown that
Ubp8p is required for SAGA-dependent transcription at some yeast genes (Daniel et al.,
2004; Henry et al., 2003; Lee et al., 2005; Mutiu et al., 2007; Sanders et al., 2002).
Mechanistically, hSAGA is recruited by sequence-specific activators to individual genes
(Bhaumik and Green, 2001; Larschan and Winston, 2001), where at least part of its function
relies on its ability to acetylate nucleosomal histones (Grant et al., 1997). Confirming a
functional role for USP22 within hSAGA, we show that endogenous USP22 contributes
deubiquitylating activity to hSAGA. Furthermore, this activity is directed at the core histone
H2B. Thus, like the polycomb/cancer stem cell signature members RNF2/Ring1b and BMI-1
(de Napoles et al., 2004; Fang et al., 2004; Li et al., 2006), USP22 may regulate transcription
via alterations in levels of histone ubiquitylation. Among the activators that have been reported
to recruit hSAGA in human cells is the MYC oncoprotein (Bouchard et al., 2001; Frank et al.,
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2001; McMahon et al., 2000). We demonstrate here that USP22 is required for the activation
of target gene transcription by MYC. Most importantly, depletion of USP22 compromises
MYC functions, including transformation. Consistent with a critical role in cell cycle
progression, depletion of USP22 results in a specific G1 phase cell cycle arrest.

These data establish three essential points. First, they provide the first advance in our
understanding of the function of the cancer stem cell signature member USP22 by
demonstrating that it functions within the hSAGA complex to regulate activator-driven
transcription. Second, they establish that hSAGA, like its yeast counterpart, possesses a second,
previously unknown enzymatic activity that is critical for transcription. Finally, these data
establish a direct biochemical link between human cancer and hSAGA function.

Results
USP22 is a functionally uncharacterized member of the recently identified polycomb/cancer
stem cell signature (Glinsky, 2006). USP22 contains a carboxy terminal ubiquitin hydrolase
domain that defines the C-19 class of peptidases (Figure 1A), and recombinant USP22 is able
to remove a ubiquitin moiety from a synthetic substrate in vitro (Lee et al., 2006). In addition,
this and other ubiquitin hydrolases contain an amino terminal zinc finger motif that may
mediate the association of these enzymes with other proteins (Ingvarsdottir et al., 2005). In
order to gain insight into the biochemical pathway in which USP22 participates, the protein
complex associated with USP22 was investigated. The rationale for this was that the
identification of proteins physically associated with USP22 in human cells would provide
critical information regarding the function of this uncharacterized member of the polycomb/
cancer stem cell signature. For this purpose, a FLAG epitope-tagged expression vector was
generated and stably introduced into the human lung cancer cell line H1299 (Figure 1A). After
confirming the expression of tagged USP22 in this line, nuclear extracts from large-scale
cultures were produced. Under non-denaturing conditions, the tagged USP22 protein was
affinity purified from these extracts. Western blotting of elutates from this purification revealed
that the FLAG-USP22 protein was specifically captured, purified and eluted (Figure 1C). Silver
staining of precipitates revealed a number of bands specifically associated with USP22 in the
nucleus (Figure 1B). Remarkably, MS/MS analysis demonstrated that the majority of USP22
associated proteins are subunits of the human SAGA complex (Figure 1 and Supplemental
Table 1). As mentioned above, hSAGA is a multi-subunit transcriptional cofactor that
acetylates nucleosomal histones (Lee and Workman, 2007). The subunits of hSAGA identified
as USP22 interacting proteins include TRRAP, ADA2, ADA3, TAF9L, TAF10, ataxin 7 and
the acetyltransferase hGCN5. Western blot analysis for two known hSAGA subunits, hGCN5
and TRRAP, confirmed the association of these proteins with USP22 (Figure 1C). These data
suggest that USP22 is a previously uncharacterized component of the hSAGA transcriptional
cofactor complex.

The association of USP22 with hSAGA predicts that the USP22 complex should contain
histone acetyltransferase (HAT) activity encoded by the hSAGA subunit hGCN5 (Lee and
Workman, 2007). To assess this, FLAG-USP22 was again purified from H1299 cells. The
purified material contained hSAGA, as assessed by western blotting for hGCN5 and TRRAP
(Figure 1D). When subjected to an in vitro acetylation reaction with purified core histones as
a substrate, the USP22 complex demonstrated specific HAT activity. This HAT activity was
broadly directed at several of the core histones, consistent with published studies (Kuo et al.,
1996; Poux and Marmorstein, 2003; Schiltz et al., 1999). Despite this documented promiscuity
of GCN5, the acetyltransferase activity of the purified USP22 complex was directed more
strongly towards H4 than expected. This raises the possibility that association with USP22
slightly alters the substrate preference of GCN5.
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While ectopic expression of USP22 resulted in its association with hSAGA, it remained
possible that this interaction was observed as the result of the high level of USP22 expression
in this system. In order to examine whether the hSAGA/USP22 interaction was evident without
overexpression of USP22, an antisera against human USP22 was generated. hSAGA was then
purified as described previously using a 293T cell line stably expressing an epitope-tagged
version of the hGCN5 subunit (Ogryzko et al., 1998). As a control, epitope tagged spRNAP
was purified from a stable 293T cell line in parallel. Purified hSAGA contained endogenous
USP22, while no USP22 was observed in association with the control spRNAP protein (Figure
1E). Finally, co-immunoprecipitation of endogenous proteins was performed in order to test
whether USP22 associates with the hGCN5 complex under conditions where both proteins are
expressed at physiological levels. Immunoprecipitation of USP22 from nuclear extracts of
human cells revealed the specific coprecipitation of endogenous hGCN5 (Figure 1F).
Considered together, these data suggest that even when expressed at endogenous levels, USP22
is a subunit of the hSAGA transcriptional cofactor complex.

USP22 is a histone ubiquitin hydrolase
Recombinant USP22 is capable of hydrolyzing a ubiquitin linkage on a synthetic substrate in
vitro (Lee et al., 2006). In addition, proteomic analysis in yeast identified a USP22 ortholog,
Ub8p, as a component of the yeast SAGA complex (Gavin et al., 2002; Ho et al., 2002). Further
analysis of Ubp8p has demonstrated that one of its functions is to remove ubiquitin from
histones during the transcription cycle (Henry et al., 2003). Based on these facts, and the known
substrate preference of other hSAGA subunits for histones, we examined whether USP22 could
remove ubiquitin from histone H2B. For this analysis, USP22 was ectopically expressed in
human cells and then affinity purified as above. In parallel, the canonical hSAGA complex
was similarly affinity purified via tagged hGCN5. The presence of USP22 and hGCN5 was
confirmed by western blotting for the FLAG epitope carried by the ectopic proteins (Figure
2A, top panel). As a negative control the unrelated acetyltransferase HBO1 was purified in
parallel using the same approach. The polypeptide composition of these purified complexes
was assessed by silver staining, which revealed a pattern of 10-12 co-migrating proteins shared
by the USP22 and hGCN5 complexes (Supplemental Figure 1). These complexes were then
assessed in vitro for their ability to remove ubiquitin from histone H2B. The ubiquitylated H2B
(uH2B) substrate from porcine thymus was highly purified such that all H2B present in the
reactions contains a ubiquitin conjugate (Thorne et al., 1987). As assessed by the appearance
of non-ubiquitylated H2B in these reactions, purified USP22 has ubiquitin hydrolase activity
that is directed towards uH2B (Figure 2A, lower panel). The hSAGA complex also displayed
ubiquitin hydrolase activity on uH2B, consistent with endogenous USP22 being present in this
complex, while the HBO1 complex displayed no ubiquitin hydrolase activity. The activity of
the holo hSAGA complex appears more robust than that of purified USP22, suggesting that
USP22 may be active only when associated with the other hSAGA subunits. This requirement
has been observed for yeast Ubp8p (Lee et al., 2005). In order to formally test whether the
hSAGA-associated ubiquitin hydrolase activity was dependent on endogenous USP22,
hSAGA was purified from cells in which endogenous USP22 had been depleted by shRNA
treatment (Figure 2B). USP22 depletion of 70-80% was achieved, as assessed by western
blotting and qRT-PCR (Figure 2B, middle panels). When purified from cells expressing
reduced levels of USP22, the ubiquitin hydrolase activity of the hSAGA complex was also
reduced (Figure 2B, lower panel), consistent with USP22 being the enzyme within hSAGA
responsible for this activity. These data are unlikely to result from off-target effects of the
USP22 shRNA as identical results were obtained when USP22 was depleted using a second
shRNA construct targeting a distinct region of the USP22 transcript (data not shown).

As a final test of whether the H2B ubiquitin hydrolase activity observed in Figures 2A and 2B
can be directly ascribed to USP22, recombinant human USP22 was produced and purified from
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baculovirus-infected insect cells. As negative controls, mock-infected cells and cells infected
with an expression vector for the demethylase LSD1 were also examined. Western blotting
demonstrated that relatively equal levels of USP22 and LSD1 were produced (Figure 2C).
When used in the in vitro uH2B deubiquitylation assay, recombinant USP22 showed specific
ubiquitin hydrolase activity towards uH2B. No enzymatic activity was observed in reactions
performed using LSD1 or mock-infected cells.

USP22 is required for activator-driven transcription
The SAGA complex is broadly required for activator-driven transcription in eukaryotes (Lee
and Workman, 2007). While at least part of this requirement can be ascribed to the ability of
SAGA to acetylate nucleosomal histones and to stabilize TBP interactions (Dudley et al.,
1999; Grant et al., 1997), we set out to examine whether USP22 activity was also important
for the transcriptional coactivator role played by SAGA. In humans, the MYC oncoprotein and
the p53 tumor suppressor are among the activators whose function depends on hSAGA
recruitment (Barlev et al., 2001; Bouchard et al., 2001; Frank et al., 2001; McMahon et al.,
2000; Wang et al., 2001). To assess whether activation of MYC target genes requires USP22,
a conditional allele of MYC was utilized. In this allele, MYC is expressed as a fusion protein
with a modified ligand-binding domain from the estrogen receptor (Littlewood et al., 1995).
This configuration allows MYC to be activated by treatment of cells with the estrogen analog
4-hydroxytamoxifen (4-OHT). This system has been used extensively to selectively activate
the transcription of MYC target genes in the absence of other cellular changes (Zhang et al.,
2005). Using this system, MYC was activated in primary diploid human fibroblasts and the
transcript level of various MYC target genes quantitated by real-time RT-PCR (qRT-PCR).
Analysis of the MYC targets JPO1, cyclin D2, ODC, CAD and MTA1 confirmed that MYC
activated their transcription as expected (Figure 3A) (Bello-Fernandez et al., 1993; Bouchard
et al., 2001; Miltenberger et al., 1995; Prescott et al., 2001; Zhang et al., 2005). Notably,
shRNA-mediated depletion of USP22 resulted in a decrease in the ability of MYC to activate
the transcription of these targets. As above, a second USP22 shRNA yielded the same result
(data not shown).

In order to distinguish whether USP22 was selectively required for MYC-driven transcription,
or instead more broadly required for activator-driven transcription, a conditional p53 system
was utilized. Here p53 expression was rescued in the p53 null epithelial carcinoma line H1299
by activation of a tetracycline (tet)-regulated p53 allele. Upon tet treatment, p53 levels rapidly
increased, resulting in increased transcription of the p53 target genes p21, PIG3 and PUMA
(Figure 3B). As for MYC, USP22 depletion blocked the ability of p53 to activate the
transcription of its targets. For p53, the induction of some targets was independent of USP22
activity. For example, PUMA induction by p53 occurred in both the presence and absence of
USP22 (Figure 3B). This is consistent with the function of the yeast SAGA complex where
some target genes require UBP8 activity and others do not (Henry et al., 2003). The two classes
of SAGA targets are presumably defined by differences in their chromatin context.

MYC recruits USP22 to target gene promoters
The current model for SAGA complex function in transcription suggests that DNA sequence-
specific activators interact directly with SAGA via TRRAP or other subunits and recruit it to
individual target genes (Brown et al., 2001; Klein et al., 2003; Park et al., 2001). Once localized
to specific genes, SAGA performs functions such as histone acetylation and TBP stabilization
that are important for transcription (Lee and Workman, 2007). As the presence of the ubiquitin
hydrolase USP22 within hSAGA is required for the transcription of specific MYC targets, we
examined whether MYC binding to these targets results in the recruitment of USP22. To test
this hypothesis, chromatin immunoprecipitation (ChIP) analysis was performed at the MYC
targets CAD and MTA1, where MYC binding sites have been well characterized (Miltenberger
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et al., 1995; Zhang et al., 2005). H1299 cells, like the majority of epithelial cancer lines, express
high levels of endogenous MYC protein (Figure 4A). MYC levels in these cells were depleted
via treatment with shRNA targeting the c-myc transcript. This treatment led to a 90-95%
decrease in MYC protein levels (Figure 4A, upper panel). As expected, depletion of MYC
resulted in a decrease in the level of CAD and MTA1 transcription (Figure 4A) and in the level
of MYC bound to the CAD and MTA1 promoters (Figure 4B and 4C). Using antibodies
directed against endogenous USP22, ChIP analysis revealed that USP22 recruitment to the
CAD and MTA1 promoter regions depended on the presence of MYC (Figure 4B and 4C).
However, while MYC was not present at the 3′ end of these genes, USP22 was localized there
in a MYC-dependent manner. These data are consistent with evidence from yeast
demonstrating that the SAGA complex is recruited to promoter regions by sequence-specific
activators and then migrates into the adjacent coding region (Govind et al., 2007). During this
process, the activators remain tethered at the promoter while the SAGA complex travels into
the body of the gene, as observed here for the CAD and MTA1 loci. It is worth noting that
some transcription of CAD and MTA1 still occurs even when MYC is depleted. In addition,
some USP22 is detected at the both the 5′ and 3′ ends of these genes, even in MYC-depleted
cells. These two observations are consistent with other activators being responsible for some
of the transcription at these loci, in part via the recruitment of hSAGA.

It remained possible that the transcriptional defect observed for MYC target genes upon
depletion of USP22 (Figure 3) might result from a defect in promoter binding by MYC rather
than a post-binding defect in hSAGA function. In order to test this possibility, the conditional
MYC/ER system was again utilized. In cells in which USP22 had been depleted, MYC was
able to bind target gene loci with an affinity indistinguishable for that observed in control cells
(Supplemental Figure 2). Thus, the transcriptional defect observed at MYC target loci upon
USP22 depletion results from a defect in hSAGA function that is independent of an effect on
the activator/DNA interaction.

USP22 is required for transformation by MYC
The enhanced transcription of MYC target genes is a critical component of malignant
transformation in mammalian cells (Dang et al., 2006). Given the presence of USP22 within
the polycomb/cancer stem cell signature and its role in MYC-driven transcription, we examined
whether USP22 function is required for MYC-induced transformation. Telomerase-
immortalized human fibroblasts that carry germline mutations in the p16 tumor suppressor
locus can grow in soft agar upon introduction of the MYC oncogene (Drayton et al., 2003).
Using this assay, the role of USP22 activity in MYC-mediated transformation was assessed.
As expected, the parental cells demonstrated vigorous growth in soft-agar (Figure 5A). Upon
depletion of USP22, the number of colonies visible by low power microscopy was inhibited
by 70%, suggesting that USP22 is required for the biological activity of the MYC oncoprotein.

USP22 is required for cell cycle progression
MYC is among the most potent activators of cell cycle progression encoded in the mammalian
genome (Dang et al., 2006), and much of its role in cancer is based on this ability to drive
proliferation. The transformation defect observed upon USP22 depletion might therefore be
explained by a specific requirement for USP22 during cell cycle progression. In order to
examine this possibility, proliferation assays were conducted in the H1299 cells. These cells
were chosen because they lack p53, whose activation can trigger cell cycle arrest. While
parental cells proliferated rapidly, shRNA-mediated depletion of USP22 resulted in a
substantial defect in proliferation (Figure 5B). Doubling time for parental H1299 cells was
approximately 24 hours, while H1299 cells with USP22 depletion doubled only once every 45
hours. This analysis was extended in order to define whether the requirement for USP22 in
proliferation was due to a specific cell cycle phase defect. Staining of these cells for DNA
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content revealed that USP22 depletion resulted in the accumulation of cells in the G1 phase of
the cell cycle, with concomitant decreases in the S and G2/M phases (Figure 5C). Both the
proliferative defect and the G1 arrest upon USP22 depletion were observed consistently over
the course of several experiments. In addition, this phenotype was also observed in normal
diploid human fibroblasts (data not shown). A specific requirement for the hSAGA component
USP22 in mammalian cell cycle progression is consistent with its role in the polycomb/cancer
stem cell signature as an accurate predictor of aggressive tumor cell growth.

Discussion
The data presented here establish that the cancer stem cell marker USP22 is a novel enzymatic
subunit of the hSAGA transcriptional cofactor complex. As suspected from its domain
structure, USP22 is able to hydrolyze a ubiquitin linkage from histone H2B in vitro and
endogenous USP22 contributes ubiquitin hydrolase activity to the hSAGA complex.
Functionally, USP22 is required for the transcription of target genes regulated by the MYC
oncoprotein and other sequence-specific activators that require hSAGA activity. We further
demonstrate that USP22 is recruited by MYC to specific target gene loci and that USP22 is
required for MYC-mediated transformation of mammalian cells. Finally, USP22 is also
required for cell cycle progression and its depletion results in a G1 phase cell cycle arrest.
These data establish that, like the other members of this small, 11-gene signature, USP22 plays
a direct functional role in regulating cell cycle progression. This role likely reflects the
requirement for USP22 in transcriptional activation of critical cell cycle genes. However, it is
noteworthy that our data suggests that the transcription of the cell cycle inhibitor p21 also
requires USP22 function. Thus the G1 arrest observed upon USP22 depletion likely reflects a
complex phenotype that depends on the cumulative effect of defects in the transcription of
numerous genes.

As mentioned above, two members of the USP22/cancer stem cell signature belong to the
polycomb group of genes (Glinsky, 2005, 2006; Glinsky et al., 2005). Polycomb function relies
in part on the ubiquitylation of histones by the BMI-1 complex (Ben-Saadon et al., 2006; Cao
et al., 2005; Lessard and Sauvageau, 2003; Li et al., 2006; van der Lugt et al., 1996). This
enzymatic activity, along with histone methylation catalyzed by a distinct polycomb complex
(Cao et al., 2002; Kuzmichev et al., 2002), is responsible for the global transcriptional
repression attributed to the polycomb group (Shilatifard, 2006). These observations suggest a
model in which the simultaneous induction of polycomb ubiquitin ligases such as RNF2 and
the ubiquitin hydrolase USP22 is critical during cancer progression because USP22 induction
allows certain essential cell cycle genes to be transcriptionally activated in the face of the global
transcriptional repression catalyzed by the BMI-1 complex. Consistent with this model, USP22
is required for MYC function and BMI-1 was originally discovered as an oncogene capable of
cooperating with MYC during transformation (Haupt et al., 1991; van Lohuizen et al., 1991).
It will ultimately be informative to define the distinct sets of genes regulated by BMI-1 and
USP22.

The finding that depletion of USP22 results in specific defect in hSAGA function and G1
transition suggests that there is little or no apparent redundancy within the large USP family.
Members of this family therefore exhibit highly restricted substrate specificity. USP44, for
example, is essential during mitosis because it deubiquitylates cdc20, an inhibitor of the
anaphase promoting complex (Stegmeier et al., 2007). Despite their shared requirement in cell
cycle progression, neither USP22 nor USP44 can compensate for the loss of the other family
member.

As mentioned, USP22 is overexpressed in aggressive tumors with other genes that are linked
to the polycomb group. The requirement for USP22 in MYC function is consistent with a
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number of studies over the past two decades that have linked MYC and polycomb group
proteins. In addition to MYC and BMI-1 cooperating to transform mammalian cells (Haupt et
al., 1991; van Lohuizen et al., 1991), the Sedivy group has recently demonstrated that MYC
regulates transcription of the BMI-1 gene itself, a link that ultimately results in repression of
the p16(INK4a) tumor suppressor gene (Guney et al., 2006). The repression of p16(INK4a)
may explain the requirement for both BMI-1 and MYC in stem cell self renewal (Honeycutt
and Roop, 2004; Lessard and Sauvageau, 2003). Additional evidence for a link between MYC
and polycomb function has come from studies in Drosophila. Here it has been shown on a
genome-wide scale that MYC regulated genes show a remarkable overlap with those regulated
by polycomb (Goodliffe et al., 2005). These studies support a model in which transcriptional
activation by MYC requires that it somehow overcome the repressive effects of polycomb
proteins at many of their shared target loci. The data presented here suggest that the recruitment
of USP22 to MYC targets as part of the hSAGA complex may provide this critical function.

An outstanding question raised by these studies is the identity of the gene(s) whose USP22-
dependent transcription is important for cell cycle progression. While cyclin D2, the HOX
genes, the BMI-1 gene itself and p16(INKA) are attractive candidates, genetic studies will be
required to define the essential transcriptional target(s) of USP22. Furthermore, it remains
unexplained how USP22 overexpression within the polycomb/cancer stem cell is selectively
achieved in the subset of human cancer that is destined to resist therapy and ultimately to
metastasize.

The link established here between the metastasis marker USP22, hSAGA-dependent
transcription and cell cycle progression suggests the possibility that loci regulated by USP22
may encode attractive therapeutic targets. In fact, the selective overexpression of USP22 in
aggressive cancer suggests that small molecule inhibitors of the enzymatic activity of USP22
could have therapeutic value.

USP22 is one of a small set of marker genes capable of predicting metastatic potential and
therapeutic outcome in human cancer (Glinsky, 2005, 2006; Glinsky et al., 2005). Remarkably,
the altered expression of an 11 gene MYC pathway signature provides a predictor of cancer
prognosis with accuracy similar to that provided by the USP22/BMI-1/polycomb signature
(Glinsky, 2006). The studies reported here shed light on the biochemical function of the cancer
stem cell marker USP22. They also expand our understanding of transcriptional regulation by
demonstrating that the hSAGA histone acetyltransferase complex encodes a second enzymatic
activity in the form of USP22-mediated deubiquitylation. The co-expression of both a histone
ubiquitin ligase and histone ubiquitin hydolase within the 11-gene cancer stem cell signature
suggests several intriguing models worthy of additional study. In addition, future studies will
be focused on determining whether the requirement for USP22 in SAGA-dependent
transcription depends on controlling other histone modifications or recruitment of critical
components of the transcription apparatus. Of particular interest will be determining whether
crosstalk exists between USP22 function and the other activities of the hSAGA complex.

Experimental Procedures
Protein purification and identification by mass spectroscopy

A stable cell line expressing a FLAG-epitope tagged version of USP22 (fUSP22) was generated
in the human non-small cell lung carcinoma line H1299. In order to identify USP22 associated
proteins, the FLAG-USP22 protein was affinity purified from nuclear extracts. As a negative
control, mock purification was performed in parallel using nuclear extracts from parental
H1299 cells. FLAG-USP22 was eluted with peptide. USP22 associated proteins were identified
by liquid chromatography-tandem mass spectroscopy at the Wistar Institute Proteomics
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Facility. hSAGA, HBO1 and spRNAP complexes were purified using the same FLAG affinity
approach.

Recombinant FLAG-tagged USP22 and LSD1 were purified from insect cells infected with
baculovirus, as described previously (Huang et al., 2007). Equal concentrations of the two
proteins were documented by western blotting for the shared FLAG epitope. Proteins were
then utilized in deubiquitylation assays with purified uH2B as a substrate, as described below.

Cell lines, viral infection, proliferation and transformation assays
Human diploid fibroblast strain 2091, the lung cancer cell line H1299 and 293T cells were
obtained from ATCC. Cell lines were maintained in 10% FBS-DMEM with penicillin and
streptomycin. MYC/ER expressing cells have been described previously (Zhang et al., 2005).
Where indicated, MYC/ER was activated by adding 200nM 4-OHT (Sigma). Assays for
proliferation and transformation have been described previously (Zhang et al., 2005). Briefly,
soft agar assays were performed using p16(INK4A) null human fibroblasts that have been
immortalized by Tert and transformed by the introduction of MYC. These cells were infected
with lentivrial shRNA vectors. Cells were then plated in soft agar and colony formation
measured at 10 days post-plating using low powered microscopy to score all colonies
containing greater that 15-20 cells. Cell cycle analysis was performed using propidium iodide
staining, as described (Sykes et al., 2006).

H1299-TO-p53 cells were generated by cloning the p53 cDNA into pENTR™/D-TOPO
(Invitrogen). pENTR™/D-TOPO-p53 was then recombined into the pLenti4/TO/V5-DEST
vector (Invitrogen). H1299 cells stably expressing the Tet repressor were then infected with
pLenti4/TO/p53 recombinant lentiviruses. All procedures were conducted according to the
manufacturer's protocol (Invitrogen).

mRNA Analysis, shRNA treatment and western blotting
mRNA was harvested from cells using RNeasy (Qiagen), and converted to cDNA using
SuperScript (Invitrogen). Quantitative real-time PCR was performed using SYBR Green
(Applied Biosystems) as described (Zhang et al., 2005). Primer sequences are available upon
request. In all cases, mRNA levels between samples were normalized to actin levels. Lentiviral
shRNA plasmids corresponded to c-MYC, USP22 and control luciferase shRNA were obtained
from the TRC collection (Sigma). Western blots were performed as described (Zhang et al.,
2005), using antibodies to MYC (Santa Cruz), USP22, FLAG (Sigma) and Actin (Sigma).
USP22 antibody was generated in rabbits and then affinity purified using the peptide
FYHKQFLEYE.

Histone acetylation and deubiquitylation assays
Histone acetylation reactions were performed as described previously (McMahon et al.,
2000). For deubiquitylation assays, equal volumes of hSAGA, HBO1 or USP22 complex,
purified as described above, were incubated with purified ubiquitylated H2B (uH2B) isolated
from porcine thymus in DUB assay buffer (100mM Tris, pH 8.0, 1mM EDTA, 1mM DTT,
5% glycerol). Following incubation at 37°C for two hours, 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-H2B antibody (Upstate).

Chromatin immunoprecipitation
ChIP analysis was conducted as described previously (Zhang et al., 2005). Briefly, cells were
plated and treated with 4-OHT for 2.5 hours. Cells were then fixed in 1% formaldehyde, lysed
and chromatin sheared to an average size of 500-1000 bp by sonication (Branson Model 250,
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USA). After immunoprecipitation using the antibodies indicated, precipitated DNA fragments
were quantified using qPCR. For ChIP assays using H1299 cells, shRNA viral infection
(targeting USP22 or luciferase) was performed 4 days prior to crosslinking and lysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The cancer stem cell marker USP22 is a subunit of the hSAGA cofactor complex
(A) USP22 is a putative ubiquitin hydrolase containing a C-terminal peptidase domain of the
C19 family. In addition, USP22 contains an amino terminal zinc finger motif. (B) A stable cell
line expressing a FLAG-epitope tagged version of USP22 (fUSP22) was generated in the
human non-small cell lung carcinoma line H1299. The FLAG-USP22 protein was affinity
purified and co-purified proteins detected by silver staining. A mock purification was
performed in parallel using extracts from parental cells. MS/MS identification of USP22
associated proteins was performed on bands excised from duplicate samples run in adjacent
lanes and colloidal-stained. The polypeptides listed were identified in the MS/MS analysis and
represent known components of the human SAGA complex. Peptide sequences from the
recovered proteins are listed in Supplemental Table 1, with the total coverage ranging from
1-5%. Asterisks indicate known contaminants, including keratin and myosin. (C) The purified
FLAG-USP22 complex was analyzed by western blotting for USP22 and the hSAGA subunits
TRRAP and hGCN5. During affinity purification, four sequential eluates were harvested, as
indicated. (D) Purified USP22 complex was assessed for HAT activity using an in vitro reaction
containing core histones and radiolabeled acetyl-CoA (lower panel). Western blotting again
confirmed the association of USP22 with the hSAGA subunits TRRAP and hGCN5, as well
as the presence of FLAG-USP22 itself (upper panels). (E) Western blots confirmed that
endogenous USP22 is associated with hSAGA. hSAGA was affinity purified from cells stably
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expressing FLAG-hGCN5. As a control, a cell line expressing FLAG-spRNAP was utilized.
spRNAP and hGCN5 precipitation was confirmed by blotting for the FLAG epitope (top panel).
Probing with anti-USP22 revealed the specific association of endogenous USP22 with the
hSAGA complex (lower panel). (F) Endogenous hGCN5 and USP22 coprecipitate from
nuclear extracts of human cells. Nuclear extracts from 293T cells were subjected to
immunoprecipitation with an antibody recognizing endogenous USP22. Precipitates were
resolved by SDS/PAGE and blotted for either USP22 (bottom panel) or hGCN5 (top panel).
Control precipitates were conducted in parallel using nonimmune IgG, as indicated.
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Figure 2. USP22 catalyzes the deubiquitylation of histone H2B in vitro
(A) FLAG-tagged USP22 or HBO1 were expressed in H1299 cells and affinity purified under
non-denaturing conditions. In parallel, hSAGA was purified via FLAG-tagged hGCN5. The
purification of USP22, hGCN5 and HBO1 was confirmed by western blotting for the FLAG
epitope (upper panel). Purified USP22 complex, hSAGA and HBO1 complex were incubated
in vitro with ubiquitylated H2B (uH2B). Reaction mixtures were then resolved by SDS/PAGE
and developed with antisera against H2B (lower panel). In addition to deubiquitylation
reactions that included the USP22 complex (lane 3), hSAGA (lane 4) and HBO1 (lane 5), a
mock reaction was analyzed in parallel (lane 2). Purified non-ubiquitylated H2B was run as a
migration standard (lane 1). (B) The contribution of USP22 to the deubiquitylation activity
associated with hSAGA was assess by using shRNA to deplete USP22 from the FLAG-hGCN5
expressing cells. Control cells were infected with shRNA targeting luciferase (luc). Western
blotting confirmed the purification of hGCN5 and the knockdown of endogenous USP22 within
purified hSAGA (upper panels). Efficient USP22 depletion was also documented at the mRNA
level using qRT-PCR (middle panel). hSAGA purified from control (luc) and USP22-depleted
cells was subjected to an in vitro deubiquitylation assay with uH2B as in (A), (lower panel).
Error bars represent standard deviation. (C) Recombinant USP22 was produced by baculovirus
infection of insect cells and then purified via the FLAG epitope tag. The histone demethylase
LSD1 was affinity purified in parallel, as a negative control. Purified proteins were detected
by western blotting for the FLAG epitope (upper panel). The proteins were then subjected to
an in vitro deubiquitylation assay as in A and B, using uH2B as a substrate, with H2B and
uH2B detected by western blotting (lower panel).
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Figure 3. USP22 is required for activator-driven transcription
(A) Normal diploid human fibroblasts were engineered to express a conditional allele of MYC
that is activated by 4-OHT treatment. These cells were subjected to shRNA-mediated depletion
of USP22 (shUSP22) or to control shRNA infection (shLUC). After MYC activation, mRNA
levels of the indicated genes were determined by qRT-PCR. USP22 depletion efficiency was
also determined by qRT-PCR (left panel). Fold induction for several MYC target genes was
measured in the presence or absence of USP22 shRNA. These targets included cyclin D2
(CCND2), ODC, JPO1, CAD and MTA1. As a negative control, vimentin levels were
quantified. All samples were normalized to ELF1a mRNA. (B) H1299 cells expressing a tet-
regulated p53 allele were treated with USP22 or control shRNA (shLUC). p53 was induced
for 8 or 24 hours by tetracycline treatment (1.0μg/ml), as indicated. mRNA levels for USP22
and the p53 target genes PUMA, p21 and PIG3 were quantitated, normalized and displayed as
in (A). Error bars represent standard deviation.
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Figure 4. Activator-dependent recruitment of USP22 to target gene loci
(A) H1299 cells were treated with shRNA directed against c-myc. MYC protein levels were
assessed by western blotting (left panel), and qRT-PCR used to define levels of the MYC target
genes CAD and MTA1 (right panel). (B) and (C) Within the CAD and MTA1 loci, binding of
endogenous MYC and USP22 were evaluated by ChIP. The intron (solid line) and exon (dark
boxes) structure of CAD and MTA1 are displayed. For both genes, documented MYC binding
sites (labeled 5′) occur near the transcriptional start site (indicated by arrow). ChIP primer sets
in the 3′ end of each locus were used to assess MYC and USP22 occupancy. As a control,
nonimmune rabbit antibody (IgG) was used. The relative binding of USP22 and MYC to the
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CAD and MTA1 loci in the presence (white bars) or absence (black bars) of MYC shRNA is
displayed. Error bars represent standard deviation.
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Figure 5. USP22 is required for MYC-mediated transformation and for appropriate cell cycle
progression
(A) After USP22 depletion, Tert-immortalized, p16 null human fibroblasts transformed by
MYC, were analyzed for growth in soft agar. Luciferase shRNA-treated cells served as a
control. Images show representative colony size and number at 10 days after USP22
knockdown (left panels). Colony number was also quantitiated by using microscopy to count
all visible colonies, under low power in three 6 cm plates (right panel). This methodology
resulted in scoring of all colonies containing > 15-20 cells. The soft agar assay was performed
on three independent occasions using cells infected with separate batches of USP22 shRNA
and the quantitation shown is a representative assay. Statistical analysis was performed on the
colony number data from the USP22 knockdown and control groups (Student's t test), resulting
in a P value of 0.001. Error bars represent standard deviation. (B) H1299 cells were infected
with lentivirus expressing shRNA molecules directed against either USP22 (closed triangles)
or luciferase (closed diamonds). After selection for infected cells, cells were plated in 6-well
plates. Cell numbers were determined by direct counting of triplicate wells at each of the time
points indicated. (C) H1299 cells from (B) were also stained with propidium iodide and cell
cycle profile determined by flow cytometry.
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